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General Introduction

Geneal Introduction

Pursuing accurate standards for time measurement has been an ongoing emerging investigation
from the early days of mankind. To be able to do so, time seekers first started using the natural
oscillators surrounding them: Earth and sun raments (e.g. Egyptian shadow clocks; 3500 year BC).
However, no other natural oscillators have been able to provide such accurate frequency standards.
Therefore it was an imperative to find artificial alternatives such as water clocks, sand clocks ded cand
clocks. The investigations have finally directed to the invention of mechanical clocks. One can especially
mention the mechanical clock using the regular swing of a pendulum wiashbeendiscovered by
Galileo in 1580 and first built by Christiaan Heryglin 1656. A time error less than 10 seconds per day
has been achieved in later improved versions of this clock.

It is not until 1880 that Jacques and Pierre Curie have discovered the remarkable piezoelectric
properties of crystalline quartz. The firguartz oscillator (clock) was built in 1927 at Bell Telephone
Laboratories in Canada, with a time error less than 0.01 second pér Bag to its accuracy, the
National Bureau of Standards (NBS) (now NIST: National Institute of Standards and Techaslogy) h
based the time standard of the United States from late 1929 until the f9$0s «u ES1 }+ Joo S} E-
network until it eventually changed to atomic clotks

Each chemical element in nature absorbs and emits electromagnetic radiations at particular
resanant frequencies. These resonances are naturally stable over time and space. For example, an atom
of hydrogen (or cesium) today is exactly the same one million years ago. The first atomic clock, invented
in 1949, was using the absorption line of the amnaonioleculeas a reference (resonant frequency at
23.8701 GHz). This clock used a stable 100 kHz quartz oscillator that drove a frequency multiplier chain
to develop the signal that probed the ammonia resonance. The development of the ammonia clock was
simpy the first step into the age of atomic standards. Most of the later atomic clocks were based on the
*%o]V %o E}% ESC }( JHu ~BXidT0Ti6061 ', IV e vIA C-+ 3§} (Jv 8§z
rubidium atoms.

Atomic clocks are currently considered a® ttmost accurate timekeeping devices. The cesium
atomic clock, currently maintained by the NIST, is accurate to 30 billionths of a second per year. This
time accuracy is crucial for numerous tiffrequency applications. For example, in the global positignin
system (GPS) that provides critical capabilities to military, civil and commercial users around the world, a
delay by even one millisecond means an error in positioning by 300 kilometers!

All things considered, we can see that two types of frequenaydstads therefore exist: natural
% EJu EC 5 v E « ~ «3E}viu] oU 3S}u] Ye -fefnStabilily, andEseéandpfy 0oC o0}
artificial standards (e.g. the human made crydtased oscillators) that can achieve very high stenn

'tX X D EE]}vU A Z]PZ % E ]eJ}v 3 Vv & }((E <pv C_UWE} X /Z WAH.U iiii ~i676V 0} 00 "
2E LHall,V.E Heaton, E.GLapham "The national primary standard of radio frequency”, J. Res. Natl. Bur. Stand., Vol. 14, No. 2, p. 85, (1935).

% D.B.Sullivan "Time and frequency measurement at NIST: the first 100 years," Frequency ContpasBymand PDA Exhibition, 2001.

Proceedings of the 2001 IEEE International, vol., no.;pp.42001).
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term stability compared to primary standards. It is for that reason that both standards have to be used
together to fabricate atomic clocks providing extremely accufegquency standards.

hv(}ESuv 8 oCU pv3]lo VIAU P vulv Z]JPZ +% SE 0 %UE]SC u] C
resonant frequency in the X band are even bulky or very complex. The high spectral purity is crucial
principally if the atomic clock is intended be used in space were electromagnetic immunity, weight
and size do really count. The aim of using such a clock in“spgméncipally to increase the interaction
period between the probe signal and atoms and therefore to further increase the clodktgtab

Usually, in earth based atomic clocks, the probe signal originates from anstdtrke quartz
oscillator multiplied to the desired frequency. This is due to the fact that the highest frequency achieved
with quartz oscillators is only of few hundate of MHz. However, this multiplication process results in the
degradation of the oscillator stability by at least 20log (M), where M is the frequency multiplication
factor.

Besides their use to fabricate atomic clocks and in firequency metrology, hlyspectral purity
sources are widely used today for other numerous applications. We can especially mention the
communications systems (e.g. satellites and the onboard signals distribution to different antenna arrays)
and radars. Such systems need high s@¢purity sources featuring both cloge-carrier and faifrom-
carrier low phase noise levels.

Given the above reasons to tackle, this thesis investigates a new type of secondary frequency
standards based on the one invented by researchers in 1994 alBh” [¢ : § WE}% poe]}v > }E S§}(
optoelectronic oscillator. This oscillator is able to provide very high spectral mighal and it also

featuresa good electromagnetic immunity and relatively compact size and low weight.

This thesis is a padf a research joint venture between the French National Space Center (CNES)
in Toulouse, Thales Research & Technology in Paris and three laboratories of the CNREINRA\AS
(Toulouse), ENSSADTON (Lannion) and FEM3D (Besancon).This project seeks teeetbpment of a
high spectral purity microwave source in the X band. The stability specifications of this source are as
follows:

- A closeto-carrier phase noise level lower than a multiplied quartz oscillator, for an eventual
atomic clock application (the ltimate goal is to be as low a$8 dBc/Hz at 1 Hz offset
frequency).

- A farfrom-carrier low phase noise level, for radars or communicatiegse 3 apglications.

dZ (JE*3 Z %3 E v 8Z]* u vue E]%S P]A - E] ( Coilly] A }( 3z
definition and the noise processes that can occur in a classical microwave oscillator. The different state
of the art microwave oscillators are then listed and discussed together with the commonly used and

*Ch. Salomon, N. Dimarcq, M. Abgrall, A. Clairon, P. Laurent, P. Lemonde, G. Santarelli, P. Uhrich, L.G. Bernier, J8rigusda, Fhomann,
E.~ u JvU WX t}o(U &X '}vi o iU WZX 'uloo u}3U ~X > }vU &X E}p oU ZX ~]Eu |vW ~X*&UoSZ uU *
Comptes Rendus de I'Académie des ScienBesies I\ Physics, Volume 2, Issue 9, Pages 1IR30, (2001).
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General Introduction

state of the art different optoelectronicszillators. These different optoelectronic oscillators are listed
and described with their phase noise performance each. Specific attention is finally given to the
optoelectronic oscillator scheme we are using in our laboratory which is based on eitheptiaal
micro-resonator or on a fiber ring resonator.

dz (] ® E]vP & <}v 8}E[* *]Ju%o] 13C v 8Z A EC Z]PZ <u o]3C (
this device have guided the concentrate of the second chapter. In Chapter Il, the fiber ring regsnator
extensively studied as well as its response which is modeled by different means, primarily using a
microwave modeling software. This is done in order to get the highest quality factor and the best
performance when the resonator is used as the frequestability element in an optoelectronic
oscillator setup. Furthermore, we have tried to model the overall oscillator system to understand the
different noise contributions, especially those related to the noise processes in the resonator itself.

The optoekctronic oscillator is a complex system in which the resonator quality factor is not the
only parameter to optimize in order to get a good phase noise performance. In addition, the oscillator
setup may involve many noise conversion processes that have avéluated and understoodror this
reason, in the third chapter of this manuscript we present a fiber ring resonator optimization study
based on the evaluation of the white frequency noise contribution to the oscillator phase noise.
Moreover, the differat noise conversion processes that are likely to occur inside the optoelectronic
oscillator have been thoroughly studied. Particularly, we have probed the laser noise conversion
processes with respect to the RF amplitude and phase noise through the resisatf and through the
photodiode nonlinearity.

In optical fibers, many nonlinear optical phenomena can occur especially when high optical
power levels are used. ftas beerfound that nonlinear optical phenomena were the cause of an excess
optical noi® inside the optical resonator and therefore inside the oscillator setup. These findavgs
led us to deeply look into the nonlinear optical effects generated inside the fiber ring resonator,
especially the stimulated Brillouin scattering and teémulaed Rayleigh scatteringn the fourth
chapter of this manuscript, we first give a description about each of these nonlinear optical phenomena
and their possible contributions to the noise in the optoelectronic oscillator. After the descriptions, we
demondrate how these nonlinear optical effects could be useful to generate high power and high
spectral purity millimeter wave signals. We then present the different methods used in the literature to
suppress these nonlinear optical effects in optical fiberd dascribe the suppression method we have
chosen to be used in our optical resonator. Finally, an optimized and immunized fiber ring redwastor
been( &] § v *]Pv](] v30C 0}A }e ]Joo 3}&E[* %Z * Vv}]e 0 Ao Z v

The thermal stahily is also an important parameter to scale in the optoelectronic oscillator, as it
could affect its frequency stability. In addition, the oscillator tunability is a main desired feature for time
frequency and communications systems applications. The &@hapter of this manuscript has been
therefore dedicated to the study of these two characteristics of the oscillator. First, theoretical and
experimental studies were made to determine precisely the oscillator thermal stability. Next, we have
studied diffgent techniques to make the optical resonator completely tunable. This has been found to
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be possible using a specific structure based on the fiber ring resonator, which has been simulated,
fabricated and experimentally tested.



Chapter I Gereration of microwave sources using optics

Chapter | Generation of microwave sowes using optics

[.1 Introduction
The first attempts of generating pure microwave signals using a photonic oscillator have been

A 0} %o § 3Z E NJ[e: 8 WE} % polnjthe early 8B i fJE €S p:We>5 -W> A E (} M
on the distribution of astable atomic clock reference signal over optical fibers towards multiple antenna
sites located tens of kilometers apaithe aim was to benefirom optical (] E[+ AE3EIlessoC 0} A
compared to a coaxial cabl8ubsequent worln the fieldhas ledthe researcherat the same laboratory
to take advantageof the properties of optical componentand fabricate a microwave oscillator based on
microwavephotonics the socalled optoelectronic oscillator

In this chapter,after reviewingthe oscillator frequeny stability definition and the noise
processes that occur in classical microwave oscillattirs, different state of the art microwave
oscillatorsare discussedndwe further focus on thefeaturesof dielectric resonator based oscillagor

The second pa of this chapter is dedicated tdhe description of the most common
}%S5} o SE&}v] }e ]oo, &3ddiq generate high spectral purity microwave signaigestart by
describingthe first demonstrated OEO based om long optical fiber which wasused asthe delay
element After that, we listthe other OEOschemeshased onactive and passiveptical resonatorsin
particular, aspecific attention is given tthe onewe use in outaboratory, which idased oreither an
optical micreresonatoror a fiber ring resonatorFinally, the different state of the art optoelectronic
oscillators are listed with their noise performance for comparison.
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.2 Microwave oscillators

Oscillators are devices that produce periodic waves whose amplitude, phadecauneéncy can
be precisely controlled. Oscillators are an essential element in any system that receives or transmits a
signal Theyare widely used in communications systems, radsatellites, sensors, time and frequency
metrology, radio astronomy, sighaprocessing and different other applications where an
electromagnetic signal is gerated, received or processed.

A classicdleedbackoscillabr design includes an amplifigiith its output fed back into its input
through a selectivdilter and a phasecontrol element(se (a)). The amplifierguaranteesa
sufficient gain in the loogabove unity)while the phase element (a phase shifter) is used to ob#ain
constructivephasematch and the selective lier will be the main responsible of the oscillator stability

Of coursethe generated signal will not be perfect because it will be affected by the different
random noiseinstabilities generated inside the oscillator loopamplitude, phase and frequency
instabilities(se (b)). This inloop noiseis directly linked to the noise generatdaly the active
element (the amplifier) and the selectivity of the filieg element(its quality factorQ).

Fig. I.1. (a) Classical feedback oscillator design and (b) generated sinusoidal signal affected by the different
instabilitiesin the oscillator loop

As shown inFig. I.1](b), a frequency instdility results from fluctuations in the period of
oscillation, fluctuations in the phase result in instability of the zero crossing and finally, fluctuations in
the peakvalueof the signal result in amplitude instability.

[.2.1 Frequency stability

To evaluatethe ]  0]85C _ }( Sgénerdt®dbydhe oscillatorand thereforethe oscillator
stability, two terms have to be measured: its short term stability, which is usually known as the phase
noise or spectral puritfwell described i, and its long term stability versus timehichisthe degree
of uniformity of the oscillator frequency over tinand is limited bythe aging ofthe oscillator elements
Finally, it is the short term stability which will be usat evaluated all alongur work in this thesis

10
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I.2.1.a Phase noise and signfishort term stability

The phase noise describes the short term stability of a frequency s@c& is therefore an
important paraméer to scale in order to evaluate the quality of this source. faealbackoscillator, the
phase fluctuations othe amplifier are directly converted into frequency fluctuatiorterough the

oscillator nonlineari

Mathematically, a perfectly sinusoidal signal is written as:

RP L 8 OEtRE B (Eq. 1.1)

where 8,isthe nominal peak voltage amplitudgf the signal andg ig thenominalfrequency.

In reality, the microwave signal generated by the oscillator iss@fd by many random

perturbations

Fig. 11

. Therefore,the instantaneous output voltage of an oscillat@an beexpressed as

Red L k8 E ¢8,:P00 KileR .BE ¢1:Po (Eq. 1.2)

where ¢8,:P, and ¢l :P, are time dependent random signals representitige deviation from the
nominal amplitudeand deviation from the nominal phaseespectively dmplitude instability is not
usuallyconsideredn most of microwave domain applications).

In the frequency domaih_:, ig. I.2|(a) ancliFig. I.2|(b) respectively illustratéhe power spectrums
of apure andareal signalln additicn,|Fig. I.2|(c) illustrates the typical phase fluctuations spectrunﬁfS$
(phase noise spectrum) of a real signal expressed in (rad?/Hz) versus the offset fre(Berfoym the

carrier.

Fig. 1.2. Power spectrum ofa) perfect signal and (b) real signal generated by an oscillatoHu&tyation of a

typical phase noisspectrumof a real signal

This phase noisdas two origins: noise components of known sources (electrical ~ 50 Hz,
u Z v] oU
peaks) and noise generated by multiple random fluctuations inside the oscillation loop. Some causes of

}ue8] Yo §Z § v ] vs8Il(l 1v %oZ ¢ V}]e *% SEPHU ¢ V}

11
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these fluctuations are: thermal noise, white noise, flicker noise (characterized by itoise slope) and
high frequency noise.

The oscillator paseinstability can be characterized by the spectral density of phase fluctusgtion
5,0 B » given by:

N=a@V (Eq. 1.3)

where BWin Hz)is the meaurement system bandwidth.

This definition includes fluctuations from both upper and lower sidebands of the cankit is
this quantity that is generally measured in frequemogtrology. However, another quantity habeen
designated as the standard msure of phase instability in the frequency domdinis defined aghe
ratio of the power in one sideband due to phase modulation by noiserfgHz bandwidth) to the total

signal power (carrier plus sideban(se Fig. 12|(b)). Thisquantity is called the single sidebari8SB)
phase noiselt isexpressed in decibels (dBc/Hzydlinked to 5, B ;by:

'E%&;LSADT:%;FU@$ @%$?V (Eq. 1.4)

Moreover, the spectral density of phase fluctuatiorss, ,;: B ;is linked tothe spectral density of

frequency fluctuations Jy, ;- B ;expressedr (Hz2/Hz), by the following relation:

Vi B

5,.7B: L 5O N=@V KNEJ@ $N&FX (Eq. I.5)

Finally, it ismainly .¢ »d ;and 5, B ; which are usually used in frequency metrology to

specifythe phase noise or the short term stability of frequency standard
[.2.2 Noise in microwave oscillators

l.2.2.a Noise evaluation and conversion processes identification

The frequency flictuations in a classical microwawscillator are of various origins. We can
particularly mention the phase fluctuationgausedby the active element in the oscillatothe RF
amplifier), the flicker noise of the resonatand the phase noise of the phaseontrol element (e.g.
phase shifter)In addition to these contributorswe can also add the mechanical vibrations, the thermal
fluctuations and also the electricaetwork contribution (50Hz)lt is therefore difficult to take into
account all these noiseontributions tomodelthe oscillator] noise behaviorDespite that, a simple and
well-known model has been proposed by D.B. Le@“[o describethe phase noise behavior ia
classical feedbaabscillator.

12
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This modeis based on the idea that the frequenaystability ofan oscillatorcan be estimated
from the phase instability of the active element in the loop (the amplif(éﬂfsi)aé; representing the
spectral density of phase fluctuations)hile assuming the amplitude instability insignificaithis
conversion procesBasbeen expressed as follows:

@ § “ff@)éé

(53

IN(EQ. 1.6), 2BR ,E % E * vVSe SZ +% SE o Vve*]SC }( SZ 1} ]Joo S}E[- (C
Hzz/Hz) andaf @, 5 7 % SE 0 Vve]5C }( 3Z u%o0](] @I¥HY) FedFiddf] Sp §]}ve
(a). Finally, @TUAis the stability coefficient that can be computed from the loaded qudéittor 34 o0f

the resonator(the 3 ;term will be used instead oB4in this manuscript for more clarity)

@B Rgzo
@ L (3. (Eq. 1.7)

where B ,ig the oscillation frequency.

As illustrated ifFig. 1.3|(a), the quality factorof a resonator can be mathematically defined as
the ratio of the resonant frequency® g% 3} $Z @& <}v v8 u} [+ (noo A] 3@*E)Z o( u A]u)

EE(ZJae

3 Lrge;

(Eq. 1.8)

Moreover, this quality facta canbe directly calculated from the phase slope transition at the

resonance, as demonstrated f§izq. 1. 7)[and illustrated inFig. 1.3|(b). Tre phase slopesteepnesss
crucial for the oscillator stabilitstnd it reflects a high quality factof the resonator

13
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Fig. 1.3. Typical amplitude and phase responses of a resonator at a resonant freqgengy

The relation[(Eq. I. 6)]clearly shows the main noise conversion process in an oscillator: the
U%O0](] E[*+ %Z *+ v}]e (op &u §]}ve E VA ESE ]vE} }e Joo 8} E[+ (E
osdllation loop condition. Using equatiof{&q. I. 4)|-|(Eq. I. 7)| the oscillatof » ~ phase noise can be
finally expressed as follows:

.Ee@;LtrHKFW;%ﬁGEerN@T@Mo @$?V (Eq.1.9)
E¢

This relationclearly explainsthe conversion of theamplifier flickernoise (with a-10 dB/dec
slope) into oscillatophas noise with a30 dB/dec noise slope.

Other than this noise conversion description, Lesson has proposed a complete noise model of
the amplifier and therefore of the oscillatoithe modelincluded a description of both additive and
multiplicative noise coversion processes in an oscillatbfis assumptionare illustrated inFig. 1.4{and
areas follows:

- An additivefar-from-carrier white noise floor originating from thermal noisegoverned by the
U% o](] C&figuxe}]e
- Amultiplicativecloseto-carrier flicker noise.

These two noise types are separated by a cutoff frequel@g&yc,. These assumptions are well
explained in the thesis of G. Cifjig]jwhere ades Jo  *3p ¢ Z « v u v u] E}A A u%oc
noise origins.

The illustration ifFig. 14]points out the fact that the flicker noise is mainly a converspocess
vile v ] & o § §} $Zw fregemty IndiS¢ .« Oa }the other hantthe white phase noise
originates either from a conversion process or from an additviseprocess The phase fluctuations are
}JVA ES ]Jv8} (E <u v C (op S 8]}ve Jve] 8Z: E o}v S}E[e i v A] 8z
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Bao

Bx»L T3c (Eq. 1.10)
<

From(Eq. 1.10), we can see that wheg ;increasesthe closeto-carrier phase noisdecreases
as the cutoff frequency of the loop filteB ,, decreases (see the illustratior|kig. 15

Fig. 1.4. Typicalphase noise spectrum of an oscillat¢f 0 0 }AJvP > «}v[e s.sFhew%silidtbv phase noise
originates from the amplifier pase noisethrough different processes: conversion of #maplifierlow-frequency
noise (in red) and addition of tremplifier high-frequency noise (in blue)

15



Chapter I Gereration of microwave sources using optics

Fig. 1.5. lllustration of the theoreticavolutionof the oscillata closeto-carrier phase noise as a function of Q

Until this day, > <}vpeise model still of great interest for scientists tine microwave
oscillatos field. Moreover, it held greatinterest for us in simulating the noise behavior of the
optoelectronic oscillator (OEOHowever as we will see later, the OEO casdnisch more complex
Actually,the noise in these systems does not only origirfaven the microwaveamplifier but also from
different other optical, microwave and lorequency activeand een passiveelementsusedinsidethe
oscillation loop.

[.2.2.b Noise characterization of mrowave components

To study the phase noise characteristics of microwave componientpenloop configuration,
we have used the residual phase noise measurementethod wel describedinand The
measurement benchs depicted i The method is based on phase detection andtitkes
advantage of the crossorrelation technique to reach very low noise levals¢ise floor as low asi80
dBc/Hz at 10 kHz offset frequen@man be obtainedat 3.5 GHz). It allows residual phase noise
characterization in the microwave range (1 to 18 GHz) of transistors and other devices such as amplifiers,
mixers, frequency dividers and multiplieFurthemore, thismeasurement bench has beafso used to
estimate the residual phase noise of an optical amplifier (as we will see later).

16
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Fig. 1.6. Fron@] Residual phase noise measuent bench (phase detection from 1 to 18 GHz; low frequency
observation band from 1 Hz to 100 kHz).

Finally, once in theoscillator loop, the measuredccomponentyf & ¢] L 0 %oZ ¢ V}]e
introduced in the aforementioned oscillator model following Lg¢gd s %% E} ZU § I]JvP ]v§}
resonator[ foaded quality factor at the oscillation frequend¥ » ¢

1.2.3 State of the art microwave oscillators

&E}u > <}v[e E o REGMV.9)]ilNswetycler that the oscillator phase noiseside the
resonator bandwidthis inversely proportional to the®E «}v Slpaa¢d quality factor. Therefore, the
use of a resonator featuring a high quality factoessentialto get a low phase noise oscillator. On the
other hand, it turnedout not to be the only parameter that influences the oscillator phase noise because
the insertion loss of the resonatdrasalso to be consideredrhis habeenalready statednand,as
we will see laterit is alsothe case imbur OEOSs.

In the microwave domain, differentypes of resonators can be found. Theommonly used
resonators are: LC resonatorsicrostrip based resonators, coaxial resonatostssium iron garnet (Y1G)
(tunable) resonators, surface acoustic wave (SAAY bulk acoustic wave (BAWAsonators metallic

cavities resonators v € u] }E EG+35 oo]v | JThessghpmafic {fig. E7]aEes¥nts

thesedifferent E «}v §}E+ A]S3Z $Z ]E o} <p 0]8C ( 3}E+[ Aop s v 8Z

used alongwith their phase noise performance scale.

17
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Fig. I.7. Different microwave resonators with their loaded quality $} @&akips and the oscillators in which they
are usedMMIC: monolithic microwave integrated circlMCO: voltage controlled oscillatMGDROvoltage
controlleddielectric resonator oscillato"’WGM: whispering gallery mode.

[.2.3.a Dielectric resonator based oscillate (DROS)

Among the resonators presented in the above section, we can notice that the most interesting
results in terms of quality factor and oscillator phase noise are obtained when dielectric resonators are
used These resonators allow reaching a relaty high 3 in a small volume, which makes them very
efficient to design microwave filters and oscillat Neverthelessthe product of 3 &3 is almost
alwaysconstantwhen using these resonators, whicheans that their quality factors degrade when the
application frequency increases. Thassonators are of two types: ceramic and sappm@sonators.In
the last case, they are generally operated usinghispering gallery mode (WGM)

l.2.3.a.i Ceramic resonators

These resonators are fabricated from ceramic based materials that present large dielectric
constants and low dissipation factofdoreover, different materials can be mixed in the ceramic in order
to reach a very low temperature coefficient for the resormatuch resonators are often used to provide
the frequency reference in microwave oscillators because of the high quality factor values thatatiney
achieve (nloaded 3¢, above x10* at 10 GHy adding the fact that they can be used in hybrid
integrated circuits withougivingtoo much care for theshieldng.

However, the shielding is always necessary, even for ceramic resonators. A resonator in free
space features a very lowd factor because of radiation losses. The circuit mushbke in a metalic
housing, with low loss metal above and under the resonator.

18
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[.2.3.a.ii Sapphire WGM resonators

These structures are usually cylindrical in shape and are made of a single piece of sapphire
crystal.Even not very stable in temperaturthe sapphire features the lgest dielectric loss among all
other materials in the microwave domaitt can therefore achieve very high quality factors (best
unloaded 3 @reclose to 2x10in the X band.

The main drawback of sapphire lies in its relatively low dielectric constant, and also in the
V]*}3E}%C }( 8Z]e }ved v38U AZ] Z olJuls. §Z Z}] Jv & *}v S}E]"
achieve good energyt@age in the resonator, high order modes must be used, such as whispering
gallery modes, and a high quality metallic houdomghe resonatormust be designed

All this makes the resonator quite bulky and the use of WGM modes often require a specific
system to isolate one mode in the oscilla Finally, the quality factor of this resonator can be
extremely increased the resonator isised at cryogenic temperaturesSg¢ ,above 1x18at 10 GH

I.2.4 State of the art microwave oscillatord noise results comparison

The sketch below givesome ofthe best(to our knowledge)hase noise results obtainedt
10 kHz offsefrequency, using microwave oscillatoshen the above mentioned microwave resonators
are used particularly quartzpiezoelectric resonators and ceramic and sapphilGM dielectric
resonators.

Fig. 1.8. Best(to our knowledge) Ipase noise results obtained at 10 kHz offset frequencyising microwave
oscillators. The RF quartz oscillatpr€E ear® Shown for comparison and the performance that can be obtained at
microwaves by multiplying these quartz sources is shown by thbeedaBnes (assuming that no additive
multiplication noise is addedPDCXO: oven controlled quartz oscillator; VCXO: voltage controlled quartz oscillator;
SiGe HBHEilicongermaniumheterajunction bipolar transistor; Si BJT: silicon bipolar junction iséors

The phasenoiseresults presentedin|Fig. 1.8
increases when the frequency is multipliggl[9][10
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initially show thatquartz oscillators phase noise

1] Moreover shows thatthe results
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obtainedin|[12]|for the same ceramic DRO are slightly different if different amplifiers werd usthe
oscillator loop (silicolgermanium hetergunction bipolar transistor (SiGe HBT) or silicon bipolar junction
transistor (Si BJT)).

Finally,inth y v U }voC SZ ¢ % %Z]E t'D - Z K [wltradow ph%ise 0 }( P]A
noise levelg[14]| especially when the oscillator frequency is stabilized using a frequency discriminator
with carrier rejectiontechniqu Of course, this kind of stabilizatia@chniqueis very complex
and needs a careful and preciseontrol. Therefore it is mainly a laboratory fregocy reference not
suitable to be used in an embedded system

[.3 Optoelectronicoscillators (OEQOS)

As we have already seen, the qualfigctors of electronic resonators degradehen the
applicationfrequency increase As a direct consequence, the spectratify of the oscillators based on
these resonators deteriorateslherefore,achievng ultrahigh spectral purityin compact oscillators is
linked to the investigationsn new high qualityfactor resonators ¢r delay mediumghavingthe lowest
dissipation fators.

The first demonstration of a microwave oscillator using optics wasSZ E jét propulsion
laboratory JPl.and it waspublished in 1991 by R. Logan e The system was simply based on a
microwave oscillator with its frequency stabilized using a fibptic discriminator It was calleda fiber-
optic stabilized oscillator (FOSQ) The system performanceswere improved in a later version by
employing a moddocked laser diode in the oscillatorremel|[18]| It is not until 1994 that the first
architecture of thewell-known OEO has been published by X. Yao ¢gtLal| This architecturdas been
detailedlater in many other communications, especiallj{20]jand[21]

1.3.1 Principle of delay line based OEO

The block diagram of a generic OEO is illustratfgnl 9] In this setuff22]] light from a laser is
modulated and passed through a long optical fiber before reaching the photodisd| a classical
optical link Simultaneously, e ouput of the photodiodeis amplified, filtered, adjusted for phase and
then fed back to the modulator. This feedback loop can generatesasthined oscillation if its overall
gain is larger than the loss and the circulating waves can be combined in pihés@ECQCarchitecture is
quite flexible and can be configured in a variety of ways using different optical and electrical
components eventually different delay elemen(s.g. optical resonators)
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Fig. 1.9. From[22]] Blockdiagram of a generic OEO

The basic idea of this OEO is as follawst microwave oscillator, theicrowaveresonator can
be simply replaced by a delay lifieL) Instead of using a microwave coaxial caddeadelay line, which
is notavery efficientmethod, we canbenefit from long optical fibergfew kmlong) withextremely low
transmission los§0.2 dB/km in single mode fibers) introduce aconsiderabledelay(i=several tens of
microsecond}to the propajatingmicrowaves carrié by anoptical wave As a result, aerysteep phase
to-frequency slopeproportional to this delaycan be obtained ands therefore equivalent to a high
loadedquality factor(se. Thissteepphaseto-frequency slope canonsiderablyimprove the
oscillator stability

In the delay line based OEMILOEQ, the relation between the delay of the propagating signal
and the phasdo-frequency slope is given by:

%é tei (Eg. 1.11)

Usingt(Eq. I.7)land(Eq. I.11)| the equivalent loaded quality factor can be written as follows:

3, L &R, (Eq. 1.12)

From/(Eq. I. 12)| we can see that3g ,is directly proportional tog , which is not the case of
microwave resonatord~or exampleif a 10 GHz fregency is used with an opticBILof 2 km (vhich adds

about 10 microseconds delay to the travelling wpttee equivalent quality factor will be equal to
3.15x10°. However, if B (s increased to 20 GHz, the equivalent quality factor will incremsesx10.

Consequently, qualitfactors above 10Dcan beattained either by using ahigher application
frequeng or by usinga longeroptical DL, andthe spectral purity of the OEO can theerefore enhanced
Moreover, X. Yao et have stated that, theoretically, a phase noise ldwelow -140 dBc/Hz at 10
kHz offset frequency can be obtained far @EO working & 75 GHZrequency
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On the other handwhen the DL length increasesthe systembecomesbulky and dispersion
effectsappear with many other nonlinear optical effe@gneratedin the fiber(as we will see later in
chapters Il and IVBesides tht, we have toadd the difficulty in thermally stabilizingucha long fiber
loop (knowing the negativeffects of thermal instabilities on the phase noiseadfansmitted signal over
an optical fibe and the spurious modes that appear in the oscilldtemhase noisespectrumand
that become very numerouss the DL length increasesOne exampleof the phase noisespectrum
obtained in a 4.4knatong DEOEOQis presented iWhere we can see the numerous spurious
modes that appear in the spectrum

These spurios modes are highly undesirable feome applications (such as radars)heyare
caused by the propagation of the waves multiple times inside the OEO loop. The dpetaiegn them
called free spectral rangg 6 3, is related to the loop trip time:

?

(54L+- (Eg. 1.13)

where 7?is the speed of light in free spac@+ 3.16 m/s), Jis the fiber refractive index andis the fiber
length.

Fig. 1.10. Fronf[27]]: SSB phase noise ofiagle loopt.4 kmlong 10 GHDI-OEQ. The spurionsodes clearly
appears in the phase noise spectrum with a noise power levél afBc for the first spur at 45 kidifset

Therefore from[(Eq. I.13)] using al0 kmlong DL means that the first spurious moali appear
as close as 20 kHz to the carribr that casethe bandwidth of the RF filter used in the OEO |aolb not
be narrow enougtto filter this undesirable noise peakhis couldead to mode hoppingn the oscillation
frequencyof the OEO

For these reasons, many other OEO architectures have jpegosedto suppresor reducethe
spurious modesOne elegant dation is to perform the filtering of these modes directly in the optical

domair{[25][26][27][28]|using a system involving seveRils(two at least).In these schemegsegFig. |
;“[27]

(a)) detailed i the longer DLsets theloadedquality factor of the oscillatoandthe shorterone

22



Chapter I Gereration of microwave sources using optics

allows the recombinationin phaseof only ore chosen mode othe longerDL, consequently the other
modes are suppressddeeFig. 1.11|(b)).

Fig. .11 Fro: (a) Dual optical loop OEO configuration and (b)3I$8 phase noise ¥ GHz signal generated
by a dual optical loo@®EQ@8.4 + 2.2 km Dl.svere spurious modeare clearlysuppressed

Besides tis method, another method based ordual injectionrlocked optoelectronic oscillators
has demonstrated a good reduction in spurious modes in the phase noise spm\fter all and
despite their eficiency,both methods need bulky and complex configurations to be used.

On the other hand, andside from their undesirable effectspurious have appealing aspects.
Because they are very close to each othée simple use of a narroWwandwidth tunablemicrowave
filter in the RF loop of the OE@uch as a YIG fillecan result in a wideband tuning of the oscillation
frequency(hopping from a mode to anothewith a tuning step equal to th€ 5 4of the DL we are using
This can be achievadithout any change ithe oscillatorphase noise performanc&uch aunable OEO
architecturehas been demonstrated @

Finally, it is noteworthy to potrout that in corirast with microwave oscillatorsvhere thephase
noise mainlyresults froma conversionoise of the only active element in the loop (the microwave
amplifier), the noise in the OEO depends (in addition to the microwave ampiifisg on different
other noise contributiongrom different passive and active elemenits the OEO loop:hie laser relative
intensity noise @ +)) the laser frequency noise, thphoton shot noise, the thermal noise, the
interferometry noise, the noise generated by the nonlinear optical effects in the fither, fiber
dispersion noise and many otheoisecontributions depending on the OECchitecture we are using.

If the microwave amplifier used in the OEO is carefully selected (having a low residual phase
noise level), théar-from-carrier OEOphase noisdevel will be determined by the optical noise-carrier
ratio (0 %} This 0 % #& mainly related to the lased + @ndto the photodiode shot noiseOn the other
hand the closeto-carrier phase noise will be mainly linkedttee loaded quality factor and hence to
the DL lengti{as already illustrated JRig. 15).
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[.3.2 Principle of active cavity based coupled OEO (COEO)

In 1997, anovel andelegant architecture of the OEO has been demonstratethbysame team
at the JP[[31]| (seqFig. 1.12|(a). In thisarchitecturg the optical carrier is not provided by a laser
independent from the rest of the system but it is generated by a fiber fomp including a
semiconductor optical amplifier £&), with its gain directly modudated (active ring resonator)
Accordingly the laserand the microwave oscillatowere both benefiting from the same high optical
quality factor(3g ) the laser is no longer a singieode laser but anultimode mode-locked fiber laser
(MLL)and the beatnote of its optical modesis used for microwave oscillatiorin the RF looplt is
therefore a systm includingtwo coupled oscillators, an optical oscillator and a microwave oscillator
Because of thist was called theCOEQwhich standfor ‘ouped } %S} o S&E}v] }+ ]Joo S}E_X

In additionto this, the COECconfiguration acts like a doubleop OEQ therefore spurious
modes are automatically suppressed, except that here the second loop is a pure optical cavity and an
integral part of thefiber laser.

Thegeneratedfrequency in the first version of this COEO was limited to a few hundreds of MHz
because of the use of a direct modulated ﬁ' The solutiorto this has been reported in another
improved \ersion of te COE(J32]|(seqFig. 1.12|(b)), where a fast amplitude modulator has been used
inside the optical loop instead @fdirect modulaion of the SOAgain However, the phase noise results
were not really improved until 2005,here a phase noise level €if40 dBc/Hz at 10 kHz offset frequency
from the carrier has been obtained using a 33lmg active cavity based CO (currently
commercialized by OEwaves) ($€g. 1.13).

Finally, authors iﬁ33]|[34]|have also predicted through a theoretical modéltheir system an
enhancement in thactivecavityquality factor due to the positive feedback in the optical lodgesides
this important step in OEO desigiine path towards integratiommas beermopened with the introduction
of optical resonators inhe OEQOs, especially optical micesonators.
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Fig. 1.12. (a) fron{[31]] first COEO architecture with the principle of operation and~¢b){[33]] COEO improved
architecture using a modulator inside the optical lo@ventually,a passive resonator can be used to increase
optical modes selectivity)

Fig. 1.13. Fron[[ss] . Phase noisef a 10GHz signal generated by a 33@mng active cavity based COEO

1.3.3 Principle of passive cavity based OEO

Despite the remarkable low phase noise results obtained WIHOEOsthese systemsemain
bulky, their thermal stabilizatioris difficult and they produce spurious modes that need complex
configurations to be reducedBecause of all these discouraging factorsaliernative solution is the use
of optical resonators, featuringltra-high optical quality factors 3 5 @above 10" or even10™). These
ultra-high 3¢ 5 allows arge optical delayvalues(rangingfrom nanosecond tdens of millisecond) and
relatively low dimensions due to the resonant effect.
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Using these optical resonators, the equivalent microwave qualityofastlinked to the optical
quality factor by thefollowingrelation[35]

B

3, L 3gacH—r (Eq. 1.14)
%ag

where B 5 ds the gtical frequency & 53193 THz)

We can see that as in the optical delay line case, the equivaenf an optical resonator is
directly proportional to B , On the other hand, and in contrast with tloptical delay linewhichallows
all optical frequendas in an operoop configurationan optical re®nator actsimultaneouslyasa delay
element and an optical filter. It filters the microwave signal carried asmodulation sideband on an
optical carrier(see the illustration i. The filtered microwave sigradre then recovered in the
microwave domain by means of a fast photodiode.

Indeed, the optical resonator generates an optical frequency comb with a mode spacing that
% V ¢ }v $Z E «}vThis@peespacg dree spectral rangé (5 4 hasthe same definition
as for the delay line. Howeven the resonator§  ¢itlhas much higher values that range franfiew
tens of MHz (in few meter®ng fibered resonators) ta few GHz (in microesonators few millimeters
in diamete). The beatnote of the optical signals passing through (and filtered by) this resonator can be
therefore used in an OEO loop where the resonator is also considered as the frequency stability element
due to the higtoptical delay it provides (higI8¢ 5).

The OEO based on a passive resonator has the same principle of tBE@LHowever, the
difficulty here is the couplingf the laser lightwave into the resonator (especially when using micro
resonators). In addition, the laser wavelength nfus <3 Jo]l v} v }( $Z @& }v S}E]
modes to be able to use the other modes of the resonator (see the illustrat|éigin.14). This can be
achieved in several ways. We can particularly menti@laser optical injection lock technique and the
PoundDreverHall (PDH) laser stabilization technif[@é]] The PDH techniqueas beenchosen for our
experiments made on the different types of optical resomatolt has been implemented during the
thesis of P.H. Merrand we have tried to improve the experimental system since then. The PDH
experimental setup we are using is briefly described in the next section
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Fig. 1.14. lllustration of the microwave filtering usira optical frequency comb generated by an optical resonator

[.3.3.a PoundDreverHall (PDH)aser stabilization technique
ThePoundDreverHall laserstabilization techniguginvented by Ron Drev wasoriginally
usedto stabilize the frequency of a laser by lockingrito a FabryPerot reference cavity. I basedon
using the phase information (instead of the amplitude mfiation) of a laser signal passing through the
resonator.In the following, a brief descriptionf our experimental setupusing the PDH techniquis
given(shown w@ .More details on this technique careliound if[38]

Fig. 1.15. PDH laser stabilization loop. EOM: eleaipgic modulator; PID: proportionéihtegral tderivative
controller.

In[Fig. 115]setup the laser carrieat 1.55 um (from dunableKoheras laser havingliaewidth of
1 kHz)is phase modulated with a large modulation index at a RF frequeBgcyr¢m a signal generator)
by means of an electroptic modulator (EOM). The beam passes throughdpiical resonator, thenthe
transmitted beam is sent to the samghotodiode used inthe oscillation loop(see the latter two
sections) The amplitudeof the %0 Z} 35} ]}output voltage atB depends on the detuning between the
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laser frequency and the optical resonance. This voltage signal passes througlpaskofilter to reduce

its noise and eliminate unwanted higher modulation harmonics. thén amplified and sent to an
electrical mixer to be mixed with a fraction of the RF sigi®l §sed to drive the modulatordZ u]/& EJ[-
output represents an error signal proportional to the frequency detuning between the laser and the
optical resomnce. This error signal is then sent to a proportidivaegraltderivative controller (PID) in
order to drive the lasef piezoelectric actuator (PZT) and adjust its wavelengthally,as soon as the

laser is locked onto thepticalresonance, it is pogde to use the system for microwave applications.

A noteworthy remarkfound through our experimental studigpoints to the imperativeness of
accurately adjusting the PDH loop parametérkisis due to the sensitivity of the OEO phase ndise
the PDHIloop settings because the OEO phase noisen be severely affected through laser noise
conversion processesa the resonatofas we will see in chapter)Lll

Moreover, the PDH loop bandwidth seems to be a very critical parameter because if it is reduced
(especially the PID input and output filters), it can considerably degrade the OEO phase noise
performance(as we will see later in chapter)lV

1.3.3.b  OEO experimental setup

The experimental setup ofup 10 GHz OERased on passive resonatisr presented ifFig. 1.16]
It includesthe Koheras laser, a Maebehnder modulator (MZM; 20 Gb/s EOspaceinodulate the laser
carrier, an optical resonatoreventually an optical fibered EDFA amplifier and a fasttodiode
(Discavery DCS30S).

The laser frequency idirst stabilized onto one of the optical resonances using the
aforementioned low frequency PDH feedback loop. The microwave oscillation is then maintained by
another high frequency loop including two RF amplifiershase shifter andeventually)a RF filter in
order to get a single mode oscillatigtne RF filtelis useless in case of mieresonators because of the
large (5 4 ey can providg

Fig. 1.16. Optical resonator based 10 @Hptoelectronic oscillator

Finally, likehe DL-OEO, this OEO is capable of generating high spectral purity signals that can be
locally used from§ Z K RIF-output, or directly distributed via long distance and low loss optical links,
using the OEQwoptical output.
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[.3.3.c OEO hsed on whispering gallery mod@VGM)resonator
The firstalternative approachusing optical resonators i® treplace the optical delay linia the
OEOby a whispering gallery mode (WGM) optical resona([WGMR By definition, optical
whisperinggallery modes similarly to microwav&VGMs, are electromagnetic resonances that occur in
circularly symmetric dielectrics thatrap light in a circling orbit via total internal reflectianside the
resonator They can be produced in variety of shapesswell as encompassing small sidesm few
millimeters tofew micrometers) because of the small wavelength of the optical signal. Consequently, a
microwave signal carried by an optical carridee in generic OEO case, can be trapped into a resonator
where its size is much smaller than the wavelength of the microwave sigi@. basics ofWGM
resonators andheir different applications have been thoroughly studieff40]|[41]|[42]

The WGMRcan be fabricated from a variety of materials usiifferent fabrication processes.
These resonators can lespeciallyfabricatedusingcrystalline materiad, such as calcium fluoride (GaF
to get high 3 {¥43]] lithium niobate(LiINbO3)r lithium tantalate(LiTaO3jor tunable WGMRES9]| fused
silicaand many other materials

These threadimensional shape devices are spheres, torus or disks, in which the optical wave
circulates close to the equator line. They present ultigh 3 5 with demonstrated valuesangingfrom
10° to 10 at 155 um optical carrief[44]] In our experiments we used a diskapa WGMR based on
calcium fluoridgCak) with a diameter of about 5.5 mm (sgeg. 1.17|(a)).

Fig. 1.17. (a)5.5 mm whispering gallery modeaF2 diskshapedresonator fixed on a metallic rod; (b) illustration
and (c) experimental setup of the symmetrical de@lipling system with tapered fibers coupled to the CaF2 disk

As mentionel before, the main problemin using theseesonatorsis the mechanical difficulty in
setting up a reliable coupling with a light sourddoreover, and in addition to the generated
fundamental frequency comb (equatorial mod&pultiple optical frequency cobys are generated by
these resonatorgor both transverse electricT{5 andtransverse magneticT(M) modes The use of an all
fiber polarization controller before the WGMR is therefore imperasedo be able to select TE or TM
u} [ (E <pv C }u X

1.3.3.c.i  WGMresonator coupling technique
Several coupling techniques have been investigated our laboratoryin order to obtain a
selective and efficient couplingf the lightinto the WGMR The oldest method and common technique
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that is usually reported in the litature is the prism coupling configurati This approach can be
simplifiedusing an angle polished optical fi In ourcase we have chosen an alternaivmethod
that enableshighly efficient optical power transfer tothe WGMsin a symmetrical duatoupling
configurationwith tapered optical fiber$47]|[48]

Actually, tapered optial fibers meet the key requirements for a good performance and easy
coupling:a completephasematching anda sufficient overlap between the evanescent electromagnetic
fields. The first conditionis satisfiedby matching thefiber taper propagation consta S} SZ t'D[e
propagation constantwhile the overall coupling strength varies exponentiatlyfunction ofthe air gap
between the resonator and théber taper.

In practice, these coupling conditions can be optimized by varying the position of theateso
along the biconicalshape of thdiber taper pavinga variable waist diameteall along its length) and by
controlling the air gap distan((se(b)). The minimum taper diameter in our wowkastypically
less than 1...u A|lesZ than 1 dB transmissidoss. Theywere made by heating a singlmode silica
fiber (typically SMR8) with a torch and slowly pulling the fibekccordingly, pasematchingbetween
the WGMR and the fiber tapas possible bcause CaFand silica haveachsimilar refractiveindex at
1.55 um wavelength

Finally, tobe able to achievéhe delicate adjustmentof the fiber taper and the WGMRand
therefore get an efficient dualcoupling, adedicated measurement bench has beased.It consists of
two triple-axis piezoelectric nanometritoldersto accuratelyplacethe two fiber tapers symmetrically
with respect to the opticaWGMR The experimental setupf the coupling system is shovin (se
(c)) As a result,wo nearly identical taper couplemsere placed tangentially at the opposite sides of
the diskshapal WGMR one serves as the input coupler and the other as the output coupler.

[.3.3.c.ii OEO based on a GaWGM resonator

As som as the laser is locked onto an optical resonafofehe fundamental frequency comiof
the CaFWGMR, using the PDH stabilization loop, WWE&MRhas been characterized in theicrowave
domain We usedan experimental setup comparable to the OE@nhfiguiation in but in an
opertloop configurationincludng an accurate vector network analyzer. This microwave domain
characterization bencls fully described in the next chapter.

Using this experimental setup, we hebeenable to accurately measure the WGMRBsorption
and transmissiortransfer functionsandthe different frequency combare clearly visiblen the results

depicted inFig. 1.18|(a) (absorption transfer function)hese measurements give a 12.481 GHy4(for
the fundamentl frequency comb) and &g 5 of 8.4x10.

Once used in the OEO setup, the microwave oscillation frequency was defined b} dut the
WGMR (54= 12.45 GHz for the fundamental dngency comb). We were able to measure a
-94 dBc/Hz phase noise level at 10 kHz offset frequency from the carrier. The noise peaks above 10 kHz
offset frequency are likely due to some mechanical perturbations in the optical coupling between the
fiber taperand the WGMR.
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Fig. 1.18. Cakdisk WGMR: (a) absorption transfer function, (b) a focus on the fundanemtdl[« E <}v v ]v §Z
transmission transfer function (which gives3a 5 § 8.4x1d at 1.55 pum optical carrigrand (c) phase noise results
whenthe Cakdisk WGMR igsed in @ OEO setup-94 dBc/Hz at 10 kHz offset frequency)

Aside from that, it is clear that this OEO phase noise spectrum irchrdenportant s Bnoise
contribution caused by the RF amplifier we were using the OEO. Ibopther improvement of tis
WGMR basedscillator[ stability can be obtained by understanding and reducing this noise contribution
(use of an RF amplifier with a low residual phasese)and especially bjncreasing the3g 5 factor of
the WGMR

1.3.3.d OEO based on fiber ring resonator

The fiber ring resonator (FRR) issiapler type of optical resonator than the WGMR. It is
basicallynade of two low loss fibered 2x2 optical directional couplarkich arestable, easy tdabricate
and touse, and are commercially availabknhese two couplers arinked together with dew meters
long singlemode optical fiber. The FRRastherefore a two-dimensional structurevhich can be easily
integrated and in which only two similar optical frequencycombsare generatedTEu} [¢ (E <p v C
comband TMu} [frequency comh The selection of one of these two frequency combs can be made
by using a polarization controller before the FRRerefore, it is easier to characterize and @sERR
than aWGMR Of course betteselection methods ofu} [ frequency comlare available and can be
used, and they will be reported in the following chapters.

In our laboratorythe FRRhas beenusedfirst in the aim ofunderstandng t' D Z [ behavior
because of the similarity in theresonance conditiond\Nevertheless, we have rapidigalizedthat the
FRR, in addition to its simplicity in fabricatios able toreachrelatively higher quality factoré3g 5 >
10°) than those obtained withVGMRswe were using

For all these reasongndbecause FRRs wenet usually used for OEO purposes dahdy were
not studiedin the literaturefor such applicationthe workreported inthis thesisis mostly corcentrated
on the stud of thesepassiveopticalresonators andheir use in an OEO setuip order to get a compact,
stable and low phase noise oscillator
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1.3.4 State of the art optoelectronic oscillatorg noise resultscomparison

Thetable below gives some othe best (to our knowledge) phase noise results obtained, at
10 kHz offset frequency, usimgtoelectronic oscillatorbased on the different delay elementge have
mentioned above: optical delay line(s), active ring cavity and passive WGMR.

Oscillator t ype | Delay type Length Diameter } (-8 re~(Hz) G{Em. %o Phi?fierloflrzziéigyk'_'z References

DL-OEOQ SMF 4 km - - 50 kHz 10 GHz -132 dBc/Hz
DL-OEQ SMF 4.4 km - - 45 kHz 10 GHz -135 dBc/Hz
DL-OEO Z-DSF 4 km - - 50 kHz 10 GHz -140 dBc/Hz
DL-OEO SMF 10 km - - 20 kHz 10 GHz -160dBc/Hz
. 8.4 km
Multiple DL - SMF + . ; 25 kHz 10 GHz -140 dBc/Hz
OEO
2.2km
4.4 km
Tunable +
multiple DL - SMF 3 km - - 45 kHz 10 GHz -128 dBc/Hz
OEO +
1.2 km
COEO DSF+SMF | 160 m - - 1.5 MHz 9.4 GHz -140 dBc/Hz
COEO SMF 330 m - - 650 kHz 10 GHz -140 dBc/Hz
COEO DSF+SMF | 750 m - - 210 kHz 9.4GHz -150 dBc/Hz
WGMR-OEO LiTaO3 - 2.54mm 2x107 35 GHz 35 GHz -70 dBc/Hz
WGMROEO LiTaO3 - 1.3mm 1x108 33GHz 33GHz -80 dBc/Hz
WGMROEQ | DShaped - 5.5mm 8.4x107 | 12.45GHz | 12.45GHz -94 dBc/Hz
WGMR
Hyper -
parametric cak - - <3x10° 9.9GHz | 9.9GHz -120 dBc/Hz
oscillator
(Four wave
mixing)
WGMR
Hyper -
parametric Cak - - <3x10° 35 GHz 35 GHz -105 dBc/Hz
Oscillator
(Raman)
Disk-shaped
WGMROEO Sio - 5mm 1x108 10.7GHz | 10.7 GHz -93 dBc/Hz
Fused silica
Tunable .
WGMROEO LiTaO3 - 1mm 6.7x108 48 GHz 9.8 GHz -100 dBc/Hz

Table. 11. Best (to our knowledge) phase noise results obtained, at 10 kHz offset frequency, using diffeseat ty
optoelectronic oscillators
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It is clear from{Table. 1.1]that the phase noise results obtained in the different OEOs
demonstrate the efficiency of the OEO approach compared to classical microwave oscikatprs (
sapphireWGM DRO f{iFig. 1.8). The WGMR hypeparametric oscillators can be considered as a special
case because they ugbe nonlinear optical effects (Four wave mixing or Raman scattedatpiled in
chapter Iy generated inside the W\ resonators, especiallfluorite WGM resonators, to directly
generate a optical frequency com This comb acts like a multimode locked laser ankigh
spectral purity RF signal thereforegenerated by demodulating theomb on a fast photodiode.

To be competitive with theselifferent OEQ] schemes, especially with WGMREOs and COEQOs
(which areconsidered as compact OBQwse have tosearch foran oscillatorpresentinga very high
loaded quality factol 3¢ ,> 10), a low phase noise close and far from the carrier as well as a possible
tunability of its oscillation frequenc)All thisissueswill principally %. v }v §Z }e Joo S}E[* (E <u
stability element The question is therefore: is the FRR capable ofigiog all these characteristics?

[.4 Conclusion

In this chapter, we have first briefly reviewed the definition of the oscillator frequency stability
and the noise processes in a typical microwave oscill&tt.have then listed the different microwave
oscilhtors, usedto generate spectrally pure signadmd the state of the art phase noise levels achieved
with these systems. Among these, we can especially mention the microwave oscillator based on
whispering gallery modéWGM)sapphire resonator which can @ride, in its classical configuration, a
phase noise level 6140 dBc/Hz at 10 kHz offset frequency from a 9 GHz carrier. This phase noise can be
radically decreased to &75 dBc/Hz level if the oscillator is frequency stabilized using a frequency
discriminator with carrier rejection techniqueOn the other hand, the system becomes very complex and
bulky.

The elegant solutiorwhich usesoptical delay line based optoelectronic oscillators (OEO) to
generate microwave signals has been reviewed. This typsaillators can provide very low phase noise
levels and their noise performance, contrarily to microwave oscillators, is better when the RF application
frequency increases. On the other hand, the oscillators remain bulky, their thermal stabilization still
difficult and they produce spurious modes that need complex configurations to be reduced.

A novel OEO architecture joining between an optical oscillator (an active fibered cavity: a fiber
laser) and a microwave oscillator and called coupled optoeleatroscillator (COEQO) seems to resolve
almost all of the problems encountered in microwave oscillators (frequémaiations) and in classical
1%3} 0 SE}V] }e ]oo 3}Ee ~¢]1 U *%opuE]}e U} * sp% % E ¢*]}vYeX /vE E
reported using this systemfor example, a 330Apng active cavity based COEO can provide a
-140 dBc/Hz phase noise level at 10 kHz offset frequency from a 10 GHz carrier.

Anotherpossible solutiorfor almost all the problemgncounteredin microwave oscillatorand
in classicaDEOQOs, can bthe use of passive optical resonators. The use of mm anehsulsize WGM
micro-resonators(WGMRs}¥harplyreducesthe oscillator size and opens the path towards integration of
such oscillators with a very satisfying phase adévels in the generated microwave signals. Of course,
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the use of such resonators is difficult becaus¢hef mechanical difficulty in setting up a reliable coupling
with a light source and theumerous frequency cobs that they generate

A secondandvery interesting type of passive optical resonators is the fiber ring resonator (FRR):
much simpler to use and fabricate than WGMR<an be simply made of optical directional couplers
and single mode optical fibexsThe FRR can provide ulnagh quaity factors and therefore it is possible
to get very low phase noise levelshan usingthis passive optical resonatom an OEO setuglhis is
therefore theoptical passive resonatahat will bethoroughly stuliedin the rest ofthis manuscript.
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Chapter I Modeling and taracterization ofthe fiber ring resonator and the
optoelectronic oscillator

[I.1 Introduction

Among different optical resonators, the ring resonator represents the simplest form. Its
architecture was first proposed by E. A. J. Marcatili in 1969 in an inexhrddublecoupled ring
structur Since then, the ring resonator has been extensively studied and used, especially the ring
resonators fabricated using low loss optical fibers and optical directional caupler

Due to its simplicity and the very high quality factor that could be obtained using it, the fibered
ring resonator has been chosen in most of our work as the frequency stability element in our
optoelectronic oscillator setup. However, despite its simatehitecture, the ring resonator must be
studied and modeled when used in an optoelectronic oscillator because in this case it is not only its
guality factor that counts. Furthermore, the overall system must be modeled to investigate the different
noise ontributions, especially those related to the resonator itself, in order to improve the oscillator
stability and reduce its phase noise.

In this chapter we first present the different ring resonator architectures and the one we have
chosen to be used in & oscillator setup that we have previously presented in chapter one. This
resonator has been modeled by different means, mainly using a microwave modeling software, also used
to model the overall optoelectronic oscillator system.
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[I.2 Fiber ring resnator (FRR)
In 1982, Stokes et al. have presented a fibered structure of the ring resonator, fabricated using a
crosscoupled singlenode optical fibeff2]] (se¢Fig. 111)(a)). The esonator finesse () was not very high
as it reached only 80, but it has been greatly improved to 500 by using a low loss opticalﬁlﬁﬂ,
this crosscoupling ring structure requires a fibered directional coupler vehosupling coefficient § is
close to unity. This may result in relatively large losses and asymmetric optical output, which can lead to

serious proble

A different and more successful resonator architee is the directcoupled ring resonator (see

Fig. 11.1{(b)). This architecturehas been widely used in different applications: optical fiI fiber
gyroscope fiber ring lasers, temperature and pressure sensors etc... The difference is that this

resonator is easier to fabricate, it has higher finesse and more symmetrical output than the cross

coupled ring resonator. This structuhas been thoroughly studiean

The adddrop ring resonator architecture is similar to the directupled fiber ring resonator but
it has two directionhcouplers instead of only one, ((c)). This ring resonator type behaves as
a narrowband filter that adds or drops a frequency band from an incoming signal. This resonator is the
one we have used in our optoelectrignoscillator and we call it the fiber ring resonator (FRR) in this
manuscript.

Fig. 1l.1. Ring resonator different architectures: (a) crossipling, (b) direct coupling and (c) double coupler-add
drop ring resonators; c: ojgial directional coupler

I1.2.1 FRR principle and characteristics

The FRR, shown[Fig. 11.2] is made of two low loss fibered 2x2 optical directional coupleys (C
and @), linked with a singlenode polarizatioamaintaining (PM) fiber. This resonator is analogous to a
microwave travellingvave resonator, consisting of a resonant ring circuit and a directional cer

[9]
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Fig. 11.2. Double directional coupler fiber ring resonator

In this structure, resonance occurs if the total integrated phase shift of the incident light véave (
~ 1.55um) around the resonator ring is an integer multiple bé (rad). In this case, the incident light
wave constructively interferes with its replica (the circulating wave) coming from the second part of C
after a turn inside the resonator. Asresult, the circulating light wave builgp to a higher power value
§Z v 8Z & }( 8Z ]v]8]l ooC Jvi &8 A A v SE veu]es]}v 0]v E spose
(sefor illustration). Conversely, thisiterference is destructive at the third port of, @d an
*}E%S]}v o]J]v E *up0Se S SZ & *}v S}IE[* (J]E*S }uSWhopusSX

Fig. I1.3. lllustration of the constructive and destructive interferences at the input coupleh€n the laer
frequency is resonant inside the resonator

As already stated in chapter I, this FRR generates a transverse single frequency comb with
microwave spacing, the free spectral range. Th® 4of this resonator is directly linked to the fiber
length (. L .5 E . ¢ and to its refractive indexJ by the relation below:
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?
(54Lm (Eq.l1.2)

The resonator finess€ is defined as the ratio of thg 5 4to the fullwidth at halfmaximum
((9*/ ) of the resonance transmission intensity:

(54

557 (Eq.112)

(L

It is therefore directly linked to the resonator quality factor. This quality factor is usually defined
as the ratio of the energy'( stored in a resonant mod@tthe energy dissipated&') in the same mode
during at ecycle. Another mathematical definition can be also used. It defines the quality factor as the
ratio of the resonant frequencyR g0 the resonant mode( 9 */ (se. The quality factor is
thus given by:

3L tee KN 3L Eo= (Eq.I13)

Fig. 114. Resonant mode aR zgnd its fullwidth at halfmaximum

In the FRR, the optical quality factoBg ;). depends on the resonator length the couplers
coupling coefficients & for G and 8gfor G) and the resonator intrinsic loss (couplers excess lgasd
( splices lossland fiber linear losd}).

The fiber linear loss given by:

5., F0I@F

Uyl 75 L ey (Eq.l14)

where #;is the fiber attenuation in (dB/m); typically+= 0.5 dB/km in a 1 fiber and 02 dB/km in
SMF.
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One of the advantages of this resonator is that the 3dB bandwidth of the optical resonances is
maintained when the resonance is used for microwave domain applications, such as the OEO. As we
have seen in chapter |, the resonator equivalentrowave quality factor3g ,is linked to 3¢ 5 and it is
directly proportional to the microwave application freque therefore 3¢ ;increases with the RF
application frequency for a fixed optical frequency, whikhot the case of microwave resonators.

For this reason, to reach equivalent RF quality factors higher than those obtained in microwave
resonators, 3¢ 5 should be higher than fmecause of the frequency ratio betweel ;and B 5. Ths
ratio is about 10 for a laser carrier at 1.58m wavelength (~ 193Hz) and a microwave signal around
20GHz.

Usually, if the coupling coefficien& and &sare chosen small enough (transmission coefficients
Rand B R=1 &and BR= 1 &g are near unityand if the residual losses of all resonator elements are
sufficiently low, a significant circulating intcavity power @, ¢ ¢ ) ¢ould result. This could lead, if an
optimal coupling is established, tan absorption line with a resulting power equal to nusee
illustration i. Accordingly, the optical resonator will possibly feature a h@gh factor and
photons inside the resonator will encounter an ageti delay ) as if they were travelling into an
equivalent optical delay line in singbass geometiyl0]| This equivalent length is given by:

.Q,QL%Q (Eq.I15)

The aim of using such a resonator as the frequency stability element, with the higrest
possible in the smallest resonator size and structure, is to reduce the OEQakemeier phase noise.
On the other hand, a higi8z5 ;does not necessarily mean that a lower oscillator phase noise could be
always obtained because the resonator transmission log} [jlays also an important role in the
oscillator stability, as we will see later in chapter Ill. Furthermore, a Bighdnay lead to significant
circulating power inside the cavity, which in turn reduces the thresholds of many nonlinear optical
effects. Unfortunately, these effects were found to be the principal cause of the OEO phase noise
degradation as we wiflee later in chapter IV.

Consequently, in order to optimize the resonator characteristics, while always taking into
accounttheir contributions to the oscillator stability, we had to model the resonator separately and then
inside a global model of the OEgstem.

11.2.2 Modeling of the FRR
To model the FRR separately, we have first used a resonator model that has been developed and

implemented in MATLAB during the thesis of P.H. Md[tdf]X dz]e u} o A+ « }v X z E]

modelingstudies using couplethode theory[12]|[[13]| This model was able to predict the resonator

3t a¢ (5 4and transmission loss, (S{Eig. II5|for the simulation results of a 20i#ong FRR). As well, the

stud has reported simulation results showing how ti& 4decreases and theg 5 increases when

the FRR length increases (g€g. 116).
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Fig. I15. MATLAB simulation results of a 20ong FRR with the following resonator parameteés= 8= 1%; (=
(4= 0.03 dB;U= 0.01 dB and};= 0.5 dB/km

Fig. 11.6. From[11]{ MATLAB simulation results f8¢ 5 and ( 5 4versus the FRR length

Despite the utility of this model, and to get more accurate results about another important
characteristic of thd=RR, which is the int@avity power enhancement factor{2 '), we had to extend
F. Zhang et study made on a singleoupler directcoupling ring resonator. As a result, analytical
expressions for tb different characteristics of our FRR have been developed; especially the resonator
+ 2 ' @nd transmission loss (ség@pendixA for the detailed extended analytical study).

These analytical expressions describe the complex electric figlehaviorinside the resonator
(seeFig. 112), where couplers {and G are assumed to be reciprocal.

At resonance, the circulating optical wave is in phase with the input light wave and the
resonance phase condition is therefore addais:
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UR L Lte (Eq.116)

where Uis the optical propagation constantlL élLﬁ) andpis aninteger:L L sd&ia ;.

The expression of the intensity ratio at the first output of the FRR (absorption output) is written

as:
5 & ®sF & F #;
Ioéa ~ SFé5, .
— L:sFU;fsFn — —r Eq.Il.7
Aa “ SE11*-ith3/35/-‘®..‘l:J.J (Eq.1l7)

where #L R®@sF (; ®R ®@sF (; ®@s F Uy @78 for simplicity.

The expression of the cirlating intensity ratio inside the FRR:

' 6 A .
®sF U;
B L L T (Eq.118)
Aa SE#FtY#®. V.

The expression of the intensity ratio at the third output of the FRR (transmission output) is
written as:

tec’ | B @®SFQ; @ @sF (@ W

,. = - Eq.ll9
Aa SE#FtY#®..'W. (Ea.ll9)

[I.2.2.a FRR simulation using Maplel13
The numerical results of the above three analytical expressions eadoglated for a 20rhong

FRR using Maplel3. This software allows 3D simulations that give us the possibility to easily calculate the

E *}v 8}E[* ](( E v8 SE ve( & (puv 8]}ve AZ]Jo Z vP]VP u}@® 38Z v }v %
have therefore simuled the 20mlong FRR absorption and transmission transfer functions using
respectively(Eq.Il.7)| and[(Eq.1l.9)[ Moreover, we were able to simulate the 2' (behavior versus

1(( & v8 &ZZ[* %o GEEq.IIéS)r[E- pd]vePo ] 00C A Eepe §Z &ZZ[* }u%O0]VP }
following simulation results presented in this section, when unchanged, th¢ dE vS & ZZ[* % & u §
were set as follow. (&= 8= 1%; (= (4= 0.03 dB;Us 0.01 dB andf,= 0.5dB/km).

I1.2.2.a.i Absorption transfer function

The 20m-long FRR absorption transfer function at the first output has been simulasetyu
(Eq.1.7)| while changing the coupling coefficienfg and &, firstseparately then jointly. The results in
ﬁlshow that, when onlyasis changedFig. 117](a)) and at resonancel{ . L Lt &[Fig. 117](c)), the

power at the FRR first output is null whedi is equal to 1.9 %. This means that this is the optimal
(critical) coupling at these conditions (s&Z % E A]}ue % E PE %Z (}E 3Z }53Z E % E
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Now if only &is changed (se[Eig. II.7|(b)), we can see that the weakéis, the closer to null

§Z &ZZ[* *}E%SE]Iv E g7

(d)vtheri(Eq.11 B)|is}satisfied).

Fig. 11.7. FRR absorption transfer function (in decibels) at the resonator first output, while changing the coupling
coefficients & (a) and &4 (b) separately (from 0.1 to 10 %) (and changliigas well); then by changings (c) and
& (d) separately whg(Eq.l1.6)

is satisfied

Finally, whenH, and H; are changed athte same time, while considerif(€q.l.6)|satisfied, it
seems thatH;has to be always a little less thai to establish an optimal coupling in the FRIgarding

the absorption output, (sg€ig. 11.8).

46



Chapter It Modeling and characterization of fiber gmesonator and the OEO

Fig. 11.8. FRR absorption transfer function at the resonator first output, while changing the coupling coeffigients
and &gjointly (from 0.1 to 10 %) and considering 1l@ﬁq.ll.6) is satisfied

I1.2.2.a.ii Intra-cavity power enhancement factor

Similarly, the 20 rtlong FRR+ 2 ' (has been simulated usif&q.ll. 8) Again, the results depicted
in[Fig. 119jandFig. 1110]show that H has an optimal value equal to 1.9 % whegis fixed to 1%, and an
+2" @round 52 (~17 dB) is obtained. On the other hand, the res|Fginll 9|(a) show that the weaker
His, the higher3g 5 és (the resonance width becomes narrower).

Moreover|Fig. I1.10[shows that the weakert; is, the higher the+ 2’ (is, and we can see that
the + 2 ' (could reach more than 90 wheHis much lower than 1%.

All'in all, we can conclude thdt is the key element in finding an optimal coupling, taking both
+2'(@nd 3¢ 5 dnto consideration. Till herel can be considered as an additional loss factor in the FRR
(the lower His, the betterit is for both +2' @nd 3¢ ).
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Fig. 119. FRR+ 2 ' (evel, while changing the coupling coefficiedtga) and &5 (b) separately (from 0.1 to 10 %)
(and changingU .as well); then by changings (c)and &¢(d) separately whe(Eq.l1.6)|is satisfied

Fig. 1110. FRR+ 2 ' (evel, while changing the coupling coefficie@sand &jointly (from 0.1 to 10 %) and
consicring that(Eq.l1.6)|is satisfied
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[1.2.2.a.iii Transmission transfer function

The 20mlong FRR transmission transfer function at the third output has been simulated using
This is the most important response to scale, especially if the resonator is meant to be used in
an OEO setup.

The simulation results ig. 11.11]are interesting because they indicate that whéand & are
Z vP * % E S oCU SZ }%S]Ju o SE& veu]ee]}v & *%}ve ] }voC } § ]v
coefficients are the same (symmetrical couplers must be used). This is also confi%‘ dlirl2|results
where both &and &gwere changed at the same time while considering 11.6)|is satisfied.

Fig. 1l.11. FRR transmission transfer function at the resonator third outplile changing the coupling coefficients
& (a) and 34 (b) separately (from 0.1 to 10 %) (and changliigas well); then by changings (c) and & (d)
separately whel{Eq.l1.6)is satisfied
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Fig 11.12. FRR transmission transfer function at the resonator third output, while changing the coupling coefficients
& and &gjointly (from 0.1 to 10 %) and considering 1IQEq.II.6) is satisfied

Finally, all the resonator parameters were fixed and oblywas changed. By doing this we can
compute the FRR54 v §Z & <}v v % I[* Z+HE(98/E(+8ds¢ & YV |Fg. Il

:

Fig. 11.13. FRR transmission transfer function (in decibels) at the resonator third output while ch&hgiFtie
other parameters were fixeas follow: &= 85= 1%; = (= 0.03 dB;Us= Q01 dB andl},= 0.5dB/km

The results presented (fig. I1.13|were completely in agreement with MATLAB simulation
results regarding the resonator characteristics. Furthermore, both models were experimentally

validated.
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[I.2.2.a.ivEffecS » }(UyWsrv gonthe FRH ¢ransmission response

In the same perspective, we have simulated the effects of the splices Uggsé changed from
0.01 to 0.05 dB), the fiber linear loss}(was changed from 0.2 to 0.5 dB/km) and the é@w Ee+[ 0}
(both G and { were changed from 0.02 to 0.1 dB) on the FRR transmission response. From all the

simulation results presented [ifig. 11.14.| it seems that couplers excess I¢Eg)( 11.14.|{(c)) is the leading

( 81E (5 & §Z }H%0 Ee[ }H%O]JVP } ((] ] VEe ]V *Z %]VP §Z &ZZ E +}

Fig. 11.14. Effects of couplers loss, fiber linear loss and splices loss on the fRRss@N response when: (&),
was changed from 0.01 to 0.05 dB; (b}jwas changed from 0.2 to 0.5 dB/km; (c) bdifand (jwere changed
from 0.02 to 0.1 dB

All things considered, we can see that unfortunately, having the higBestand the highest
+ 2 ( at the same time will not be possible if the FRR third transmission output is used. Therefore, there
isatrade} (( S} u E P & JvP §8Z &ZZ[*s }u%o]vP } ((] ] vS8*W }u%o E
their coupling coefficients must guarantee thghést + 2 ' (possible. Besides that, all resonator intrinsic
losses have to be the lowest possible in order to improve the resonator charactefisti2s( +..
(9*/ , (, 3ga¢ S YoX

1.3 A CAD approach of the fiber ring resonator based OEhgisa microwave

software
As we have already mentioned at the end of sediod.q] to optimize the FRR characteristics
while taking into account its contributions to the oscillator stability, we have to mtuelresonator
separately and then inside a global model of OEO system. Thus, the modeling study must be made using
the same simulation software.

The OEO system we need to model can be quite complex with electrical and optical parts, and
various loops andonlinear elements. It may be possible to obtain an analytical model of such a system,
but there isa little chance that such a model will be able to describe the complex nonlinear noise
conversions between the different carriers (the DC, the RF osaill&temuency and the laser carrier
~193 THz). Moreover, the analytical model would be valid only for a given system topology, but we need
a system model that will be able to help us in choosing among different OEO topologies. Furthermore,
this model is expeted to help us in optimizing the oscillator or, at least, to allow us to understand the
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different noise sources, their conversion processes and which impact each of these noise sources has on
the overall phase noise performance of the OEO.

Consequently, & think that only a computer based approach is able to perform such a work.
However, no commercial CAD software is able today to describe this kind of optoelectronic systems. We
have thus chosen a software dedicated to model microwave circuits and systeitent™ ADS. The
choice of this software has been mainly based on the ability of ADS to compute the noise conversions in
nonlinear devices.

In a conventional microwave oscillator, one of the key points of phase noise simulation lies in the
ability of @mputing the interactions between very low frequency fluctuatioss Bnoise sources) and a
high frequency signal. Time domain approaches cannot be used directly for this purpose because it
would require too much simulation data. In the microwave community, this problem has been solved
using the harmonic balance approaeimd various perturbations techniques such as the modulation
technique or the conversion matrices techni The conversion matrices technique allows the
computation of correlation between the fluctuatiomsound every frequency involved in the circuit. This
is the technigque which is implemented in ADS and which we have chosen to use in modeling the noise
behavior in the OEO.

Indeed, in the case of optoelectronic systemwge are facing a similar problenidowever, n
addition to the electronic case, there is one more carrier which must be taken into account in the circuit:
the optical carrier at 193 THEig. I1.18]illustrates this problem: the noise lateral sidebands at DC, at the
RF main frequency and its harmonics, and at the optical carrier, are correlated through the system
nonlinearities.

Fig. I1.15. DC, microwave and optical noise sidebands conversions that have to be taken into account iteBEO sys
noisemodeling

In our approach, the optical carrier is considered just like an RF carrier, but at an extremely
higher frequency. This will not be a problem if ideal elements are used in the circuit model. On the other
hand, the main problem using ADSthat this software does not include models of optical components;
however, it is possible to create these models using either electrical equivalent circuits or mathematical
black boxes, or a mix between these two approaches. That is how we were fivlalpareate a global
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OEO model including the FRR, the laser, the M&dwnder modulator, the photodiode, the amplifiers,
the RF resonator and many other optical and RF elements.

[1.3.1 Modeling of the FRR using ADS

To be able to simulate the global OEO systéhe first element we have to add to our
microwaveoptical modelsis the optical resonator. For this purpose, we have developed an equivalent
model of the FRR using ADS.

[1.3.1.a FRR ADS model

As already mentioned in secti the FRR is made of two low loss fibered 2x2 optical
directional couplers, linked with a-M@ optical fiber. Consequently, to be able to create a FRR model
using ADS, we had to create ADS models describing exactly the real behavior of¢hkfityeti and the
optical couplers operating at the optical frequenBy; ¢

[I.3.1.a.i Optical fiber model

Optical fibers have several characteristics that differ from those of HF transmission lines,
especially their very low transmission loss (~ 0.2dB/km in SMF fibers and ~ 0.5 dB/Kh fibvefPs
compared to ~ 1dB/m in HF tramission cables). Therefore, it was necessary to use a HF transmission
line model that ADS offers. In this model, we can define the loss parameters, but also a dielectric
constant (G AZ] Z ]+ <u]A o v8 8} }%3] o (P(G [IETheeddiric langthE
of the line and the optical frequenc 5 can be also defined (in all the following simulations using ADS,

Bae (lv 8§} <p o 8} 111 d,l+X &]v o0oCU 8Z &EE veu]es]}wopits [+ ~ u}

almost the real behavior of an optical fiber.

I1.3.1.a.ii Optical coupler model

At the beginning, we have searched for an ADS coupler model which describes the real behavior
of the optical coupler. ADS offers a coupler model that includes two micro strip dinex substrate. In
this model, it has been necessary to fit the substrate parameters and those of the two micro strip lines,
including their length (), spacing &) and widths @,). This is in order to get a complete impedance
match at the input and the output of the coupler, and a valid coupling in a frequency range above 50 GHz
around the central operating optical frequency of 200 THarthermore, an option has been added to
§Z]* }u%o0 E u} oU AZ] Z ]* 8Z }u%o E[+ A <++ 0}eeU v }E E &}

To push the simulation capabilities a bit further, we have realized that we must look for a
"tunable" optical coupler model, where the coupling coefficient could be changed independently
without changing the other parameters of the coupler. For this purpose, we have chosen to use an ADS
lossy coupled transmission lines model with the possibility of changingffiésest parameters. As for
the aforementioned coupler, this coupler model has been modified to make it describe the real behavior
of the optical coupler. In addition, a coupling coefficient tunability ranging from 0 to 100% has been
achieved using this nuel. The tunability in the coupling coefficient is accomplished by changing the

}u% o C FmodA effective dielectric constant-@) from 1.8051 to 1.801 as depicted[fig. 11.16]

D}E }A €U 3Z }u%o E[e A e+ 0}ee ]+ <]oCmadeddland oddnipdd EC]vP

(#2) coupler[ attenuation parameters.
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Finally, the optical djzes lossUgas been modeled by adding an ADS attenuator model inside
the FRR loop. The FRR model has been finally creatd@isdel7]s v 3z & <}v 3}E[+ Z E 3§ E
can be therefore accurately simulated. Thederacteristics can be simulated using the scattering
parameters simulation mode that ADS offers, even at 200 THz operating frequency, with a step
resolution that can be even less than 1 mHz. As an example, the simulation results oflengORRR
ADS modebre presented ifFig. 11.18] These ADS simulation results are perfectly in agreement with
MATLAB, Maplel3 simulation results, and they are in good agreement as well with our experimental
results. This clearly proves the efficignof our approach using ADS. Moreover, it is a real progress
because, already at the resonator level, it is much easier to simulate the FRR behavior using ADS than
using a specific model developed using Maple13 or MATLAB (described both inﬁ)n

Fig. 11.16. Tunability in the coupling coefficie@@iof the optical couplef ADS model, achieved by changing the
} 1% 0 (E{modA effective dielectric constanty

Fig. 1117. ADS modef the FRR
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Fig. 11.18. 20mlong FRR ADS model: Scattg- % E u § E+[ u%o0]Su V %Z ¢ e¢]Jupo S]tv E

[1.3.1.b Modeling of compound and complex architectures based on multiple FRRs

Besides its usefulness in modeling the global OEO behavior, one other important advantage of
the FRR ADS model is the ease irukting very complex schemes based on multiple optical FRRs. These
schemes are usually hard to analytically describe and then to simulate using Maple13 or MATLAB or any
other calculation software.

In[Fig. 11.19we present an exaple of an ADS model and the simulation results of a high
rejection optical filter based on three compound FRRs with different parameters each and a total length
of less than one meter. This model can be created and simulated in a few minutes only hesbasic
FRR model described in the section above. Such a structure would need of course much more time to be
analytically described, then coded and simulated using a calculation software like Maplel3 or MATLAB.
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Fig. 11.19. AD5 model and S parameters simulation results of a high rejection optical filter based on three compound
FRRs with a total length of less than 1 meter

11.3.2 Resonator experimental characterization techniques

Once fabricated, the FRR needs to be experimentallyacherized in order to extract its real
characteristics, especially it8g5¢ +,. (54rejection +2'( § Y dZ]e Z - v }v SZE}uPZ u
characterization techniques: optical domain and microwave domain techniques. Of course, the
measurement accuracy differs from one technique to another because of the exireameall resonance
bandwidth we are characterizing. As an example3ga; factor in the order of 1dat &= 1,55 um will
result in a 3 dB bandwidth in the order of 200 kHz, which is lower than the spectral width of a
semiconductor laser. Onektion is the use of high spectral purity laser (such as a fiber laser) to scan
the optical resonance. Still, when the laser light is injected in the resonator, it heats the resonator (due
to the high + 2 'Y andleadsto a frequency shift in the optitaesonance. Consequently, the laser carrier
is shifted far away from the resonance.

Considering these problems, three characterization techniques have been considered and
Ju% & }Jv 8} Vv}3Z & Jv }JE E 3§} JvA «3]P § 3§Ze fEstdne sitde[e Z E
optical 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, a time domain approach which has been set up
at FOTONENSSAT LannigRrance) Thethird one is a spectral domain measurement bench based on a
microwave network analyzer, which features an extremely high spectral resolution.
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[1.3.2.a Optical domain characterization techniques

[1.3.2.a.i Narrow linewidth laser wavelength scanning method

This method consistin a frequency finduning of a narrow linewidth (~1 kHz) Koheras fiber
laser to explore the FRR optical frequency comb by recording the FRR respons@hmtodiode
followed by an oscilloscope, ({€&g. 1120). The Koheras $ar is tunable thanks to a thermal control (on
a 120 GHz range). In addition, a more accurate piezoelectric control can be also used (on a 2 GHz range).
This method allows a good measurement of ti® 4 Moreover, thanks to the Koheras laser narrow
linewidth, a good estimation of the3g 5 can be obtained by observing precisely one optical resonant
u} X E}v §Z o0 U pe }( 8Z @& ¢}v S}E[s SZ EBu o Z 8§ v S8SZ E °uc
shift, it is difficult to be sure of the accuracy in tbhbserved resonance response, even if the laser
frequency tuning speed is carefully adjusted. Therefore, more accurate characterization techniques must
be explored.

Fig. 11.20. Narrow linewidth laser wavelength scanning methB@®: photodiode

[1.3.2.a.ii Cavity ring down method

The cavity ring down (CRD) technique avoids the difficulty in comparing between the laser
linewidth and the resonant mode because measurements are directly performed in the time domain.
The principle is the same & the laser wavelength scanning method, but the laser frequency is rapidly
tuned in this case. Therefore, thermal effects will not have time to appear resulting with less
measurement perturbations. The CRD technique consists of measuring the photonelifaside the
resonant cavity by studying its relaxation regime. This technique has been already modeled and tested
by Y. Dumeige et aI. It has been indicated that through this technique it is possibl determine
the different contributions of the resonator parameters to its global optical quality fa@py the
intrinsic factor 3Eé%which is linked to the internal losses of the cavity and the coupling faﬁg)g,b
which is linked to the couplers characteristics. Furthermore, CRD technique provides unambiguously the
state of the resonator coupling regime: critical, uneeupled or oveicoupled. It also provides the
coupling coefficient between the resonators and thecess linglFig. 11.21]shows an example of the
result that can be obtained using the CRD technique to characterize da2@n+RR. This measurement
has been performed at FOTEMNSSAT Lannion (France).
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Fig. 11.21. CRD measurement of a 28amg FRR; (FOTEBNSSAT, Lannion)

[1.3.2.b Microwave domain characterization technique using a vector network analyzer
As already stated, the FRR we are studying here is meant to be used in the microwave domain
and for microwaA %0 %0 0] S]lveX [S ]Je SZ & (}&E ee v§] 0 S} § 8 SZ &
configuration which is as close as possible to the final system. The microwave domain characterization
bench we have developed is very similar to the OEO system inloppnonfiguration, but it uses a
vector network analyzer (VNA) in addition. This bench, depict§ign I1.22](a), is very efficient to
measure the optical properties of an optical resonator with a very high frequency precisioms lised
to characterize either WGM resonators or FRRs in our labott6iy

To be able to use this characterization bench, the laser has been stabilized onto one of the
E *}v S}E[s & <}v vS (Ghaspbeen rexdizetizsing the PouDdeverHall feedback loop
(detailed in section 1.3.3.a in chapter 1). As soon as the laser is locked to the optical resonance, a
sweeping RF signal coming out from the microwave network analyzer drives the MZM and ttiagesu
modulation optical sidebands goes through the optical resonator. Their response is finally recovered on a
fast photodiode and then analyzed on the network analyzer input port. This response transcribes
accurately the resonator frequency comb and, whimcusing on one of the resonant modes, we can
obtain the different resonator characteristics, especially(i&*/ and thus its 3¢ 5 ¢ with the precision
of the microwave network analyzer that can be as good as 0.1 Hz.

Using this technique, anyroblem in the resonance shape is immediately detected (such as two
states of polarization behavior of the optical carrier, leading to two optical modes competition inside the
resonato. The only limit irprecision will be the ability of locking the laser watko the center of
one of the optical resonances and controlling the MZM linearity by a correct setting of its DC bias voltage
(8,,L 8 vg) Fig. 1122|(b) shows an example of measurements performed on a-Rg FRR, where we

have measured &8¢ 5 gqual to the one obtained using ttedorementionedCRD technique.
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Fig. 11.22. (a) Microwave domain characterization technique using a vector network analyzer agg (b)
measurement of a 20rong fiber ring resonator

11.3.3 Modeling of the FRR based OEO using ADS

During the thesis of H. Brahi a first ADS model of an optical link has been created. It
included ADS models of a laser source, a MZM and a photodiode. In order to simulate our OEO behavior,
especially its phase noise, the FRR ADS model has been includddsimtical link model and we have
added another element modeling an ideal RF filter and an ideal RF amplifier at the same tie
.

Actually, ADS gives access to two noise variables when performing noise sinsuiatithe
nonlinear regime: the "pnmx" and the "anmx". "pnmx" means phase noise from mixing analysis, which is
based on frequency mixing or on the conversion matrices method described previously. The "anmx"
means amplitude noise from mixing analysis. Theversion matrices method (harmonic balance ADS
simulations) can describe the noisenversion ofs Bnoiseof the DC spectrum component (

. Besides, it can calculate the noise conversions between the different white frequency noise levels
around the harmonics of the different spectral components.

Using the OB ADS model and the harmonic balance simulation technique, we have performed
some operoop simulations (from node A to node B, through the FRR n@igl;I23), and we have
then tried to simulate the OEO behavior in a closmop configuration. In the following two sections, we

e E] 38Z ](( & v8 }%3] o VvV Z& }u%o}vusekhour©OEQ ADS models A
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Fig. 11.23. ADS model of the FRR based OEO

[1.3.3.a Optical components modeling

Tocreate ADS models of the optical components, regarding the fact that the ADS library does
not include ths type of models, we have created our own models using either electrical equivalent
circuits or mathematical black boxes, or a mix between these pypaaches.

[1.3.3.a.i Laser model with its amplitude and phase noise

Actually, the laser noise is known to contribute to different noise conversion phenomena that
usually occur in nonlinear systems, especially in the optoelectronic oscillators (as we will akersige |
chapter Ill): these conversions are either AM to AM/PM, or PM to AM/PM noise conversions. Therefore,
the laser AM and PM noise characteristics should be taken into account in any noise simulations.

Consequently, the optical carrier was representedhe OEO ADS model by a frequency source
with its noise components: AM and PM. The AM noise data were extracted from the laser low frequency
relative intensity nois¢RIN)measurements which characterize the laser relative power fluctuations and
it is gven by:
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%6%6&%

Sag

4+0L srZ* @$?V (Eq.11.10)

where 2: 5 s the laser optical power an@‘?ﬁE ads the optical power fluctuations average.

The RIN of tb Koheras laser we are using in our OEO setup has been measured at different laser
power levels using the method reported[ih8]|and detailed if{19]] The RIN experiental results are
represented irfFig. 11.24] These results show a decrease in the RIN level when the optical power
Jv E < oX dZ]e |- Hept 0 Z A]}E }( 0 » E[* Z/IEU p3 83Z pvuep o Z/E 2
is lkely due to a control circuit inside the Koheras fiber |agstem

Fig. 11.24. Koheras laser RIN measurements at different power levels using the technique ded’hee
measurements show a decrease in the RIN level when the optical power level increases which is a usual behavior of
0« E[* Z/IEX dZ pvpuepu o -waZcdiider RN $dikelyodue to a control circuit inside the Koheras fiber
laser

The laser FMoise is defined by the frequency noise power spectral denSityR ;, expressed
in (Hz3/Hz), and the laser PM noiﬁee: B ;in (rad?/Hz) can be calculated from its frequency noise by:

5,8 ;L @%; N =@V (Eq.I111)

Therefore, the singlsideband laser phase noise can be written as follows:
igBiLSIHK 6};’?’; A @$?V (Eq.1112)

where Bis the offset frequency.
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The Koheras laser phase noise has been measured using two different technigues based on a
frequency discriminator: the homodyne technique and the -belferodyne technique. Bottechnigues
are well described m These techniques have given the same experimental results when measuring
the laser PM noise, (sgdg. 1125).

Fig. I1.25. Phase noise measurement of the Koheras laser at 15 dBm optical power, usiaghmiqueshomodyne
technique(in blue and seltheterodynetechnique (n red)

Finally, the laser RIN data have been implemented in ADS using a block thaisaoinsisbltage
noise source (V_Noise) feeding an amplitude modulator that we added at the laser output. Likewise, the
laser phase noise measurement data were directly enténsol the laser ADS model. The simulations of
laser AM and PM noise components aresented with the laser ADS mod@
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Fig. 11.26. (a) Laser ADS model and the simulations of its (b) AM noise and (c) PM noise.

[1.3.3.a.ii Mach-Zhender modulator model
The MZM ADS model, detad in|[19]|{[21]|and[[22]| has been created using a symbolically
defined device (SDPADY blackbox, to include the MEA optical interference equation:

2ac® g0k o
2Eéquo;ELag—t3$E--- o6 AP (Eqg.113)

2t ¢ g  p€INg the optical power detected by the Photodiode at the MZM outptt g ¢ 4s the MZM
insertion loss andi g5 £ P is the phase difference between the waves propagating through the MZM
two arms (sef-ig. 1127).

Fig. 1127. MZM principle

This phase difference is given by:
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. \:8/21/4F 84, E8EP,
| eoiP L @ e (Eq.1114)

where 8,,.is the MZM DC bias voltag8,is the MZMmaximum power voltage8 is the MZMextinction
voltage and8: ;: R is the RF modulation signal voltage.

Finally, a capacitive network has been added at the MZM RF port to model its response
attenuation when the RF modulation frequency increases. The MZM ADS model is presiigedi 28]
The ADS simulation results of the MZ&&ulting optical spectrum and thgansfer function when the
MZM is derived with a 10 GHz RF signal, are presenfediril.28|(a) andFig. 11.28(b) respectively.
Moreover, the measured transfer fution of the EGSPACEMZM we are using irour OEO setup is
presented ipFig. 1128|(c). We can see that the ADS model transcribes exactly this transfer function.

Fig. 11.28. MZM ADS model simulationsrdts: (a) MZM output spectrum when the MZM is derived with a 10 GHz RF
signal and (b) MZM transfer function. (c) Measured transfer function of the EOSPACE MZM we are using in our OEO
experimental setup.

[1.3.3.a.iii The PDH loop

During our different simulations, andue to the difficulty in modeling the low frequency PDH
loop behavior using ADS, we have chosen to mansddiilizethe laser carrier frequencgnto the
center of one of the optical resonances of the FRR model (or inversely by fixing the laser fremugncy
then controlling the FRR resonance using a phase shifter inside the FRR model; the resonance tunability
will be detailed in chapter V).

[1.3.3.a.ivPhotodiode model

The photodiode is the component that is capable of converting light into electrical current; it
performs optical to electrical signal conversion with a given efficiency. The generated clgrgattthe
photodiodeoutput is proportional tothe optical power of the receivesignal, and not to its amplitude.
That is why thephotodiode response is alled quadratic.This current is given in a function of the
received optical power by the following relation:

Bl Sey ®2 5 (Eq.I115)
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where 5:.4s the Photodiode responsivity in A/W.

Using ADS, we kia chosen a nonlinear voltagm®ntrolled current source to model the behavior
of the Discovery DSC30S photodiode (the photodiode we are using in our OEO experimental setup). The
model response is governed, followj(igg.l1.15)| by the relation below:

5é12
EVZL—4/ ®Beogr oo (Eq.11.16)

where 4is the resistance load at the MZM output (50 ohms in our ADS modelBagg;  js the MZM
output voltage.

Finally, he photodiode was followedly a nonlinear capacitive network to describe its frequency
response; however, we have first tried to simulate the OEO noise behavior considering that our
% Z3}8} 1} [+ ™ u} ofrde. v}]e

dZ %Z}3} ]} [+ " u} o ]-[Pigd.28|[F§. 1.3%(a) andFig. 1.29(b) present
respectively the RF frequency spectrum and power simulation results of a linear modulation (with a
10 GHz RF modulation frequency) usihg ADS models of théaser, the MZM and the photodiode.
Moreover, the same ADS optical link model has been used to simulate the different RF output harmonics
resulting from a 10 GHz linear modulation (using a slightly modified MZM ADS model to desctiiteg ano
MZM we are using in our laboratoff23]}. These simulation resuits are presentefFig. 11.29](c) with
the experimental measurements validating our ADS simulation approactedst for the operoop
power and frequency simulations part).

Fig. 11.29. Simulation results of a linear modulation (with a 10 GHz RF modulation frequency) uéiStineodels
of thelaser, the MZM and thBhotodiode (a) Routput spectrum (b) RF output pomeersus the RF modulation
signd [ tnput power. (c) Fro Simulation and experimental results of the different Rpwitharmonics
resulting from al0 GHz linear modulatio

11.3.3.b Microwave components modeling

Contrarily to the optical components case, simulating RF components using ADS is much easier
because ADS library includes many RF components models. Nevertheless, we have changed some of
these models to create our own RFfedels that we used in the OEO ADS model.

65



Chapter It Modeling and characterization of fiber gmesonator and the OEO

[1.3.3.b.i Modeling the RF filtethe RF phase shifter and the RF amplifier

Using ADS, we have chosen a voltagetrolled voltage source to describe the response of three
RF components at the same time: the filter, the difigr and the phase shifter, (sgig. 11.23). In this
(ideal and noisdree) model we have modified the complex gain definition to take into account the RF
resonator resonant frequency, it8 factor, the amplifier gain and thphase shift of the phase shifter.
The oscillator loop has been thus closed by this element which allows the control of the phase, the gain
and which also filters the signal with the sanddactor as the dielectric resonator we are using in the
real OEO eperimental setup 8= 200Q.

[1.3.3.c Simulation of theFRR response

All ADS optical and RF models considered, the response of thdoR@n-RR ADS model has
been simulated by sweeping the frequency of the RF signal feeding the MZM modulator. In this way, we
are exactly transcribing the microwave characterization bench explained in (an ideal ADS
RF amplifier model has been added after the Photodiode model to calibrate the power of thdampen
link). The ADS simulation results are presentd@im 1130Jand they demonstrate a complete agreement
with our experimental results. Furthermore, the simulation results, like the experimental results, show
the effect of the photodioé quadratic detection, where the FRR + ¢ 5 ¢ 3.5 dB) is doubled (in dB) in
the RF domain £ ¢, ~ 7 dB) (all other FRR characteristics remain unchanged, especially its 3dB
bandwidth).

Fig. 11.30. Transmissio response of a 20dong FRR: (in dashed red) simulated using the ADSloppmodel and
(in green) measured using the characterization bench described in $g@&igart

[1.3.3.d OEO phase noise modeling using ADS

Fdlowing the modeling strategy using Agilent ADS software, we have finally tried to simulate a
complete OEO system. This is of course more difficult than in the-lmogncase using amplitude
modulated optical link.
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The difficulty in simulating the OEO anclosedoop configuration lies in the fact that it is an
autonomous system, and that the oscillation frequency must be found prior to any noise analysis. While
for openloop simulations, this frequency is chosen manually by a desired external signaforéewe
have first tried to simulate the OEO noise behavior in elp@p configuration, and then we have tried to
push our simulations a bit further to be able to describe the OEO cllosgdnoise behavior.

11.3.3.d.i Openloop phase noise simulations
The OEO AB®noise simulations have been first performed in an ejp@p configuration, using

§Z Z Eu}v] ov § Zv]<pg v 8Z "%vuZk_ v}]e A E] o 38} ]*%o0 C 3

&}E §Z « <Jupo §]}veU A Z A pe 3A} 1(( GealBser PMEBEJiseWaia (frpm
Fig. 1125) and theoretical laser PM noise data, ($dg. 11.31).

Fig. 11.31. Measuredandtheoretical phase noisgata of the Koheras lageused to simulate the OEO phase noise

The laser theoretical PM noise data were estimated by considering that the laser spectrum has a
lorentzian shape. We therefore used the relation that links its spectral linewjhgto its frequency
noise powe spectral densitys !B ; by:

5.8 ; L"—? VARV (Eq.1117)

Hence, form(Eq.11.12)| the laser PM noise is given by:

igB;LsrH KF”;‘&_;% G @$?V (Eq.11.18)
e

According to the datasheet, our Koheras laser has approximately a 1 kHz linewidth, therefore
5B ;L usa*\Pory

Finally, using both experimental and theoretical laser phase noise data, we have simulated the
OEO phase noise in opéoop configuration. The phase noise we have obtained in both cases seems to
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have a very high Iev (b)), which could not be realistic regarding the higg 5 of the FRR
model we are using 3¢ 5= 3.9x16 which means adg ;= 2x10 at 10 GHz application frequency).
Moreover, the opedoop phase noise results seem to be very dependent on the laser phase noise level,
which could be reaHowever, we cannot rely on these simulations to calculatesttependency factor.

Fig. 11.32. Phase noise simulations using the ADS mo including the 20mo}vP & ZZ[ls(a)}
Oscillation frequency, (b) opémop OEO phase noise simulations and (c) clisgulOEO phase noise simulations.
Using the laser model with the measured (in tHitke) or theoretical (in red) laser phase noise data

11.3.3.d.ii Closedoop phase noise simulatis
Of course, the OEO phase noise simulations using ADS are so far not realistic, and the whole ADS
model needs further improvement regarding the noise simulations.

Despite that, if the opethoop noise simulations problem could be resolved, we canyeabiiain
the OEO phase noise results in closefi}% }Vv(]JPuHE S]}vX dZ]e }pupo Z] A C u
model, (detailed in chapter 1), to convert the simulated op@op phase noise to a closddop
phase noise following the relation below:

6,
ewgBliL sT. KCL% E sGEIE v (Eq.1119)
E¢

where . 5, gB |;is the oscillator single sideband phase noise in dBcBHgzig the oscillation frequency,

CCaCCCCC(

and ¢E%§ represents the OEO opdaop simulated phase noise in rad?/Hz (represented in

Fig. 1132|(b) in our noise simulation example).

Using(Eq.11.19)| we can convert the simulated opémop phase noisg¢Fig. 11.32|(b)) to closesd
i

loop phase nois¢Hig. 11.32|(c)). Also, and as for the opéoop noise simulations, the same condtus
apply.

Finally, we have tried to simulate directly the OEO phase noise in diogpdonfiguration using
ADS. Neverthelesssalready pointed out, the closddop OEO simulation is not easy because the
oscillating signal has to autonomously startthe loop. For this purpose, ADS uses a specific element
00 "}e z%}ES_ 8} *Jupo & 0 *¢] 0 Z& }+ Joo 3}E-X ,}JA A EU 3z ~
He SZ E ]+ oE C o0+« E (E <pv C 8 1Tii d, ]l ]v3Z «O& uU v A~
only when there is no other frequency in the system.
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In fact, if a frequency generator is included in the oscillating circuit model, the harmonic balance
simulation will use this frequency as the main generator and calculate the circuit equatidhss at
(E <uv<C v 318 J((Ev8 Z Eu}v] XdzZ E (JEUA ZA S5E] 38}
(Jv 8Z 1} ]Joo 8]}v[e }v ]8]}ve u vp o0oCX

t ZA (JE+$ $E] 3} ue 3Z "% E} u $Z} _X dZ[[5]anéithasz + v E
been used to simulate an analog frequency divider having already a frequency source in the circuit, like
the laser source in our OEO case. The method consists of imposing the oscillation frequency to the
simulator by adding a second frequency generator in the OEO modeherating a signaht the
}+ ]o So<Elation frequency. Of course, this generator does not exist in the real OEO circuit (because
the oscillation usually takes place due to the noise amplifiethbyfeedback loop). It is thus necessary to
insert this generator without disturbing the OEO circuit. To do this, we haveda@eobe current in
the branch relating this generator to the OEO circuit, {5&g 11.23), and the }+ Joo ®HEroise
behavior will be obtained when the current supplied by this generator through the probe is null. The
research of such a nuilurrent state can be tedious, and it has to be made by adjusting the amplitude
and the phase of the frequey generator, in addition to the gain of the OEO loop.

Despite all that, and even when the nalirrent state has been found in our case, the noise
simulations have not revealed any logic conversion of the OEO-lopprphase noise to a closdolop
phasenoise.

t ZA 3Zv 3E] 3Z ~]v(]v]3 0}}%-+ u[RE]}Thi methddeGBsi%s}@E S v
describing the closetbop OEO circuit as a multiple cascaded ofmap OEO circuits. After that we
search ér the convergence condition where the input power becomes equal to the input power of two
successive stages at the end of the chain. Unfortunately, no-tqgmmto closedoop clear logicnoise
behavior has been obtained using this method neither.

1.4 Conclsion

In this chapter we have reported different modeling studies that have been made to simulate
the FRR characteristics in function of its different parameters, especially its couplers coupling
coefficients. Different analytical expressions have beenetbped then implemented in different
simulation software to serve this purpose. The obtained simulation results have been validated
experimentally using optical domain and microwave domain characterization benches, also described in
this chapter.

To modelthe FRR based OEO behavior, and especially its phase noise, we have created a FRR
model using a microwave CAD software (ADS from Agilent). This FRR model has been implemented in a
global OEO model which has been created using the same software andoopepower and frequency
simulations have been performed amaperimentallyvalidated. Still, the phase noise simulations using
this OEO ADS model are so far not realistic and noise modeling needs further investigations to make it
possible.

However, as we i see later in the following chapters, these modeling studies have been of
great interest in optimizing the different FRRs we have designed and fabricated during this thesis, and
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also for our investigations on the tunability of the FRR (as we will seleajoter V). Moreover, even if a
direct computation of the phase noise still difficult, the OEO ADS model has helped us to understand the
different noise conversion phenomenon occurring inside the OEO we haveupuiding the FRR, and
which will be detded in the next two chapters.
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Chapter Il Optoelectronic oscillator based on fiber ring resonator: optimization
studies

[1l.1  Introduction

Optical resonators allow the achievement of really high quality factors in the microwave
frequency range while ensuring low dimensiongeFiring resonators are easy to integrate and to use as
the stability element in an optoelectronic oscillator (OEO) setup. Nevertheless, the OEO is a complex
system in which the resonato8¢ 5 factor is not the only parameter to optimize in order get a good
phase noise performance. Furthermore, the OEO setup may involve many noise conversion processes
that have to be evaluated and understood.

In this chapter, we present a FRR optimization study based on the evaluation of the white
frequency noiseontribution to the OEO phase noise, whicldiectly linked to the noise to carrier ratio
and to the resonator quality factoThrough this study, an optimized 2dong FRR has been fabricated
and used in an OEO setup, and a low OEO phase noise hanbasured.

Moreover, the different noise conversion processes that are likely to occur inside the FRR based
OEO have been studied, especially the laser noise convensioRF amplitude and phase noise through
the optical fiber chromatic dispersion, throlughe FRR itself (via the PBthbilizationloop) and finally
through the photodiode nonlinearity.
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1.2 OEO first realization based on a 16long polarization maintaining FRR

[11.2.1 The 10mlong FRR architecture

The first FRR we have used in our studg considered as a teseésonator and its structure was
not fully optimized. It was a 10#ong FRR fabricated using two optical couplers with coupling
coefficients &sand &gclose to 10% and a ™M optical fiber to join between them.-R! Fibers wereused
in order to prevent two polarization states behavior of the optical carrier inside the resor

[11.2.2 The 10mlong FRR experimental characteristics

The 10mlong FRR has been characterized using the mevewdomain measurement bench
described in chapter Il. We have measure?DaMHz (54 a 1 MHz(9*/ and thus a3 5 of 2x10 at
1.55pum optical carrier (sg€ig.l11.1).

Fig.lll.1 5 samplitude response of the 18hang FRR characterized using the microwave doegimique
described in chapter Il

[11.2.3 The 10mlong FRR based OEO experimental phase noise results

The 10mlong FRR has been included in the OEO setup, which has been fully described in
chapter I. The OEO phase noise spectrum, sho has been measured using the Agilent
E5052B signal source analyzer (SBA&this spectrum, w can distinguish the three classical phase noise
spectrum parts: thes Bfrequency noise (or flicker noise) part that occupies theH¥0to 1kHz offset
frequency band (characterized by a noise slope36fdB/dec), the white frequency noised((0) part
that occupies the noise spectrum between 1 and #B& offset frequecies (characterized by
its -20dB/dec noise slope) and finally the phase noise floor that appears aftekHMp@ffset frequency,
with a-120dBc/Hz noise level. The decrease in the noise level abdMdBoffset frequency is linked to
the filtering effec of the dielectric resonator used in the OEO setup to prevent oscillation rhogging.
The noise peaks between 0.1 an#Hz offset frequencies are most likely due to thermal or mechanical
fluctuations in the OEO different optical and RF components,aasihein the FRR.
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Finally, the knee frequencl; between the 9 (0 and the noise floor was at 40(Hz, which
means a loaded microwave quality fact8 , of 1.2x10 at 10 GHz oscillation frequencgccording to
Ths 3¢, value lands in a good agreement with the optical quality factor that we have already
measured for the 10rtong FRR.

Fig.ll1.2 (a) Phase noisgpectrumand (b) oscillating frequency spectrum of the tagmg FRR basel0 GHz OEO

[11.2.4 Results discussions

In spite of the relatively good loaded quality factor of the FRR, the OEO phase noise level was
A EC Z]PZX dZ]e ] u 8} 8Z ( 8 8Z & §Z E09%Whas Btbeer}dptimided EE] E
and the FRR trasu]es]}v 0}ee A o «]PV](] V3W 3Z }u%o]vP & 3]} A E A EC
excess loss. As a result, the oscillator phase noise is degraded, especillyQheart.

Besides, the noise induced by the optical and electrical amplifierb@am an impact on thé/f
noise part of the OEO phase noise. We have therefore measured their residual phase noise and then
JvS§E} u §Z u euE& u vse § ]Jv§} *Ju%oo](] u} od'knis}m])\deﬂ > elv][e
calculates the noise conversion from an ogeonp configuration into a closelbop configuration, while
S IJvP ]vs§} }uvs sZ & <}v S}E([ &, as akpady] &Plalped indEhapter |I. The
calculation results are shownand compared to the OEO measured phase noise. We can clearly
. §Z § §Z U%o](] <[ v}l }VvSE] dB lgwer]than e seasuréd OEO phase
noise, and it is therefore not high enough to influence the oscillator phase noise.

In addition to what we have mentioned above, the excess phase noise may be caused by the
laser amplitude (AM) and frequency (FM) noise folded on®@EO oscillation frequency(, ghrough
§Z }+ ]Joo 8}E[e vivo]v E]JSCU }JE A v SZE}UPZ }3Z E }u%o0 £ %Z V}L
111.4).
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The 9 ( 0 contribution to the OEO phase noise can be easily calculated as it is dirediyl riela
the 0% .4Therefore, a theoretical study has been performed on this noise contribution in order to
optimize the FRR, it8¢ 5 and the 0 % ,4and therefore to reduce the OEO phase noise.

Fig.lll.3.Contributionof the amplifiers noise to the OEO phase noise and comparison with the measured OEQO phase
noise spectrum at 1GHz

1.3  OEO optimization study

Our optimization study has been made in two steps: first we have modeled the resonator (using
the FRR Matlab model deribed in chapter | and the other resonator Models using Maplel3 and
ADS have not been created yet at the time we have made this)stilyn we have calculated the
Jlv(op v }(SZ & <}v S}E[* % ;a0 @nd finally dm the oscillator phase noise at
a given offset frequency.

.31 tZ]8 (E <p v C v}]e u} o]vP (}0o0o}AJVP > e}v[e %% E} Z
InU X AE E E %}ES* }v 3Z % E « v } (ng iMEnickowa/EE [¢ } %o S ]

resonator based oscillators, for which a low oscillator phase noise could be obtained. This approach is

only valid for the additive white noise, but as the white frequency noise was the main contribution to the

OEO phase noise above 1kHz(® 8 (E <p v CU ]§ A » Jvd E «3]vP 8} po A E E [

case. We have therefore extended this concept to our FRR based OEO in order to optim&zéQhe

contribution to the OEO phase noise.

&}00}AJvP > «}v[[f2]]%edaate computed thed (0 contribution inside the OEO loop
bandwidth; this noise contribution depends on the offset frequenBy{U SZ &Zz@apd the inloop
0 % 4s shown in the relation below:
% ac

9(0:B;Ltr& fo—=—"GEsra %4 @$?V (Eq.lil
( % té?/lagEéﬁ (q )
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The inrloop 0 % 4lepends on the measuredptical power ¢ S $Z & <}v S}E[* }US%o S
photodiode sensitivity( 5z ,~ 0.8 A/W), the modulation indexl (~ 0.8) and on other different noise
contributions: the thermal noise, the shot noise and the laser noise.0%e#& given asdilows:

t:R6= &0 E Saac

0% 4 26,04 6 (Eqg.l12)
The thermal noise5; is given by:
va§ &6
5L aC;;;, #~*V (Eq.113)

whereTis the room temperature{= 293 K),G ]+ }osiu vv[e }8<5188116°) .K) andRis
§Z %Z2}8} ]} [+ o} @&5Qebmy ~

The shot noiseq g ds given by:
Suoacl tavebe A2 #~*V (Eqg.1114)

with g is the electron chargeM 1.6x10" coulombs).

The laser noise5ipegasS S § §Z %Z}8} 1} U S I]vP ]Jvs} RINuvs §Z
(RIN~-150 dBc/Hz), is given by:

ShOwbadl B, +0  #-*V (Eq.III5)

Using all these relations, we can finally estimate $1¢0 contribution to the OEO phase noise
v (uv 8]}v }( 8Z @€ +}v 3}E[e 3A} Z E § dmgeapsmsiondosspy 0]3C ( S} E v

l.3.1.a White frequency noise model: validation and use

hel]vP §Z JA  <p §]}veU A v ¢]JoC S GEulv SZ &ZZ & o0 }u%
the FRR real intrinsic loss (the splices loss and the fiber linear loss). This coctieledaby comparing
the OEO measured and simulated phase noise data. Actually, by adjusting the theoretical values of the
coupling coefficients and the ring intrinsic loss, we can fit of the simulated data to the experimental data
with a unique solution egarding the optical quality factor. As a result, the resonator different
parameters could be accurately obtained.

For example, the comparison between the measured and the simulated phase noise data of the

10mong FRR based OEO is shoWignlll 4] Of coursg(Eq.lll.1)|only takes into account the frequency

range on which the phase noise is dominated by he€0 contribution and the noise floor. Finally, with

a good fitof the simulation datao the experimental data, for both phase noise spectrum &8¢k c we

A & o 8§} 8§ EBulv SZ }u% o0 Ee[a&ppdedgd is 4 O(4Po] vESZEZ %0 E-e[
excess lossesfand (= 0.59dB). The splices loss was determined to be close to @B05
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Fig.lll.4 Simulated (in blue) and experimental (in red) phase noise data; Simulations are only thaifféquency
range on which the phase noise is dominated by the white frequency noise contribution and the noise floor

11.3.1.b Influence of the fiber ring length

As it has been already mentioned in chapter Il, the FRR dncreases when the fiber length
increases. For example, a dang FRR cafeature a 3g 5 Of 2x10 at 1.55um if it is fabricated using
symmetrical couplers with coupling coefficients of 1%. Howeves, 3z 5 can increase to 5xfaf the
resonator length is increased to Bfeter. In our optimization study, we have fixed the total length of
the FRR to 2fnheter and we have studied the influence of the other FRR parameters ordthe
contribution.

1.3.1.c Iv(op v }( % o0]vP } ((] ] vSeU }u%0 Ee[ A <+ 0}ee Vv

d} «3p C 3Z Jv(op v K tp%ep<Ee[v 35Z &ZZ[+ o}s+Y(EA.INZ)|A 0O MO
while considering that the FRR intrinsic loss is only due to splices loss (optical fibers are considered
lossless). Moreover, wave fixed the offset frequency at 10 kHz in our calculations.

In|Fig.ll15]are presented the simulation results of tr@( O contribution to the OEO phase noise
and the 3¢ 5 for different values ofy, Gand GU A Eepes $Z }u%o E-[ }avand]lagp } ((] ] v
In our study, we consider that the two couplers are symmetriégl< & and U= ).

The results ishow that when couplers and fibers are considered lossless, the optimal
coupling will only depend on the coupling coefficient, which has to be the lowest possibtnd &g
v E | E}eX Kv 8Z }8Z E Zv U (JE & o Aop =« }( 83Z }Ip%o E+[ Vv |
presence ofanoptim A op E P & JvP §Z }u%o0 Ee<[ }pu%o]vP } (U BBvs (JE
and U

For example, wherl] is equal to 0.01 dB (a splices loss value that can be achieved when splicing
two fibers) and (J and (} are equal to 0.1B each (commercially available), the optimal coupling
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coefficient that gives the lowes® (0 will be equal to 1.36 (19dB). On the other hand, and in the
same loss conditions, the optimal coupling coefficient that gives the higBestwill be the lowest
possible (lower tha-30dB). This reveals the fact that a tradé has to be made regarding the coupling
coefficient in order to get the lowes® ( 0 contribution while maintaining a sufficiently hig8g 5 of the
FRR.

Fig.ll1.5. Simulation results of the white frequency noise contribution and the optical quality fackoulatad
A Eepe 3Z }Iu%0 Eo[ }Iu%0]vP } ((1 ] v8U AZ]Jo Z VP]VP 8Z +% 0] <« 0}ee

Finally, we have performed some simulations on 8€0 contribution with { fixed to 0.02 dB,

while changing the coupling coeffioiless v SZ }u% o0 Ee«[ AFig.HL.EEY)> InFigdll.6((a)
results, we can also notice the presence of an optimalue regarding the coupling coefficient for each
set of values ofijand (

LikewiselFig.lII.6](b) presents some simulations that were made while considering the couplers
to be ideal (4and (4= 0 dB) and changing the coupling coefficient and the splices losses. Comparable to
the previous case, there was also an opdingalue regarding the coupling coefficient for each value of
U. Moreover[Fig.ll6] E +po3e *Z}A 5Z 3 5Z 0}A & 5Z }u%o E+[ Vv *%o0] <[ o}
get a low 9 ( 0 contribution to the OEO phase noise.

Of course, in what concerns th8¢ 5 it strongly depends on the FRR intrinsic loss and the
couplers loss. For example, if a 1#0(dB) coupling coefficient is used atflis fixed to 0.02 dB3g &

can decrease from 5.5x1@hen the couplers are losslggs 0.1x10, when Gand (are equal to 1dB
each (sep-ig.l116{(a) and (b)).
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Fig.lll.6. Simulation results 0§ Z AZ]3 (€ <u v C v}]e }VSE] ps]}v A Eepe 3Z }pu%o0 Eeo[
Z VP]JVPW ~ ¢ 3Z }u%0 Ee[ /E e+ 0}es o ~53Z +%0] <+ o}e{thecoupleBare3} iXil oL
consideredossless)

[11.3.2 OEO based on the optimize&2Dm-long FRR

l.3.2.a The optimized 20mong FRR

Thanks to our theoretical study, evaluating ttf#e( 0 contribution, and all simulation results
considered, we have designed and fabricated a new-Rfhg FRR with a % coupling coefficient and
with { less than 0.01 dB, antkand (less than 0.05 dB each.

We have then characterized thiSRR using the microwave domain measurement bench. A
resonance linewidth of 3BHz has been measured, which means an optical quality factor of 8.4x10
1.55pum (segFig.l11.7), and thus an. & .0f 1720 m (se chapter II).

Moreover, we have measured a 3.7 dB optical transmission loss. Usingatiésnissionloss
value, and taking into account an output coupler coupling coefficient of 1 %, we can estimat@ afpf
~ 54 (17 dB). This 2 ' value hageen also confirmed via ADS and Maple13 simulations.

Fig.l.7. 5 stransmission response of the 2dong FRRcharacterized using the microwave domain technique
described in chapter Il
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Finally, with these interesting checteristics of the 20rtlong FRR, @ (0 contribution to the
OEO phase noise is expected to be less tH&0dBc/Hz at 1&kHz offset frequency (see the green
dashed curve IEig.IIIB . This should lead to amportant reduction in the OEO phase noise.

11.3.2.b The 20mlong FRR based OEO phase noise results

The 20mlong FRR has been used as the frequency stability element in the 10 GHz OEO. The OEO
phase noise has been measured and the results are present (blue curve) and then
compared to the 10rong FRR based OEO phase noise results (red curve). We can clearly witness the
OEO significant phase noise reduction. A phase noise lev&lL68Bc/Hz can be measured at kBz
offset frequency and about40 dBc/Hz at 10 Hz offset frequency. The Leeson frequency confiBgs a
of 2.5x10 at 10GHz for our 20rtong FRR based OEO (Theoretically g <3 20 kHz; Experimentally:

B o o 5 26 kHz).

Fig.111.8. Phase noise spectra of the 1domg FRR based OEO (in red) and the optimized@8gFRR based OEO
(in blue). The green dashed curve shows the contribution of the white frequency noise of #tsm@0img on the
OEO phase noisalculated usinEq.111.1)

I11.3.3 Results discussions

The coupling optimization study of the FRR has revealed that in order to obtain a low phase
noise when using the FRR in an OEO setup, we have to make a}ttdddv 3Z Tu%pbndEs[
coefficient regarding the resonator transmission loss and its optical quality factor. The objective is to
finally get a low9 (0 contribution to the OEO phase noise with a sufficiently h8ghy ¢ The efficiency of
such an optimization has ke validated through the fabrication and the use of the 2lamg FRR in an
OEO setup, where a phase noise levelldibdBc/Hz at 1&Hz offset frequency has been measured.
Still, this phase noise result was far from our theoretical expectations.

Actually,there is a very important issue that we have to mention here in what concerns the OEO
phase noise spectrum we have measured using the-Big FRRThe phase noise data presented in
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[Fig.lli.8Jwere the best results that we haveebn able to obtain using this FRR. The 26ng FRR based

OEO phase noise measurements have been performed while using a very low optical power at the FRR
input (less tharl0 dBm) in the OEO loop (th@% Wwas obviously degraded in this case). Thiesabse

we have noticed that, in this oscillator, when the optical power increases the OEO phase noise increases
as well.

In fact, we have found that the very higdy 5 of the 20mlong FRR and its high2 ' (ead to the
generation of many nonlingaoptical effects inside the resonator, especially the stimulated Brillouin
scattering. These effects were found to be the main contributors to the OEO phase noise degradation.
Moreover, the resonator3g 5 has degraded a few months later to around8L0. This was likely due to
the extremely high intracavity power that was building up inside the resonator (e.g. a 10 mW of optical
power at the resonator input means approximately a 540 mW inside the resonator at resonance, which
is much higher than hat optical fiber couplers can handle (the optical couplers power limit is around
300 mW). Consequently, the nonlinear optical effects generated insid@RRR have been the field of
many studies, which are detailed in the next chapter.

Aside from thesenonlinear optical phenomena, there were many other noise conversion
processes which needed further investigations. We can especially mention the laser AM and FM noise
conversions to RF phase noise by different means inside the OEO setup. These noissorenkave
been studied and are detailed in the next section.

1.4 Laser amplitude and frequency noise conversions inside the OEO setup

The laser noise seems to be a very important parameter to scale in RF over fiber (ROF) links and
optoelectronic systems lik®EOSs, particularly the laser noise conversion processes into RF phase noise.
The importance of such processes is attested by the numerous studies we can find in the literature on
this subjecf5]J[10]] These studies have investigated the different means by which the laser AM and FM
noise conversion processes could take place, and their effect on the phase naigean$mitted (or
generated) RF signal. For this reason, we have investigated the=diff@oise conversion processes that
can occur in the special type of OEOs we are using, the FRR based OEO.

Actually, even if the FRR is used in the OEO setup as the frequency stability element, it may also
degrade the OEO phase noise if all the differdatments in the OEO setup are not properly adjusted.

l.4.1.a Laser noise conversions through fiber chromatic dispersion

Recently, it has been reported by Volyanskiy e §Z 5 o+ E[* A Ao vVvP3Z (op 8u
conversion into RF pka noise, in delay line based OEOs, could be further increased by the chromatic
dispersion: & ; of the optical fiber used as the delay element. Actually, in these OEOSs, the laser optical
frequency fluctuations { & ;). are converted into delayuttuations (¢ig 5), via the fiber dispersion, and
therefore into RF phase fluctuationgigg. In addition, this contribution to the OEO phase noise has
been found to be proportional to the product &. Fro this noise conversion relation is given by:
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e L Fte@odiieacl te @ 0508 6 &R, (Eq.l16)

In[(Eq.II16)] it is clear that one efficigrsolution to reduce this noise contribution is the use of
zerodispersion fibers or the use of a laser wavelength near the-diesersion point of single mode
optical fibers (~1.33 um). When using a zdispersion fiber instead of SMF, Volyanskiy have
observed a 10 dB reduction in the phase noise of a 4 km delay line base@®®B@. other hand, they
have reported that the laser RIN has only a minor influence on the RF phase noise.

Of course, this noise conversipgnocess may similarly occur in our FRR based OEO because the
resonator cavity is also a delay element and the optical fibers we use to fabricate the FRR have a
dispersion & =17 ps/nm.km. Unfortunately, and particularly in the FRR case, using alizgpession
fiber (or working near the zerdispersion point) will intensify the nonlinear optical phenomena. These
phenomena have been found to be the main cause of the FRR based OEO phase noise degradation, as
we will see later in the next chapter. Theredg no current action has been taken to reduce the optical
(1] €[+ ZE}u 8] ]*% Ee<]}v ]Jv }pE &ZZ + K KX

11.4.1.b Laser noise conversions through the FRR

Because the FRR based OEO is a more complex system than conventional delay line OEOs, and in
order to evaliate the laser FM noise conversion through the resonator, we have used a dedicated
simulation approach: the OEO ADS model which has been detailed in chapter Il.

To simulate the effect of the PDH loop on the laser frequency stability when the laser is
stabiized to the FRR, and therefore the effect of the PDH loop on the output RF signal stability, the OEO
opertloop response has been simulated. Like in the real case, a MZM linear modulation has been used.
As a result, the modulated laser carrier features twgtical sidebands which simultaneously go through
two lateral modes of the resonator. This process gives birth to a unique microwave mode at the
photodiode output, which results from the two optical modulation sidebands and the laser carrier folded
one orto the other.

During the simulations, we have first stabilized the laser caomo the center of the optical
resonance, and then we have shifted the caroeto one of the optical resonance edges (the right edge
or the left edge). The stabilization the resonance edges results in a complete deformation of the
resonance RF amplitude response (a splitted resonance) and therefoBg ,dactor degradation.
Moreover, the RF phase transition response at the resonance becomes less sharp, with two phas
SE ve]3]}ve }EE *%}v JvP 8} §Z S5A} "E ¢}v v {FIgI(OEZ +%0]33 & *}v
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Fig.ll1.9. Experimental and simulated RF amplitude and phase responses of the resonance. Quantkatiely,
simulation results and experimental results both show that the resonance RF amplitude and phase responses are
deformed when the laser is stabilizedto one of the edges of the optical resonanSee alsémage8|in appendix C

These results have been also validated experimentally by changing the PDHstabpization
setpoint in order to stabilize the laser frequencytorone of the optical resonance edges and then
& }& JvP s§Z % Z}85} 1} [ h#se | 8gsponses  usthg the microwave domain
characterization bench. Trexperimentalresults are depicted |Fig.1119

Quantitatively speaking, the contribution impact is not the same between the simulegiguits

and the expernental results (due to the improvement work that has to be made on the OEO ADS
model). Despite that, these simulations have confirmed that the laser FM noise could be conatrted
RF AM and PM noise inside our OEO setup, through the FRR. Indeedinatishifaser frequency results

in a deformation in the RF amplitudand phase response&urthermore, the experimental results have
confirmed that the PDH loop is a critical parameter that must be carefully adjusted to prevent this type
of noise conversiotin the OEO oscillation loop (the best condition being the laser stabilized onto the
center of theoptical resonance).

The conversion factor of the laser frequency ndige RF phase noise can be thus denoted by
i 2¢ m ¢ & eHowever, due to the fadhat currently we cannot rely on ADS simulation results regarding
this conversion factor, we have either to estimate it through our experimeesllts or we can simply
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rely on the fact that our PDH loop is well adjusted in such a way that the l&spreincy is stabilized
onto the center of the optical resonance and therefofe?éﬁgéggcould be neglected in our noise
calculations.

Finally, the same simulations have been repeated by fluctuating the laser power and not its
frequency (the laser was stabilized onto the center of the optical resonance) in order to sinhgate t
laser AM noise (RIN) conversimto RF phase noise inside the OEO loop. Our simulation results have not
shown any significant change in the RF response. However, it is importamrtion that in our OEO
ADS model the photodiode model was simplifitdvas only based on a quadratic detector followed by
a linear circuit to describdts frequency response. The nonlinear behavior of the photodiode
capacitance, for example, has not been taken into account.

l.4.1.c Laser noise conversions through the photodedamlinearity

It is well known that the laser RIN is one of the limiting factors of signals transmission over
optical fibers. It could play a role in both additive and multiplicative noise conversion processes. On one
hand, this power fluctuations noise inages the link noise and mainly degrades(t%0.40n the other
hand, the baseband RIN can be-egmvertedinto RF AM and PM noise via optical link nonlinearities,
especially via the photodiode nonlinearity as it has been reported in delay line based QEDs in

Therefore, we have experimentally studied the nonlinear behavior of our photodDidedvery
DCS308)ersus the received optical power. The experimental bench is illustrafEhitil.10] It uses a
VNA to accuratelgharacterizehe photodiode[ &; amplitude and phase responses (an averaging factor
of 1000 has been used during the measurements).

Fig.ll1.10. Characterization bench of th#. Z } §} ] Jamptitude and phase responses; VOAialde optical
attenuator

First of all, the laser power has been set at its highest value, then the laser carrier has been
externally modulated at 10 GHz by means of the MZM (the same frequency of the OEO oscillation
frequency has been chosen because thmtediode nonlinear behaviour is also frequency dependent
and even bias voltage dependent). The driving 10 GHz RF signal comes from a calibrated vector
network analyzer working in a CW mode. The amplitude and phase respohghe § parameter were
accurately measured while changing the received optical power at the photodiode input. For this
purpose, an optical variable attenuator has been used just before the photodiode and the MZM
nonlinearity can be therefore discardeThe experimental results are presentefFig.l11.11

The results dgFig.lll.11|show that at low optical input power, the RF power increases rapidly
versus the received optical power following the lilknown square low:2: ; L 2Ea§6 However, near
photodiode saturation, we can clearly observe the presence of a reduced slope in the RF amplitude
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response versus the received optical power. Tghstodiode behavior is due to the fact thatdiow
saturation, the number of electrothole carriers in thephotodiode PIN increases when the optical
power increases. On the other hand, when tphotodiode saturates, the generated electrahole
carriers screen the external electric field of the rever§xC bias at thphotodiodejunctio so that
an increase in the optical power does not resulthia generation of additional RF power.

Consequently, the Rid-RF AM noise conversion factor, denotdd ,o - ¢ 1, could be reduced
if we push thephotodiode to saturation. However, a 25 mW optical power level is difficult to be
achieved at the end of the OEO oplewp optical link. Moreover, at this optical power level, another
conversion factor maypear.

Actually, in addition to this Ri-RF AM noise conversion factor, the resuli&ig.lll.11{show a
more interesting nonlinear behavior of thghotodiode where two zero slopes in thehotodiode[ *5 5
phase responsean be observed.

Fig.lll.11. $; RF amplitude and phase responses of the Discovery DAt8868iode versus the received optical
power; sixth order polynomial fit is used for both curves

A quite similar behavior has been reped in[[10]| and it has been analytically described by
considering the laser RIN conversion into RF phase noise. ThelagperRINfO-RF phase noise
conversion via th@hotodiodenonlinearity is given by:

ey Bi LT semEuE 440R ; T oo (Eq.II7)
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where .} E OB B:]* §Z Z& <]Pvsagbandi\pRase noise at the offset frequengyfrom the RF
carrier, resilting from the laser RIN conversion through tpleotodiode nonlinearity. | -¢ ¢ 1being
the RINto-RF phase noise conversion factor in decibels:

6

] 2a¢ _@¢,
[ g eyl 28 ‘G (Eq.III8)
2EmeEnl — @z s,

= :U r!s the RF phasw-optical power slopéin rad/mW)

The polynomial fit of thehotodiode 5 sphase response has been used to calc|{&ig.111.8)|(in
decibels) versus the receivaaptical power (in mW). The results of this calculation are illustrated in
They show thatl ¢ mecould be reducedby 38 dB if a 7 mW optical power is received by
the photodiode(a | »g¢ m¢0f -62dB @n be obtainedlogically this value should tentb minus infinite
because we havazeroconversiorslope at 7mWhbut we have used here a large sampling step to do the
calculation. This being said, our laser high frequency RIN level, which is art6@ddB/Hz, will be
converted to a RF phase noise level that is bel®dBc/Hz.

X
X

where

Fig.lll.12. RINto-RF phase noise conversion factor of the DiscqueriodiodeDCS30S, versus the received optical
power; sixth order polynomitit is used

Such a RHb-RF phase noise conversion level is far below the other noise contributions (Shot,
thermal and laser noise contributions) generated at fhleotodiode in this power conditions (at an
optical power level of 7 ml(Eq.lli2)|gives a0 % fevel of-148 dBc/Hz), at least for the high frequency
part inthe RIN spectrum.

However, the RINo0-RF noise contribution to the close RF phase noise spectrum could be

much highenFig.lll.13]shows the calculation redts of{(Eq.lll.7)|for different received optical power

levels at thephotodiode taking into account the laser RIN measurements reported in chapteedithe
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blue dashed curve |Frig.lll.13}. These esults are compared to the laser RIN level and to the different
0 % kevels calculated usin@eq.ll12)[in the same power conditions.

We can see fronI!Fig.III. 13| results that among the aforementioneghotodiode[e Vv}]e
contributions (thermal, shot and laser noisentributions), the contribution of the laser RIN converted
into RF phase noise through thehotodiode nonlinearity isusuallydominant in the closén RF phase
noise spectrumunless if the received optical power is around 7 mAWoffset frequencies abevl kHz,
the other noise contributions are dominant. Finally, it is clear that the lowestt®RRF phase noise
conversion can be obtained if am\V optical power level is received at tphotodiode

Fig.l11.13. Calculation rsults of(EQ.lI1.7)[for different received optical power at thghotodiode taking into
account the laser RIN measurements reported in chapter Il. The noise to carrier ratio is also calculated for each case.

Furthermore, knowinghat the RINto-RF phase noise conversion affects much more our OEO
phase noise than the Ritd-RF amplitude noise conversion, and that@W optical power at the end of
the OEO optical link is possible, we have chosen to work at this optical powernewWEO based on a
100mong FRR. This 10@ong FRR based OEO will be detailed and discussed in the next chapter.

Unfortunately, in the case of the 20ftoang FRR based OEO, mW optical power is far from
being achieved. In fact, the laser carrier satesawhen passing through this FRR because of the
generation ofdifferent nonlinear optical effects inside the resonator at very low power thresholds, (as
low as-10 dBm for the stimulated Brillouin scattering). In these conditions, only 0.7 mW opticak powe
can be obtained at thphotodiodeinput (a-13.5 dBm optical power can be obtained at the FRR output,
it will be then amplified to 1.5 dBm by the EDFA amplifiey, {, , = 15 dB, then splitted equally by the
optical coupler at the EDFA output wieefinally one part is sent to thehotodiodeinput and the other
partis sent through the oubf-loop optical link to perform the phase noise measurements; see the OEO
schematic in chapter ).
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Therefore, fronpFig.111.12| the RINto-RF PM noise conversion factor will be equal46dB and
our laser RIN level will be convertedadigher RF phase noise level thaie one obtainedn the case of

a7 mWreceivedoptical power (seEig.lII.l:s .

Finally, oe has to take into account that the RtRF phase noise conversion via the
photodiodenonlinearity, calculated fro is in an operoop configuration. Once the OEO loop
is closed, this equation must be included in kév[e u} o S} S| ]vs} tuvs SZ &ZZ o}
factor 3¢, as already explained in chapteraind used in sectifor the RF amplifiers case, to
finally get an estimation of the opeloop to closedoop phasenoise conversion.

1.5 Conclusion

In this chapter, we have evaligal the white frequency noise contribution to the FRR based OEO
phase noise. We have shown that there is a traffeto be made regarding the resonator coupling
coefficients in order to get a satisfyingg 5 and a low noise to carrier ratio at thamme time, which
should lead to a low white frequency noise contribution. Thanks to this study, an important reduction of
the OEO phase noise has been demonstrated using an optimizedo?@nFRR.

Despite this result, the obtained OEO phase noise wagastilom our theoretical expectations.
We have therefore investigated the different noise conversion processes that can take place in the OEO
setup. We have mainly studied the conversions of the laser noise into RF amplitude and phase noise
through opticalfiber chromatic dispersion, the FRR itself (via the PDH laser stabilization loop) and the
photodiode nonlinearity.

Our noise studies have revealed that the laser frequency noise can be converted into OEO phase
noise via the FRR when the laser is not pripstabilized onto the center of the optical resonance via
the PDH loop. Furthermore, we have found that the laser relative intensity noise (RIN) canrt be up
convertedinto microwave amplitude and phase noise via the photodiode nonlinearitgh@todiode
optimal optical power working point, at which thghotodiode RINto-RF phase noise conversion could
approximately vanish, has been identified.

Still, and despite all these studies, another important noise contribution to the OEO phase noise
has to be studiedthe nonlinear optical effects generated inside the FRR because of its vernBhigh
and intracavity power enhancement factor.
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Chapter IV Nonlinear optical effects generated in the 20éong FRR and OEO
phase noise degradation

IV.1 Introduction

In optical fibers, many nonlinear optical phenomena can occur, especially when high optical
power levels are us Compared to bulk mediums, optical fibers are ideal for the outbreak of
nonlinear optical mechanisms; this is due to two important factors: they feature-ldwaattenuation
coefficients andthey havesmall core diameters. Among theseniinear optical mechanisms we can
especially mention the Rayleigh, Brillouin and Raman scatterings, which have two scattering modes each:
spontaneous and stimulated scatterings. These mechanisms depend on molecular or density variations
of silica in optial fibers. Furthermore, another nonlinear optical effect could be generated in optical
fibers: the fourwave mixing. These scattering mechanisms are almost all power dependent and they are
capable of inducing noise in the spectra of optical signals tiagethrough the optical fiber. This fiber
induced noise limits the3g 5 factors of fibered resonators and degrades {naise signals transmitted
via optical fiber To these nonlinear mechanisms we can also add the Fresnelddéamition at the
fiber end faces. Even not consideraedle a nonlinear effect, the Fresnel baellection can also induce
interferometry noise in fibered optical links.

RFoverfiber links usually requires relatively high laser carrier power in order to increase the
spurfree dynamic range and reduce the seifigure. On the other hand, ihhigh power leveleads to
nonlinear scattering mechanisms and indsi@glditional noise on the optical signal traveling through the
fiber. This additional optical noise is then converted into RF noise after being detbgtetthe
photodiode.

In the previous chapter, we have found that many noise conversion processes could degrade the
OEO phase noise. In spite of that, nonlinear optical scattering mechanisms generated inside the high
3t 3 FRR, seemed to be the main sea behind most of thes Bexcess noise observed in our OEO. This
has led us to deeply investigate the nonlinear optical effects generated inside theo2@nFRR,
especially on the stimulated Brillouin scattering and the stimulated Rayleigh scattehmgih was to
understand these processes, then to find the optimal solution that leads to an optimizef@&Rfga
very high 3¢ 3 @ndwhich will beimmunized againghe nonlinear optical phenomena.

In this chapter, we first give a descriptiof @ach of the nonlinear optical phenomena and on
their possible contributions to the noise induced in our FRR based OEO. After the descriptions, we
demonstrate how these nonlinear optical effects, especially the stimulated Brillouin scattering, could be
useful to generate high power and high spectral purity millimeter wave signals. Then we present the
different methods used in the literature to suppress these nonlinear optical effects in optical fibers, and
we describe the suppression method we have useounFRR. Finally, an optimized and immunized FRR
is fabricated and a significantly reduced FREO phase noise level is measured.
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IV.2 The Brillouin scattering in the FRR based OEO

The stimulated Brillouin scattering (SBS) results from a stimulated ineleatiering in which an
optical field transfers a part of its energy to the nonlinear medium and thus creates, then interacts with,
medium density variations that changes its frequency and its traveling direction. SBS is one of the first
nonlinear optical dkcts studied in optical fibers. It has been first used in many remarkable applications
el Z ¢ @EJ]oo}ul]v o« EeU EJoo}lu]v u%o0](] E<Y E A ESZ o *+U u}E
could be an important source of optical fiber induced noise.réfoee, a large number of scientists in
the optoelectronics field were interested by the SBS noise aspect. Since then, many studies were
reported on SBS noise in singlath-geometry (SPG) optical fibers and low noiseoRet-fiber links.
However, we can drely find some studies on SBS behavior and SBS noise in FRRs in the literature. We
have thus tried to theoretically and experimentally describe the SBS behavior in the FRR in order to find a
way that leads to a complete suppression of the SBS and ite malaced in the FRR, while maintaining
a high 3¢ 5

IV.2.1 Brillouin scattering in optical fibers and FRRs
Theoretically predicted by L. Brillouin in 1@ SBS was firstly observed in quartz and sapphire

crystals in 1964f4]] and has been extensively studied in optical fibers since This
scattering phenomenon is recognized te the dominant nonlinearity in optical fibers.

IV.2.1.a Brillouin scattering theory

The Brillouin scattering is caused by the interaction between a light wave (laser carrier) and an
acoustic wave existing already at the optical medium thermal equilibrium. Thisticouave travels at
the sound speed in the optical fib€fy - 6km/s) and produces a periodic modulation of its refractive
index. The index periodic modulation acts like a moving fiber Brag grating (FBG), also known as
propagating density waves @coustic phonons, and it refracts a part of the incident light wave. This
interaction creates a scattered wave and in this case we are in the spontaneous regime. Still, this regime
refers to the process where the optical material properties are not affé@dby the presence of the
incident light wave.

In optical fiber{Fig. 1V.1| the acoustic wave frequencyés);depends on its speed in the fiber
(%) the fiber effective refractive indexJ), the laser carrier wavelengttg§ and the scattering angled
between the wavevectorsof the carrier and the scattered wave. It is given by theti@habelow:

J a
dool t ®p O%B@) EI—%p (Eq.IV1)

From this relation we can see that in optical fiber, the backscattered Stokes wave is privileged
and is frequency downshifted from that of the incidentligvave by an amoun8, setby the nonlinear
medium characteristics, ~ &) Fronj(Eq.Il.1)| this frequency shift is about 11 GHz in silica fijjel}s
This negative frequency shifStokes wave) is caused by the Doppler effect of the interaction between
the light wave and the acoustic wave part (the moving Brag mirror) travelling in the same direction of the
Iigh However, a very weak scattered wavavelling in the same direction of the Stokes wave, called
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anti-Stokes, but ugshifted in frequency bya,, can be also generated. Its positive frequency shift is due
to the interactionbetweenthe light waveandthe acoustic wave part travelling in tlogpposite direction.

Fig. IV1. Wave vector diagram illustrating SBSaincy in the backward direction in the optical fiber

At a critical incident light wave power, called SBS threshblfi §)6the nature of the scattering
process grossly modifies the optical properties of the medium where the interference between the
Sibkes wave and the incident light wave amplifies the acoustic wave through electrostrigtion
electrostrictionis the tendency of materials to become denser in regions of high optical int@ity
Consequernly, the scattered wave becomes more intense and reinforces the interference and so on; we
are thus in the stimulated regime.

One of the SBS penalties in optical links is the carrier depletion. This optical carrier depletion
occurs at power levels above the $ 5 because a large part of the additional optical power injected in
the fiber is converted to the Stokes wave via the electrostriction process (the-Stokes wave
contribution to the scattering process is very weak as we have mentioned abov#)efruore, when
the Stokes wave power exceeds the mediurh $ 5,6t creates a second order Stokes wave downshifted
in frequency from the firsBtokes wave bya,, and thus by A, from the incident light wave. The
theoretical spectral representmn of the first and second order SBS waves (Stokes andStokes
waves) is illustrated This illustration also includes the SBS own Raykigttered waves with
their small frequency shift (few kHz). Moreovemettravelling directions of all these scattered waves are
the same as in a FRR, and are represent¢Hign IV.3] The Rayleigh scattering will be discussed in
sectionlV.3
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Fig. IV2. Optical spectrum representation of the first and second order SBS waves and their own Regtegbd
waves generated in an optical fiber. Stokes and-8tdkes terms in this scheme refer to SBS waves only

In the FRR, uk to its architecture and the scattered waves travelling directions, the different
spectral components representedwill get out from the FRR through different outputs, (see
|Fig. |V3|ano|Fig. |V.4}. dz ~"~} }E &< P 8¢ }us (E}lu SZ & <}v S}E[s » }v }u
}JE &+ P S }us (E}u §Z & *}v S}E[* SZ]E }uS%usSX dzZ]e ( 8§ AlJoo Z
characterizing them in the FRR, as vk see later in sectigiVv.2.3

Fig. IV3. Double directional coupler fiber ring resonator and the generation of nonlinear optical effects inside. The
travelling directions of theewavesare illustrated. Stokes and af8tokes terms refer to SBS waves only
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Fig. IV4X K%S] 0 *% SEMU E % E * vS S]}v }( 8Z &ZZ[s « }v Vv SZ]E }US%opS
generated. Stokes and arfiitokes tems refer to SBS waves only

IV.2.1.b StimulatedBrillouin scattering(SBS)hreshold definition

Many theoretical studies have been made to describe the Brillouin scattering behavior in optical
fiber- Still, these studies were always based on approximations. We can find that they were
not in agreement with each other most of the time, especially in what concerns the Brillouin scattering
threshold definitio its theoretical evaluati@and itsexperimental evaluatiomethodg[11]

Even though, we can find an old commdn$ 5 @efinition that used to be accepted by the
scientists in the field. It defines th®& $ 5 61 optical fiber as the power input at which the scattered
power measured at the fiber input becomes equal to the transmitted power measured at the fiber
output, |[1]| Although based on approximations, leading to less accuracy, this definition seems to be
adequate for our aims. Actually, in our FRR based OEO setup, all what we need to know is the optical
power at which the first BS wave is generated. Fr this 5 $ 5 @efinition is given for a SPG fiber by:

oy ®
2ni»i2ieAL tS®C4TgUU (Eq.IV2)

where 21 is an approximation factfitO]| and #g (y(n?) is the fiber effective core area, it is given by:

#aud € GO (Eq.IV3)

where fi (m2) is the mode radius (or light spot size radius), that equals to the half of the mode field
diameter.

In[ (Eq.IV2)] G,is the maximum Brillouin gain value for silica fibe&~(4.10" m/W), - is the

polarization factor £ = 1 in PM fibers, where the laser carrier and Stokes wave interaction is maximum
(due to the polarization state match beeen the two travelling waves), and= 1.5 in single mode SMF
fibers} and. 4 (yig the fiber effective length.

The nonlinear interactions in the optical fiber depend on the fiber effective length. The longer
the effective length is, the more thateractions are efficient and the worse the effects of nonlinearity
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are on the transmission linK hiseffective length depends on the fiber physical lendthgnd its linear
loss (). It is given by:

SFA @

cguk 0 (Eq.V.4)

Using (Eq.IV2)|[ (Eq.IV3)] and (Eq.V.4)] with . = 20 m, (4= 1.15 10 m™ and #g ;5 86 um?,
we get a5 $56f 251,71 A= 2.27 W (33.5 dBm).

The 535 & SPG optical fiber is drastically reduced if the same fiber length is used in FRR
geometry and the5 $ 5 duction factor is directly linked to the resonat@ 5 ¢ Actually, if we consider
the FRRequivalent length defined in (chapter Il), we can extend equtiBq.lV 2)|to estimate the SBS
intra-cavity power threshold Z.p»i,i»4).in @ FRR..Q,ULip| (Eq.IV.2)| can be thus replced by the
resonator equivalent lengthe, given in function of its quality factor in (chapter II). The FRR-o#vity
5 $ 5ill be then as follows:

oo ®
2iri?Avk ts %ﬁ (Eq.IV5)

Usng| (Eq.IV.5)[for the 20mlong FRR case witBg 5 & 3.5x168, and thus an equivalent length
Leq =1180m, 2.0 » 12 A Wil be around 38 mW (15.8 dBm), instead of 2.27 W (33.5 dBm) for the same
fiber length in SPG.

However] (Eq.IV5)|gives only the intracavity 5 $ 5 &nd not the SBS input threshold. In order to
get the resonator input powess $ 5,8 271,28, We have to use the relation giver[ir2]which gives
an approximation of the power enhancement factor between the input power and the circulating power
inside the resonator:

PisizAy. SF U
2021 »17A 2 ¥ (EQ.IVE)
2(;0'7] »1?E sF E
In our 20mlong FRRthe G, coupler fractional power lossy) was around 0.7% (0.03 dB) and its
transmissioncoefficient (B) was around 98.1%2,i i~ Will be then 52 times (17.1 dB) lower than
2.ni»i2Av{@ power enhancemerfaictor of ~54 was also simulated using ADS) with a value of 0.73 mW
(-1.4dBm).

If we compare 2 i, and 2pi»iziea We will find a 5$5 @eduction factor of 3109
(34.9 dB) between the 20#ong fiber length in SPG and the safiteer length in FRR geometry, (of
course, the FRR geometry must be optimized in order to get a very3iighthus a very longeg). Such
a significant5 $ 5 feduction in a FRR will make it unfortunately very harmful to our OEO at 10 GHz
frequercy because this means the presence of high order Brillouin lines in the optical spectrum, thus in
§8Z Z& *% SEpuU }( S3Z K K ~e«ifFigWai ',1YeU o
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IV.2.2 SBS frequency shift and gain spectrum characterization in the 20ng FRR
In order to inspect the SBS generated inside the FRR, we had kp Kimstv its frequency shift
and gain spectrum. In fact, many Brillouin gain spectrum (BGS) full width at half maximum values have
v E %}ES ]Jv 8§82 0]8 & SuEG (:}G})MH}:oih(fpr ®@MVE8 fibers and
33 MHz ifor P-M panda fibers, but less than 10 MHaIso for a PM fiber. Due to these
different reported values, we have chosen an acceinaethod, well described and explaineand

[15]| to measure the BGS in our 28amg resonator under test (RUT).

Of course, i the method is used to describe the BGS in SPG fibers. However, the FRR
frequencies are discrete, so the resolution of the BGS characterization method will depend on the
resonator (54 In the 20mlong FRR, thd 5 4is around 1MMHz, therefore the usef this method can
give us a measurement point each 10 MHz frequency step. Despite that, these measurement points are
enough to predict the Brillouin gain characteristics in our FRR. The experimental measurement bench is
presented ipFig. IV5

The only difference wifiL5]]is that the SPG optical fiber is replaced by the FRR geometry and
that we have to use a very low carrier power at the resonator direct input in order to generteren
spontaneous Brillouin scattering at the beginning and not the SBS. This is because of the FRRtintra
power enhancement factor (~54).

Furthermore, the laser carrier is stabilized onto the resonator using the PDH loop, and the carrier
is phasemodulated at 10 MHz frequency via the EOM used for this purpose. Interestingly, it seems that
this phase modulation has no suppressing effect on the SBS (neither on the Rayleigh scattering) in our
FRR, contrarily to what it is usually observed in SPG f{i2grs

The MZM DC bias voltage is set in order to get a double sideband suppressed carrier modulation;
§Z]s % @& A vie 3Z v E( E v SA v 38Z o0+ E& EE] E[* A} % ES-
opposite directions The BGS is then measured by sweeping the RF driving frequency of the MZM. We
also use a low RF driving power to get low optical power modulation sidebands, henceforward to be sure
that the resulting RF signals visualized at the electrical spectrum andB3A) are the result of the BGS
amplification.

When the wavelength of the modulation upper sideband (USB) falls within the BGS, it takes
benefit of its gain and it is thus amplified by the process called Brillouin selective sideband amplification
(BSS In this architecture, many optical interactions occur as follows: the direct propagating laser
carrier (DPC) generates the spontaneous BGS inside the resonator, then the (quopggating)
modulation SB interacts with the DPC and grows exponentially via the BSSA and the electrostriction
processes, (the DPC is thus depleted), depending on the modulation frequency position regarding the
BGS frequency shift.

Similarly, the LSB of the modulation can febd DPC by the same processes, but this case is
insignificant because the LSB power is very low. Finally, the beat note of the DPC and the SBS waves from
§Z @€ *}v S}E[e }3Z }ud%puse }v (e 3 W % E}A] + v MHE § e« v }( §Z

97



Chaper IV: Nonlinear optical effects generated in the 20m long FRR and OEO phase noise degradation

Fig. IV5. FRR Brillouin gain spectrum characterization bench. PC: polarization contggdie3¢dB coupler; RUT:
resonator under test; LSB: lower sideband; USB: upper sideband

The characterization of the BGS in the FRR has led tie tseame conclusion reported
about the polarization dependence of the BGS. We have thus set the polarization of the MZM output and
the laser carrier at the FRR inputs in order to get the maximum B®@3e3ihits of the 20rtong FRR BGS
characterization are depicted|Fig. IV6

Fig. IV6. 20mlong FRR Brillouin gain spectrum characterized using the experimental §&tigp IM5] We sweep
the RF modulation frequency and we take an acquisition on the ESA at each resonator resonance. We manage the
polarization of the laser carrier in order to get the maximum BGS.
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[Fig. IV.6]results give a Brilloni frequency shift of 10.868 GHz and a g4i@*/ of about
12 MHz. Thus, we are sure to get a qesisgle mode Stokes wave operation inside the resonator with a
good rejection of the Brillouin superior sidebands (at leastiBGejection of the firstidebands; see the
A7 acquisition ifFig. IV6).

IV.2.3 SBS power characterization in the 26ilong FRR

The power of the different SBS Stokes waves generated inside the resonator were measured,
until the fourth order, in function of theakser input power in the optical domain. We used the
experimental setup depicted Also, the same setup is used to characterize both optical and RF
*% SEMUe § SZ & *}v S}E[* }u ]Jv }IHUS%opuSeX

First, the laser (pumpbeam is split equally by means of a 3dB optical coupler. The first part is
sent to the resonator input and the second part is sent to an optical power meter in order to know
exactly the power level we are injecting the resonator. The different measureents are then
% E(}EU § §Z €& °*}v S}E[* }US%ouSeX dZ }%S] o u *uE u vsSe Vv
performed using an Agilent HP 86142A optical spectrum analyzer (OSA) with 0.06 nm resolution and
+1 dB amplitude precision. The RF spectru@ratterization was performed using a Rohde & Schwarz
67 GHz ESA.

Fig. IV7. Experimental setup for power and spectrum characterizations of nonlinear optical effects in the FRR. VOA:

* %

variable optical attenuator; PD: photodiod&ss W 1 Ju% 0 EV {{{W }%3] o0 Al Z ~}E }pu%o E

Stokes terms refer to SBS waves only

shows the measured power levels of the first four SBS Stokes waves, the laser carrier

v S§Z o0 e+ E][-sdattgred]Wwaxe. Certainly, it will be impossible to distinguish each spectrum of
these different optical components if we rely only on the OSA resolution. But the resonator geometry
helps to easily distinguish between them because of their different thiagetlirections (sg&ig. 1V3).

At very low input power-2 dBm) when there is almost no additional nonlinear loss, the ring
loss between the input port and the third output powas around 3.7dB. From|Fig. IV.8] the
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experimental first5 $ 518 around-3.5 dBm according to the definitionfor SPG optical fibers5($ 5 6

= the power input at which the scattered power measured at the fiber inpabibes equal to the
transmitted power measured at the fiber outpuThis seems to fit with our theoretical approximation on

the FRR5 $ 5 1 (Eq.IV5)|and (Eq.IV6)| with 2.1 dB error. This errooald be due to the OSA power
measurements accuracy or to thg $ 5 @efinition in which is still an approximatiorindeed, even

with 5 dB under the-3.5 dBm input power value, we can always notice that the first Stolese vis

already in a stimulated regime and that the laser output starts to saturat8 dBm of input laser power

because of the SBS, which starts to convert the laser additional input power via electrostriction. It is
obvious that this carrier depletioragses the degradation of the optical lipk v}]e 8} E&E&] & & S]]} X

The first Stokes wave also starts to saturate;3atiBm of laser input power, when the second
Stokes wave starts to be in a stimulated regime and converts the first Stokes wave powdittlehe
increment in the laser output power betweeB dBm and1l dBm input power levels is due to the second
SBS antBtokes wave that overlaps with the laser carrier and increases its powgFitse®/ 4).

Fig. IV8. Experimental power measurements results inthe 200w P & ZZ }( SZ o0 ¢« & }puS8% psSU o « EJ[-
scattering and SBS waves, versus the laser input optical power

IV.2.4 SBS spectrum characterization in the 2dang FRR

The optical spectrumo8Z & <}v S}E([s }u ]Jv bpesdeqrieasiired on the OSA
for different laser input power levels usiexperimental setup. Optical spectrum results are
presented ifFig. IVO] The SB§ }E E- P 3+ }us (E}u 3Z & -}v 8} E[* » }v }ud%
}JE E- P 3+ }pus (E}u 3Z & -}v $}E[- $Z]E [Fig3I%a]Erigse differéht SBS Joo e3¢
orders were spaced by 0.088 nm (10.86 GHz) from e#ufr. Interestingly, the seventh SBS order can
be generated with less than 10 mW (10 dBm) laser input power. This seventh mode features less than
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8 dB power gap with the laser output power, and is frequency spaced by ~ 76 GHz from the optical
carrier(Q616 nm).

Finally, the beat note of this optical spectrum, at 10 dBm input power, has been also measured
on the 67 GHz ESA using a fast photodiode (U4 PD, with 70 GHz bandwidth). Results are presented in

Fig. IV10

Fig. IV9. Multiple acquisitions for the optical spectrum at the 2an}vP & ZZ[+ }pacdnd and thirdutputs,
for different laser input power levels

Fig. IV10. SBS RF spectrum at the 2@m} v P & Z ZH{imedkacond and thir@utputs for a 10 dBm laser input
power. Span =67 GHz; RBW = 300 kHz; VBW = 20 kHz
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The stability of the whole RF spectrum showdFig. IV.10/and each of the Stokes waves
depends on the resonator thermalddiility, and especially on the laser stabilization to the resonance
center by means of the PDH loop. The use of such nonlinear optical effect to generate high spectral
purity millimeter wave signals at 76 GHz and above could be very appealing. Furtheitnizre,
interesting to see that the spectral linewidth of these Stokes waves seems to be in the range of few kHz.
dZ]e ]e p 8} 8Z @& +}v 8}E[+ v EE}A v A] 3Z (Jos EBE (( sU « & -

[Fig. IV11]shows the RF spectrum resulting from the beat note of the first SBS Stokes wave and
SZ o+« E EE]E® 8§ 3Z & *}v S}E[*(9U ]of only fedvbepsonHkHzS(~25°kHz).
Indeed, it ha been reported i-that the laser phase noise is transferred to the emitted SBS
Stoke wave after being strongly reduced and smoothed and that the linbwafitthe Stokes wave
becomes narrower than that of the pump las@hus, we have used the Brillouin effect and the BSSA
process to generate high power and high spectral purity millimeter wave signals. This study is well
detailed in sectiofiV.5and published i@

Fig. IV11 RF spectrum resulting frotihe beat note of the first SBS Stokes wave and the laser carrier at the
& -+}v $ p@himedsecond and third outputsSpan =1 MHz; RBW = 1 kHz; VBW = 200 Hz

IV.2.5 Laser RIN degradation caused by the SBS
Other than the optical link0 % 4legradation resulting from the SBS generation, leading to

carrier depletion, we have found that the SBS can also affect the laser relative intensity noise (RIN). To

do so, we have measured the laser RIN at the FRR third output while injectiregy pdaser higher than

the first 5 $ 5 &t the resonator input (we put a slow PD at the FRR third output and we measure the RIN

on the Agilent E5052B SSA using the baseband noise measurement option (BNAY, (3EE2).

TheRN measurements are presented|kig. IV13lwhere they show a high degradation in the
laserRINbetween the input and the output of the ring resonator.
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Fig. IV12. Measurement bench used to evaluate aser RIN degradatio®ee algémagelfin appendix C

Fig. IV13. Laser RIN degradation caused by the SBS generation inside tHer)FRR. The first Brillouin Stokes
wave[RINw e+ o0} u pCE § §Z &ZZ[+ ¢« }v }US%US

We have also measured the Brillouin first Stokes wBWd (in the same way but at the FRR
second output). We can see that its low frequerNis higher than the laser RIN. However, a lower
Brillouin RINthan the laser pump has been reported and|[19]| On the other hand, it has been
reported inthat the Brillouin RIN b }u - SS§ E SZ v §Z o0 E %MUUNR[*s ZIE § =
frequencies.

IV.2.6 OEO phase noise degradation caused by the SBS anayeigh scattering

With all these SBS Stokes waves generated around the optical carrier, adding the weak
(frequency upshifted) ant-Stokes wavefF{g. IV2}, the carrier depletion, thed % degradation and the
laserRINdegradation,we can expect that our OEO RF signal Hd 6Hz will be severely affected by the
presence of the SBS in the FRR. More precisely, it will be affected by the nonlinear noise conversion
processes between alhese optical carriers. One of these processes is the DC noise detection by the
photodiode of all these waves, which are again folded onto the RF carrier either by the photodiode
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nonlinearity or inside the resonator through interference processes. Therefie phase noise of a
10 GHz RF carrier of the 28ang FRR based OEO has been carefully measured with an AGiG528
signal source analyzet different laser input power levels. The experimental results are depic

IV.14] The study is published|jg2]

|Fig. IV.14|shows that the 1/f phase noise observed near the carrier is strongly related to the
laser power. Indeed, we can clearly noticaégn#icant reduction in the clost-carrier OEO phase noise
at low optical input power. This phase noise reduction can be about 30 dB at 10 Hz offset frequency
between two input optical power levels: dBm (above the secon® $ 5)6and-10 dBm (under the first
5 $5)6The increment in the noise floor is a consequence directly linked toOtPe4vhich degrades
when the carrier power decreases.

Fig. IV14. Phase noise reduction of a 20 melamg fiber ring resonator based 10 GHz OEO, due to SBS weakening
at low optical carrier power. However, the phase noise level remains far from theoretical expectations (dashed
curve)

Finally|Fig. IV15|shows that the SBS effeah the OEO phase noise can be also easily detected
by just monitoring the OEO microwave spectrum behavior when operating at power levels above and
under the 5 $ 5.6 he signal spectrum becomes clearly smoother at low input laser carrier power.

These results clearly demonstrate that the optical power at the resonator input must be
maintained below the first5 $ 5 ® get an adequately low phase noise inRROEO. Our computations
E A 03Z3U Av]viZ]e e« US3Z]*u spuE %Z + v}i]e o A o ]* v}$ o]u]
20mong FRR OEO case). However, the obtained OEO phase noiséssttdipenusual and higher than
our theoretical expctations (for example, see the green dashed curfign IV14Jrelated to the white
frequency noise contribution), (see chapter I, . Some of the possible causes of thisgd noise
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shape and level are thstimulated Rayleigh scatteringSTRS)Xhe spontaneous Brillouin scattering and
the other laser and PD noise conversion phenomena (as we have already explained in chapter III).

Fig. IV15. OEGspectrum at 10 GHz: when operating above the f&s 5 &nd the visible smoothing effect on the
spectrum when the laser power is under thé& 5.68pan = 100 kHz; RBW = 100 Hz; VBW = 200 Hz

In fact, when operating at low optical power, the SBS is reduced, but the spontaneous Brillouin
scattering nase contributions still exist and thghotodiode nonlinearity may increase because it could
not be working at its optimal input optical power (see chapter Ill). This may lead to many AM and PM
noise conversion processes. Moreover, as it has been reportirthe Rayleigh noise spectrum
becomes broader at low optical input power. Therefore, it can affect the phase noise of the RF signal at
higher offset frequencies. This last assumption can explain a main part in the OEOnpls&sshape
deformation.

IV.3 The Rayleigh scattering in the FRR based OEO

Named in honor of Lord Rayleigh, who has first described the phenomenon in 1871, stimulated
Rayleigh scattering was theoretically predidfed]|then observef{25]|in liquids in 1967, then in gases in
1969[26]| It has been extensively studied in bulk materials since nYet, the Rayleigh scattering
and its applications and noise contribution have not been well studied in optical fibers until rggstity
-1[30]] ST is the elastic scattering of light in a medium composed of particles whose sizes are much

smaller than thevavelengthof the incident light photons (see illustratiorfiig. IV16). Elastic scattering
means that the light frequency is preserved after being scattered but its travelling direction changes.

As we have previously seen in sectidh2.q the STRS is spected to play a role in the OEO
phase noise degradation when the SBS is reduced. It could also have an impact on the phase noise shape
deformation. Consequently, we have tried to describe its behavior in the FRR, based on the few studies
that have been dne on the subject in SPG fibers in the literature, in order to reduce its harmful effect on
the OEO phase noise.
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Fig. IV16. Rayleigh scattering in an optical medium

IV.3.1 Rayleigh scattering in optical fibers and FRRs

The Rayleiglscattering occurs from random and ngnopagating density fluctuations (that is
why no significant frequency shift follows). This scattering effect is the key element that defines the
linear loss yin optical fibers (about 96%) and the ultimate limitation in tBe 5 factor of optical ring
and WGM resonato The spontaneous Rayleigh scattering is associated to density fluctuations,
partly caused by local thermal instabilities in the optical me These density fluctuations scatter
the laser light wave travelling in the optical fiber or in bulk mate The electrostriction is the
dominant effect that generates STRS in optical fibers, which has the potential to degrade the
performance of low noise optoelectronic systgfs]|[[29]| such as OEOs.

On the other hand, STRS is not the dominant nonlinear optical effect. In fact, STRS is rapidly
buried by the SBS because the SBS gain coefficient is two orders of magnitude higher than that of STRS in
long fiber lengths. Hoawer, there is an exception forM fibers where only one order of magnitude gain
difference exists between STRS and SBS (g <’miW in RM fibers[[27]). This is because STRS gain is
polarization dependentike the SBS. In spite of this, STRS linewidth in optical fibers is much narrower
than that of the SBS (~12 MHz) and it is in the order of tens of kiloRdrerefore,it has been used to
build singlelongitudinakmode lasers with very narrow linewidfBO]| which are of considerable interest
for many applications: optical precision metrology, higkolution spectroscopy, sensors, and
communication systems. Moreover, it has been reporteandthat STRS linewidth decreases
when the optical power increases.

IV.3.2 STRS power characterization in the 20ang FRR

In order to describe the STRS behavior in a FRR, we have first measyp@ddtsat the 20m
long FRR second output versus the laser input powe. The STRS power increases with the
laser input power but it saturates after the Brillouin scattering process starts to be stimulated. Such a
Rayeigh-Brillouin scattering behavior has been already reported and thoroughly studied in SPG optical
fiberg[2]][[27]] It has been noticed [f2]|that at power levels aboves $ 5,8he SBS draws power away
from the scattering process, thereby clamping the STRS gain. Besides this, it has been stated that both
mechanisms can contribute to the noise induced in RF photonic systems, including delay line OEOs.
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IV.3.3 STRS spectrum chari@rization in the 20mlong FRR

The STRS gain spectrum can experienceSiakies frequency shift due to a coupling between
the spontaneous thermal fluctuations and the incident light wave. On the other hand, the STRS can
experience Stokes shift due to eteostriction; these frequency shifts are of few kHz #MHRibers and
increase at high input optical power, as already observ and through our expemental
results using the FRR. It has been established that our FRRs are madi# fdfelPs to prevent two
polarization states behavior of the optical carrier inside the resonator. The highdatity power inside
the FRR will thus make the frequency sbffthe Rayleigh scattering more visible.

In order to describe the STRS spectrum behavior in the FRR, and since the STRS frequency shift is
A EC A IUA ZA u -pE §Z ~dzZ™~ e+ v V}]e § 3Z E -}v 3} E]
measurements were perfoned on the Agilent E5052B BNA. We have used almost the same
measurement bench and principle aanto investigate the STRS spectra in SPG optical fibers.
It consists of acrosscorrelation RIN measurement system with homodyne detection scheme, (see
[Fig. 1V.17). The coherent detection scheme is used to increase the sensitivity of electrical domain
measurements.

Fig. IV17. Backscattered STRS spectrum measurement bench. VOA: variable optical attenuator; PDs: photodiodes;
Ggr 3dB couplerSee alsldmagez in appendix C

We split off 10% of the laser carrier power, used aslloszillator (LO), and we send them
directly to one of the inputs of a 2x2 optical coupler. The remaining 90% of the carrier power are sent to
the resonator input. The input level is controlled using a calibrated variable optical attenuator (VOA). The
cariier is then stabilized onto the resonator using the PDH loop. The backscattered STRS gets out
naturally from the resonator at its second output and is sent to the other input of the 2x2 optical
coupler. The two outputs of the coupler are then sent to ar pdi balanced slowphotodiodes The
output current from the balanceghotodiodesis then proportional to the product of the STRS and the
laser carrier amplitudes. The baseband noise is then measured using the BNA and the results are
depicted iTFig. V18

From these results, we can notice that the ckbsecarrier noise (from 10Hz to 200 kHz offset
frequencies) increases when increasing the input power. Also, two noise peaks clearly arise around
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1.5 kHz and 60 kHz. Those two kedestify the presence of the Rayleigh scattering in the noise
spectrum; we therefore termed them the Rayleigh signature. Moreover, it has been fothat

the Rayleigh induced frequency shift is arouhdHz in PM fiber, and that it increases at high optical
power. However, a 50 kHz Rayleigh induced frequency shift has been repfnr single mode
fibers. Both studies confirm the reading of experirta@nresults we have obtained on the Rayleigh
induced noise in the FRR.

Fig. IV18. Baseband noise power spectra at the second output of thel@dghFRR, measured in the electrical
domain usingrig. IV17|setup

IV.3.4 Laser RIN degradation caused by the STRS

K( JUE+* U 8Z o « E[* Z Co ]P Z-refleétdd@nd it Aatdrallysgets dut from the
resonator at its second output. However, as intended for our low noise applications using the FRR in an
OEO setup, the most important parameter to scale is the STRS effect on the laser carrier directly
transmitted through the resonator and getting out from its third output, especially on the laser RIN. We
have therefore measured the laser RIN level and bBhdE § 5Z &E +}v S} E[* SZ]E }uS%
optical input power (same scheme affiig. IV12). The laser carrier RIN results are depict¢Bign IV19]
(for input power levels ranging froR20 dBmto -6 dBm) and iffFig. IV20](for input power levels ranging
from -6 dBm to 7 dBm).

First of all, to witness the noise induced by the Rayleigh scattering inside the FRR, the FRR was
replaced with a 3.7 dB optical attenuator (sifating the same optical loss of the 2dong FRR). We
have then measured the laser RIN using a very low input power i2@etiBm; far below thes $ 5% be

able to discard the SBS effect on the laser carrier I{igaelVlQI.
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Now, when the FRR is used, at the same input power level, the RIN spectrum was higher with a
different noise shape and the Rayleigh signature clearly appears. We have then measured an almost
uniform behavior of the RIN spectrum unt@ dBm input powe This excess in the RIN is generated
inside the resonator bandwidth almost because of the Rayleigh scattering and thus it could directly affect
}JWE K K %Z ¢« v}]e X z SU He }( 8€s; s npisesis @teredZ iRside of the
resonance bandwidth.

Fig. IV19. Laser RIN power spectra at the 2ng FRR third output, versus the input optical power (ff@ndBm
to -6 dBm)

Above-6 dBm input optical paer, the RIN level and shape change dramatically[fégelV20}.
These experimental results were repetitive. Also, we can see that the STRS signature is more present
around 60 kHz offset frequency at high optical power levEle peaks at 10 MHz frequency and its
multiples correspond to the noise filtered by the 28amg FRR resonances.

The RIN behavior abow® dBm input power is likely due to the SBS generation inside the
resonator. Indeed, the second SBS Stokes wave appeaBsdBm input power, (sd€ig. IV8), and it
gets out from the FRR at its third output. Therefore, its baseband noise is detected pihdtediode
and mixes with the RIN of the direct transmitted laser wave (also affectedzy b « E[* Z Co ]PZ
scattered wave). To this process, we have to add the Rayse@ftered waves of the different even SBS
Stokes waves. Consequently, the measurements of the STRS effect on the laser RIN are inaccurate above
-10 dBm input power (the firsb $ 5)6In order to be able to only measure the STRS contribution to the
baseband noise, it is essential to use a narrow bandpass optical filter at the resonator outputs. This will
filter all additional optical components, (eventually SBS Stokes atieEtokes waves), around the laser
carrier and its own Rayleigdtattered wave.
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To sum up, if this laser carrier RIN degradation is combined witphib&diode[« Zi#ERF AM
and PM noise conversion coefficients (see chapter Ill), an increase in the I@E® nqoise can be
obviously expected.

Fig. IV20. Laser RIN power spectra at the 20ong FRR third output, versus the input optical power (ffomBm
to 7 dBm). Frequencies are represented in logarithmic scale

IV.4 Other nonlinea optical effects and scattering mechanisms inside the FRR

As we have already mentioned, optical fibers have many important parameters that make them
an ideal medium to generate nonlinear optical mechanisms. Two of thekwelln nonlinear optical
effects other than SBS and STRS, are the Raman scattering and theaf@mixing. Finally, we can
mention the Fresnel baeteflection at the fiber end faces as a scattering mechanism.

IV.4.1 Fresnel backeflection

Fresnel backeflection causes light to change diteon in an optical fiber and to return to the
source and then to the photodiode. This results in the skathwn interferometry noise in optical links.
The Fresnel baeteflection occurs most often at the connectors interfaces where the glassiterface
causes the reflection of the light; also it can occur at optical splices in the fiber. It can be avoided by
using optical fibers with cleaved connectors (cleaving angle)ln addition, it can be avoideby
He]vP ]Jv &£ u § Z]JvP P o 3A v §8Z (] E+[ }vv S8}E-X

In our FRR architecture, and in all the optical part of the OEO setup, we use-palibed
connectors (FC/APC). Hence, we think that this kind of reflection in our system is thus considerably
minimized.
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IV.4.2 Raman scattering

Stimulated Raman scattering (SRS), discovered by C. V. Raman in 1928, is an important nonlinear
process that can turn optical fibers into broadband Raman amplifiers and tunable Rama@shﬂusit
can also severely limit the performance of multichannel optical links by transferring energy from one
channel to the neighboring channels.

SRS, like SBS, falls in the stimulated inelastic scattering category. However, the maincdifferen
between them is that optical phonons participate in SRS while acoustic phonons participate in SBS. SRS is
capable of transferring a fraction of power from one optical field into another, whose frequency is
downshifted (Stokes) by an amount determinedthg vibrational modes of the medium. The Raman
gain in silica fibers extends over a large frequency range (up to 40 THz) with a broad peak located near

13 TH

Fortunately, the SRS threshold (SRST) is very high compardtetanonlinear optical effects. It
is thus not likely to occur in isolated channels of an optical communication system because their power
levels are typically below 10 mW. However, it becomes a limiting factor for multichannel systems
because of the Raanrinduced power transfer process among the different channels. The SRS threshold
in SPG optical fibers is given f@by:

# < ..
2prieirieAl SX®—— (Eq.IV7)

where G:is the Raman gainG: ~ 0.65x10° m/W;[[33]) and - ¢ is the Raman polarization factor (SRS
gain is also polarization dependent ang ranges from 1 in 1 fibers to 2 for a srambled polarization).
#zuand . g ghave the same definitions as for SBS.

In the FRR case, even with the high power enhancement factor due to the resonance effect, we
are far fromthe outbreak of theSRS inside the resonator. In fact, if take the FRR equivalent length
approximation mentioned in (chapter ll)Le 1180m for the 20rlong FRR), and the Raman threshold
definition i (Eq.IV7)| we will find that the total intrecavity power needed to generate thekS inside
the 20mlong FRR is about 18W. This means, conside(tg.IV.6)] a laser input power of at least
350mW (25.5 dBm) at the resonator input.

Of course, the generated, equally spaced, SBS waves may act in the FRR lashanmei
system. Thus a Ram#émduced power transfer among these different channels may occur. However, SRS
has not been observed experimentally in the 2@mg FRR, even in the presence of the seventh SBS
Stokes wave.

IV.4.3 Two and four wave mixing

Fourwavemixing (FWM), a thirgbrder nonlinear optical effect, is a type of optical Kerr effect. It
occurs when light of two or more different wavelengths are launched into an optical fiber with sufficient
optical power, giving rise to a new wave known as an rGeneralIy speaking, FWM is a kind of
optical parametric oscillatioand behaves likentermodulation phenomenon in optical systems, similar
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to the third-order intermodulation in microwave systems. Througtiassical FWM process, three optical
waves at frequencie§, fiandf, (i B BK) generate a fourth optical wave at a frequerfgygiven by:

Bvb BERFB (Eq.IV8)

FWM can also arise fifand f; are of equal frequencies, i.e. in the presence of only two optical
signals.n this case, the more specific term "degenerate fawave mixing" (DFWM) is used (also called
two wave mixing), and a less efficidptmay be written as:

Byvb tRFB (Eq.IV9)

The result of FWM and DFWM hkegen three different frequencies can lead to the generation of
twelve new waves (three of these new waves overlap), as it has been mentiih’he number of
interfering products increases rapidly with theimber of signals (s A critical case
occurs, when the spacing between the three input frequencies is the séirad; tf; =f, tf;. In this case,
the three input signals overlap with three of the twelve newly generated waveqFige#v21{(b)).

Fig. IV21. lllustration of the frequencies of the thregiut waves and the twelve generated waves via faave
mixing and degenerate fotwave mixing processes (twaave mixing), for unequally (a) and equally (b) spaced
input waves. According to relatign&g.1V8)fand (Eq.IV9)

FWM (and DFWM) is a polarizatidependent process and inversely proportional to the fiber
dispersion (more dispersion means less efficiency). It requires phasehing and high optical power to
build up efficiently along the optid fiber. In optical fibers, it can be both harmful and beneficial,
depending on the application.
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In our FRR, the critical case mentioned above may occur. The generated SBS waves inside the
FRR are equally spaced (10.86 GHz) and the phasghing conditio is automatically satisfied because
they are all resonant in the FRR. They create each other and they have enougtaiitygpower due to
the resonance effect (s. The only thing that may prevent an efficient FWMgess in our FRR
is the dispersion in the optical fiber we used to fabricate the resond@or17 ps/nm.km). Fortunately,
A zZ A v}s (Juv VvC 3GE }( 82 &tD Jv §Z }%S] difikent Sulputsy, S SZ
even in the presence of the senth SBS wave while using the OSA with high amplitude sensitiv@Q (~
dBm). This is probably due to the high dispersion in the fiber used to build the resonator.

IV.5 High power and high spectral purity millimetevave (MMW) signals generation

using the Brilouin selective sidebandamplification inside the 20mlong FRR

Extremely high frequency signals generation and distribution using optical techniques represents
an interesting challenge. These techniques can be used in many applications, from telecomionmicat
to radio-astronomy, and at distances ranging from few meters (e.g inside a plane or a satellite) to few
kilometers (e.g. antenna networks) and even several tens of kilometers (e.glabtmatories clock
comparison). Many millimetewave (MMW) sourcg, carried using optics, have been demonstr
Among these, two methods have become quite popular because they do not require arhighra
frequency optical modulator: the one using the beat note of alduequency (or mode locked) laser
where two modes are sharing the same cavity and the same and the one based on
heterodyning of two independent Ias Using a dual frequency laser is particularly interesting to
get high output power and good % 4h the MMW range. Furthermore, we benefit from the fact that
vi]e Jv 8Z Ce+3 u (( 3 Z }( 8Z o e E[* A} u} * <pooCX dZ]e o
RF domain. On the other hand, either in the case of dual mode laser or hetergdyfrtiwo independent
lasers, it is difficult to get a strong correlation between the two optical modes, thus an efficient rejection
of the laser phase noise. Accordingly, the beat note is degraded, and therefore the resulting RF signal.

Contrarily to the Bove mentioned methods, frequency multiplication technique is quite easy to
set up and only requires a Ma&ehnder modulato With this approach, the optical harmonics
generated by the MZM nonlinearity astrongly correlated so that the noise is equally distributed in the
optical domain and thus cancelled in the RF domain. The only problem using this method is low power
levels of the harmoni particularlyin case of high order harmonics, which thus degrades the NCR.

It is therefore motivating to find a way to amplify the different optical harmonics while preventing a gain
competition between them. Fortunately, optical harmonics can be independently aegptiianks to the
Brillouin selective sideband amplification concept (B35

In this section, we present a millimeterave signal generation setup based on the frequency
multiplication approach, using a MZM generate high optical modulation harmonics, combined with
the high 3¢ 5 20mlong FRR in order to generate a selective Brillouin gain spectrum at each of these
optical harmonics. This will independently amplify the optical harmonics, while maintaining a low close
to the carrier phase noise of the generated MMW sign@he 20mlong FRR used in the BSSA MMW
signals generation (BS&4&) system is depictedhig. 1V3
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The BGS in the 20fong was less than 12 MHz, as we have already seen in sputiasg
Therefoe, with a resonator (5 4of 10 MHz, the generated Brillouin (amplifying) lines inside the
resonator feature a single mode operation and automatically resonate, thus taking benefit of the
E *}v 8}E[* %}A E vZ v uvsd ( S8}EX E}A A v J( $Zerirgis kKBowi}v }( 32
to be very harmful to optical Iinand optical systems like optoelectronic oscilla it can be on
the contrary useful in many other applications: suchl@s noise and ultraenarrow linewidth Brillouin
laserg[18]|or in modulation depth enhancement of optically carried RF sifjidl} Our aim here is to
use the Brilloin effect, generated at very low threshold inside the resonator, to selectively amplify the
different optical modulation harmonics generated in the MMW range, and thus generate high power and
high spectral purity MMW signals.

IV.5.1 Millimeter-wave signals genet#on setup

TheBSS/SG setups illustrated ifFig. V22 We use the Koheras laser at 1.55um wavelength
(with its 1 kHz linewidth). The optical carrier is stabilized to the FRR via the PDH loop, then modulated via
a 20Gbits/s E€pace MZM DC biased at,Vin order to get a linear modulation and thus high order
upper and lower sidebands around the laser carrier, while keeping a high carrier power to be able to
generate SBS in the FRR. Aroungd C bias, the MZM transfer functigmodd, and only odd harmonics
are generated: %, 3¢, 5" At that moment, we use the Brillouin gain generated by the FRR every
10.87 GHz multiple in the optical spectrum to amplify these optical haitso

Fig. IV22. BSSAG setup using a 20imng FRR; ISO: isolator; EDFA: erbium doped fiber amplifier; OSA: optical
spectrum analyzer; PD: photodiode; PDH: PeabrelerHall laser stabilization system; ESA: electrical spectr
v oCl EV W DDt u%o0](] EV {{{W }%3] o Seeazlmag@(fﬁn appendix® }nu%0 E-oe

On the receiver side, we visualize the optical spectrum at the FRR third output on the Agilent HP
86142A OSpand then we send it to a 75 GHZTUphotodiode. At thephotodiode output, we visualize
the RF spectrum on the 67 GHz Rohde & Schwarz ESA and then we analyze the signal phase noise using
the Agilent E5052B SSA, which uses two equilibrated Agile863BH external mixers, preceded by a
Spacek.abs MMW amplifier.
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IV.5.2 Optical characterization
In order to optically characterize the efficiency of the BS&Atechnique, the spectrum of the
laser carrier at the resonator input and the spectrum at the resonatodtbintput were visualized on

the OSA. Results are depictegHig. 1V23

Fig. IV23. Optical spectrum of the laser carrier at the resonator input, and optical spectrum at the resonator third
output when the SBS is in a fregnning behavior and when modulating the laser carrier at 21.7 GHz with a 20 dBm
RF seed signal

FromFig. IV23| we can see that with an input laser carrier power around 2 dBm, at least the
second order BS Stokes wave is generated (see the green cufginV23), spaced by 21.742 GHz
(0.176 nm) from the laser carrier. We call it here the freening SBS.

Now if a RF seed signal, called seed signal and having the samenfreaifiehe second SBS line,
is injected to the MZM with a high RF power level (20 dBm), the modulator will produce odd upper and
lower sidebands (£21.742 GHz, +65.226Y+ @E}uv 3Z o+« E EE&] EX /5 ]+ A oo IV}A
the order of these harmaics is, the lower is their pow However, due to the Brillouin selective
gain spectrum created by the carrier inside the resonator, especially Stokes lines gain, these harmonics
will be amplified by the BSSA process, avel will be able to measure even the tenth modulation
harmonic, spaced by 108 GHz (0.88 nm) from the carrier (see the red c|l_¥iga W23}. Additionally,
the Brillouin scattering generation can also help to increase the alptiodulation dept{{14]
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IV.5.3 RF characterization

The resulting beat note of the third output on the 75 Gitotodiodehas been observed on the
ESA and results are presentedFiiy. IV.24] The 2 dBm input carrier leads to a high RF power-free
running SBS wave at 21.74 GHz and a weaker one at 43.4 GHz frequency. In addition, we can find a
10.87GHz component in the RF spectrum. This RF component is created as a result of the beat note of
the laser carrier wave, the second SBS Stokes wave and the first SBS Stokes-&ayteigd wave as
already mentioned iffrig. IV4

Fig. IV24. RF spectrum of the resonator third output when the iISB8a freerunning behavior and when
modulating the laser carrier at 21.7 GHz with adBIn RF seed signal. A 6dB attenuator was used at the ESA input

When the laser carrier is modulated by the 21.74 GHz RF seed signal with a 20 dBm power level,
the RF omponents at the resonator third output will be considerably amplified (odd harmonics) and we
can especially notice the creation of a 6&Piz component with a36 dBm power level (a 6 dB
attenuator was used at the ESA input). The 10.8 GHz,@2z6and 582 GHz even harmonics exist
because of the same reason mentioned in the paragraph above as well as-perfiect linear
modulation response of the MZM.

In order to evaluate the power gain difference between the BS6Amethod and the classical
frequency nultiplication metho the first and third harmonics power levels were measured versus
the 21.7 GHz RF seed signal power. For the classical method, the resonator was replaced by a 3.7 dB
optical attenuator b simulate its intrinsic and nonlinear losses to be in the same conditions as for the
BSSASG method. Results are presenteffFig. V25
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Fig. IV25. RF output power of the first and third harmoniessus the RF 21.7 GHz seed signal power: when using
the classical frequency multiplication method and when BSSAechnique is used

The results iffFig. IV25|clearly show a real power gap between the two methods. Moreoves, thi
power gap seems to increase with higher harmonic orders. For example, an 8.5 dB power gap is obtained
for the first harmonic signal, while a 15 dB power gap is obtained for the third harmonic signal. This
demonstrates the increasing behavior of the BS&Apower gain efficiency.

IV.5.4 Noise characterization

Besides the measurements performed in the RF domain in the above section, an important
parameter to be characterized is the phase noise of the MMW generated signals via theSBSSA
method. For this purposéhe phase noise spectrum of the Brillouin waves at 21.7 GHz and 65.2 GHz has
been measured using the SffAg. IV26]shows the phase noise of the freenning SBS at 21.7 GHz, the
synthesizer RF seed signal at the same frequeany finally the phase noise of synchronized SBS wave
at 21.7 GHz via the BSS& method.

Moreover, the impact of BSS3G on the spectral purity of the different freenning SBS
components can be easily noticed even when using the ESA onl{Fifsel/ 26] t up-right corner).
[Fig. IV2€]results clearly demonstrate that the BSS& method seems to not only amplify the desired
harmonics, but it also significantly reduces the Brillouin gain spectrum .ndsea result, the Brillouin
gain will get almost the spectral shape and purity of the seed signal through synchronization, so then a
more stable amplification process is obtained.

Finally, the phase noise of the generated 65.2 GHz signal has been measdredmpared to
the original 21.7 GHz RF seed signal phase noise and to its theoretical phase noise after being multiplied

by 3, (+20log( ) where / is the frequency multiplication factor), 51<Feg V27
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Fig. IV26. Phase noise of the free running SBS wave at 21.7 GHz, the synthesizer RF seed signal at the same
frequency, and the synchronized SBS wave via the 8S3#ethod. In the upght corner, the freegunning SBS
wave spectral purity enha@ment was visible on the ESA after being synchronized by the RF seed signal (ESA: 100
kHz span, 30 Hz RBW and VBW)

Fig. IV27. Phase noise of the synthesizer seed signal at 21.7 GHz, of the synthesizer phase noise to@&fied

GHz and of the generated 6553Hz signal via BSS& method. In the wpght corner, the spectrum of the 65@Hz

generated signal was visualized on the ESA after being synchronized by the RF seed signal (ESA: 100 kHz span, 100
Hz RBW and VBW)
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Formthese results, we can notice that the synchronized signal at 65.2 GHz features the same
phase noise spectrum as if it was generated by the classical multiplication method, at least in the close to
carrier noise range from 1 Hz till 200 Hz offset frequesiciThe excess noise in the 200 Hz to 80 kHz
frequency band seems to be generated either by the different Rayligtiered waves of the different
optical spectrum components or by the noise of the Brillouin gain. Even the PDH laser stabilization loop
coud have a part in this excess noise. The rapid decrease in the phase noise after the 40 kHz offset
frequency is due to the FRR filtering effect. The PDH noise part could be reduced if a double PDH
stabilization technique, controlling the laser and the neatr at the same time, is used. This has been
already reported i were interesting MMW signals generation system stability and accurate
tunability were demonstrated.

Finally, using our BSS%& method, lgher order and low phase noise MMW signals generation is
possible because there is theoretically no limit in the generation of higher order Brillouin lines in such
resonators; The only limit will be at the receiver side, especially the photodiode bandwidth

IV.6 New passive 100rong FRR, optimized and immunized against nonlinear

optical effects

Among all nonlinear optical effects mentioned in sect{vg}(IV.3and V.4 we have seen that
the Brillouin and Rayleigh scatterings can both have the most harmful effects on our FRR characteristics
(3gac 0% ¥ v SZ € (}E -PEG@Ehask hdise.

Of course, by reducing the optical power, we can limit the SBS effect and reduce the OEO phase
nois yet, we will still have the spontaneo®sillouin scattering and the STRS effects. In addition,
we will have a laser carried + @legradation, the0 % 4legradation and the PD increased nonlinearity
when a low optical power is used etc... Therefore, high spectral purity signal generatigntusiFRR
based OEO will not be achieved unless we find a solution to suppress all these nonlinear optical effects. It
is thus crucial to find a way to mainly suppress the SBS and to reduce the STRS effect, while keeping a
high 3¢ 5 @nd a low transrission loss through the resonator.

IV.6.1 SBS and STRS suppression methods

While frequency or phase modulation of the laser carrier is the most reported method in the
literature to suppress the STRS (also the SBS) in optical|[#}§{d0]| many studies on SBS and on
related suppression methods have been repomm [41]|-][44]| Actually, the frequency or phase
modulation technique is based on spreading the signal spectrum of the laser carrier. This method can
efficiently reduce the SBS and STRS in optical fibers by thane50 dB On the other hand,
spreading the signal spectrum may interfere with low phase noise coherent detection schemes similar to
those proposed i Likewise, as we hawpreviously mentioned in chapter 1, the PDH loop we use to
stabilize the laser carrier to the resonator, already carries out a 10 MHz phase modulation of the carrier
for stabilization purpose. Conversely, it seems to have no visible effect on the 8B$herSTRS in the
FRR case. Moreover, even when the modulation frequency has been reduced to be between 10 kHz and
100 kHz, which corresponds to the polarization fluctuations frequencies in glas(amplified by
the incident optical carrier), the same negative results have been obtained. This is probably because of
the discrete resonant frequencies of the FRR.
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It is weltknown that BGS characteristics depend on different parameters: they depend strongly
on the fibertemperature (when the temperature increases, the SBS frequency shift and gain increase,
and the BGS bandwidth decreases), and on the fiber strain (when the strain increases, the SBS frequency
shift and BGS bandwidth increase, and the SBS gain decreamsfFid. V.28 (a) and (b)[[43]).
Furthermore, the SBS depends also on the pressure (when the pressure increases, the SBS frequency
shift decrease, but the BGS bandwidth remains consffedf), on the fiber core doping concentration
etc...For these different reasons, all the SBS suppression studies were thus concentrated on these
parameters, like applying temperature or strain distribution to the fiber coil to reduceStB—

[4ry

Unfortunately, these methods increase tHe$ 5 énly by a few decibels. Thus, they are still not
efficient, especially for low noise applicatioasd low noise systems such as our OEO. One other
interesting method can be used to suppress the SBS, while keeping a low noise in an optical link. It has
been proven ithat concatenating multiple fibers,aving different BGS frequency shifts each, can
lead to an increase in thé $ 5 6f about 6 dB. However, this is still inefficient for our applications.

Fig. IV28. Fronf[43]] Dependence of the BGS on strain and temperature. Measured BGS when applied strain (a), (or
temperature (b)), is increased. Points represent experimental data and solid curves denote Lorentzian fitting.

IV.6.2 SBS suppression using optical isolators

Yet not very efficient, an elegant method used in SPG optical fibers to suppress the SBS, can be
very appeding if used in the FRR case. It is based on inserting optical isolators at different distances in a
SPG optical linlt9]| The isolation of the different isolators will thus prevent the SBS from intensifying in
the backwards direction in the optical fiber.

Essentially, in SPG optical fibers, the generated SBS Stokes wave travels backwards and it is

amplified by the Brillouin gain as it has been already explained in s Now, when an optical
isolator is inserted in a fiber of a total length{}, and its own effective length zygnd 5 $ 5,8he
isolator virtually cuts the fiber into two new lengths.{ and .¢ regarding the Brillouin gain.

}Jve <p v80CU 8Z "~ Jvd & 38]}v 8A v 87 (] E[- esthpr 6$51Bve |-
increased because it is replaced by two otHef 5%related to the new fiber sections,sand . The
SBS Stokes wave will be thus completely cut off by the isolator in the fiber link. However, to prevent the
SBS from beingenerated in long optical links, the length of each fiber section (sections are separated by
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isolators) must respect the launched power into each fiber section input in order not to exceed the
section5$ 5.6

Of course, this method has its drawbacks hesmit depends on the isolator insertion loss and
isolation. In addition, it depends on the optimal position of the isolators in the optical link: the spacing
between isolators should be shorter near the fiber input because the Brillouin gain is higher Foe
exampl in a 55 km optical fiber with nine isolators inserted in their optimal locations in the fiber,
the best result we can get is a 6 dB increment in §$ 5.6

Fortunately, this method could be of great interest in the FRR case because it could be much
more efficient in a FRR geometry. Like in SPG fikef5 6 the FRR basically depends on the FRR
equivalent lengthle,, while the FRR physical leéhd- is much shorter tharl,, The SBS power in the
optical fiber depends on the effective interaction length between the optical and the acoustic es
Photons circulate many times inside the FRR, dusstoigh 3g 5.~ Z]PZ }%S] o o0 C «+U =« J( ]S A
optical fiber. This increases the virtual interaction length (~1180m in the-l2@m FRR) between the
spontaneous Brillouin scattered wave, the optical carrier and the acoustic wave. Thus, the spaostane
Brillouin scattered wave will be intensified all along this virtual length and will become stimulated. It
could also create other higher order SBS waves with their own Raggesgtered waves, as we have
already seen in secti One of the severe consequences of this is optical carrier depletion and noise
added to the optical link (or system) due to all these waves considered as parasitic signals.

If one ideal isolator (with zero insertion loss and infinite isolatignnserted inside the FRR, it
will completely prevent the SBS from building inside the resonator. This is due to the fact that,
virtually, we will have a numbemNj of isolators. N will be equal to the photons total laps inside the
resonator N=L/L). The virtual isolators will be spaced by the FRR physical léngtius, the SBS Stokes
wave will be completely cut off by these virtual isolators, and §& 5 thside the resonator will be
increased to be the one of the physical resonator lerigthot the 5 $ 5 éf the FRR equivalent length,,
(seeFig. IV29[for the method illustration if applied to the 20tong FRR case)

Fig. IV29. lllustration of the laser (pump) and first SBS Stokes wave behavior inside theng0RRR, with and
without one (ideal) isolator inserted inside the FRR
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For example, the5 $ 5 6f the 20mlong FRR will be éneased from-1.4 dBm (for a ~1180m
virtual length) to 33.5 dBm (for a 20m physical length), thereupon by approximately 35 dB. The presence
of the isolator in the FRR will also efficiently reduce the Rayleigh scattering.

Unfortunately, and despite the fathat the SBS will be suppressed and the STRS will be reduced,
the optical isolator is not ideal, and it does not have zero insertion loss and infinite isolation. Thus, in the
FRR case, the isolator insertion loss will be also multiplied by the photosidllatherefore, the FRR
3EégA]OO E p HVO ¢« J( A }%3]Jull 8Z @& *}v §}E[* J(( E v8 % &E u
architecture, loss etc... This optimization study has to be done in order to compensate the isolator loss
and get a SBSuppression, a STRS reduction, a satisfying quality factor, low transmission loss and finally a
good phase noise result once the device is included in an OEO setup.

IV.6.3 Optimized and immunized FRIFRR)

IV.6.3.a IFRR optimization using ADS

The FRR optimization stutias been performed on the FRR model we have developed using a
microwave simulation software, ADS (Agilent). The modeling of the resonator using ADS has been
already detailed in chapter II.

In|Fig.IV. 30landFig. V31| we present quality factor, intraavity power and transmission loss
ADS simulation results obtained for a 10img FRR. We have found that an optimized coupling factor
}( 69U AZ]Jo u ]JvoC 8 I]JvP 8Z E +}v S } BE{ ¢ntd @count,|mudt lead jo a O kHz
(9*/ (consequently a3g 5 of 2.1x1G (3¢ . of 1.1x10 at B ,= 10GHz)) with a 2 MHZ£54 a 4 dB
optical transmission loss, a 7 dB power enhancement factor and a 22.7 dB rejection.

Fig.IV.30. 100mlong FRR optical quality factor versus the coupling factor (for both couplers), simulated using FRR
ADS model
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A 3g 5 0f 2.1x10 means an equivalent length, of 708m, consequently an intr@avity 5 $ 5 6f
64 mW (18 dBm) according Furthermore, with a 7 dB intreavity power enhancement
factor, the resonator input powe5 $ 5 will be about 12.7 mW (11 dBm), always according to 55 6
definition i Thus, if the SBS is generated inside the resonator, it will be detected far belob$HbsH
value (at least 5 dB below ths $ 5 theoretical value and definition, see the 2@ong FRR5 $ 5 power
measuremats inFig. 1V8).

Fig. IV31. 100mlong FRR intrgavity power enhancement factor and transmission loss, versus the coupling factor
(for both couplers), simulated using FRR ADS model

In the 100mlong PM FRR structure, we have added an optical inline polarizer at the resonator
input. This polarizer will completely eliminate the possibility of two polarization states behavior of the
optical carrier at the FRR input. Essentialiy Fibers in the respator assembly will only maintain the
EE] E[e 5 5+ }( %}o E]JI 8]}v v } v}8 vepE }voC }v dengo E]I 3]}
immunized FRR (IFRR) architecture is depici&ebinVv32

Fig. IV32. 100mlong immunized FRR architectugee alsldmage4 in appendix C
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IV.6.3.b IFRR optical characterization

Once the 100Mong IFRR has been fabricated, all experimental results were at expectations.
First,the IFRR has been optically characterized using the same sdfeig.dV.7| The optical power
measurements are depicted|kFig. V33

Fig. IV33. Experimental power mesarements results in the 100m}vP /&ZZ }( $Z o0 * E }US% USU 0 « E]
scattering and the first SBS Stokes wave, versus the laser input optical power

We can clearly see from these results that the SBS has been completely suppressed. Indeed, no
cariier saturation has been observed (the carrier power at the resonator output linearly increases with a
slope equal to 1; about 4 dB optical loss and 7 dB power enhancement factor have been obtained).
Besides, the STRS intensity has been efficiently red(mede than 40 dB rejection). The optical 4 dB
power loss and 7 dB power enhancement factor have been also accurately measured using an optical
power meter. In addition, the DC detection of the photodiode at the 180ng IFRR third output has
been measuredusing the laser scanning method (described in chapter Il), when the laser power injected
at the resonator input exceeds 9 dBm. The result is presenfeeinV34Jand we can clearly notice that
no saturation is visible on theetected signal; on the contrary of what we have observed when the same
measurement was done using the 28amg FRR with a laser carrier power that exceeded only the first
experimental 5 $ 5 @xperimental 5 $ 568 dBm; seg-ig. I\V8).
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Fig. IV34. Photodiode DC voltage measured using an oscilloscope at the FRR third output while the laser frequency
is scanning a resonancedirvisible laser carrier saturation due to SBS generation inside théoP@nFRR, on the
other hand no carrier saturation is observed for the 1806ng IFRR even with a laser carrier power above 9 dBm

IV.6.3.c STRS behavior in the IFRR
In order to describe the SBRspectrum behavior in the 106lmng IFRR, the STRS baseband noise

power spectrum has been measured at the resonator second output [ESindV17[setup; results are

depicted inFig. IV.35[ These rests show that the STRS noise level has been considerably reduced by
more than 50 dB all over the baseband noise spectra compared to the results obtajRied i 18|for

the 20mlong FRR.

However, we can also notice that only theb kHz Rayleigh signature increases gradually with
the optical input power. This is because the STRS is no longer dominated by the SBS in the IFRR. Also, the
1.5 kHz signature is more present than the one observed at 60 kHz in thioBrFRR case. Thieans
that it is the only pure STRS shift, while the one detected in the-Bbign FRR at 60 kHz and reported in
could be the result of a mixed STRS with spontaneous Brillouin scattering or even withdf@B&y
called guided acoustic wave Brillouin scattering (GAWBS).

This type of Brillouin scattering generally occurs in photonic crystal fibers oiabsisted fibers

because of their interesting acoustic proper with frequency shifts above tens to hundreds of
MHz. GAWABS is less efficient in single mode fibers and it is caused by transverse acoustic resonant

modes of the cladding in the fiber struct GAWBS appear as peaks in the baseband noise from
few kHz till around 400 MHz in these fibers.
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Fig. IV35. Baseband noise power spectra at the second output of the 100IFRR, measured in the electrical
domain usingrig. IV17|setup

IvV.6.3.d Laser RIN behavior in the IFRR

Even not severely degraded by the nonlinear optical effects as in thel@mFRR case, the
laser RIN measurements at the IFRR input and output respectively[Figiny 12]setup, have shown a
degradation in the laser RIN in the frequency band ranging from 200 Hz to 200 kHz when an optical

carrier power of 0 dBm is used. The results are depict@' inl\vV36

Fig. IV36. Laser RIN degradation in the 100ong IFRR, probably caused of the residual STRS noise generated
inside the resonator and by the PDH laser stabilization loop
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This RIN degradation is probably caused by the residual STRS noise iedghéndy band
because we can clearly notice the STRS signature at 1.5 kHz. On the other hand, the RIN degradation is
rapidly reduced and filtered by the FRR above 40 kHz offset frequency. Finally, this RIN degradation
could be also caused by the PDH lasmbitization loop because a bad setting of the PDH loop
parameters could increase the laser AM and FM noise conversions via the resonator, as we have stated
in chapter Il and also as we will see in se¢t\i7.4in this chapter.

IV.6.3.e IFRR RF characterization

The IFRR characterization results in the RF domain also met our expect&iojébecause the
resonance 3dB bandwidth is maintained in the RF domigfection, ( 5 4 RF transmission loss (doubled
in the RF domain because of the PD quadratic detection)|RigpdV37). These RF characteristiosre
accurately measured using the high resolution vector network analyzer method described in chapter II.

Fig. IV37. RF transmission characteristics of the 166ng IFRR

IV.6.3.1Signal phase noise behavior through the IFRR

In the same perspective, characterizing the new IFRR, we have measured the phase noise of a
10 GHz RF synthesizer signal transmitted through a classical optical link using a MZM. The same OEO
architecture and components were used in this link but in open lagdiguration, with and without the
100mlong IFRR. The phase noise measurements are depic{dginlV.38 Results show a slight
degradation in the phase noise when the 10mgFRR is used. Interestingly, this phase noise
degradation occurs in the same offset frequency range as for the laser RIN aforementioned case. We
assume that, like for the RIN case, the same degradation reasons apply.
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Fig. IV38. Phase noise of a 10 GHZ RF synthesizer digmemnitted through an optical link (the OEO setup in open
loop configuration), with and without the 100tang IFRR included

IV.7 OEO based on the new passive 100ong IFRR

All things considered, the new IFRR experimental results prove that we have an ogptimize
resonator with a high3g 5 and low transmission loss. Moreover, the resonator is completely immunized
against the SBS, and the STRS is efficiently reduced (even with the STRS slight possible contribution to
the signal RIN and phase noise degradation). Therefore, usiageabonator as a frequency stability
element in an OEO setup should now considerably reduce its phase noise.

IV.7.1 OEO phase nois¢heoretical expectations

If the new 100rdong IFRR is used in the OEO setup, the OEO noise modeling approach, detailed
in (chapterlll), it expects a white frequency noise contributiont34 dBc/Hz at 1&Hz offset frequency
to the OEO phase noise, (see the dashed cuffégnIV42). However, the phase noise contribution of
the optical amplifier and REmplifiers, which are intended to be use in the OEO setup, must be
estimated and added in order to get an accurate theoretical expectation of the OEO phase noise. To do
JUA ZA (JE*Su spuE 3Z 1}%S] 0 VvV Z& u%o0](@EnEmid@Ee hpvg 0 %oZ
already mentioned in chapter I.

First, the residual phase noise of the two RF amplifiers (an AML 812PNA2401 low noise amplifier
(f= 212 GHz; G=24 dB) and a Pseudomorphic High Electron Mobility Transistor (PHEMT)fERY&12 (
GHz; G=1dB)) has been measured. Both amplifiers were used after the PD in the OEO RF loop. We have
also measured the phase noise of the RF amplifier (Watkins JohhsRSA 688815f=519 GHz;,
G=31 dB)) used outside of the OEO loop and placed before the PDyeghjglbthe SSA to measure the
OEO phase noise. Furthermore, the residual phase noise of the EDFA optical amplifier, used before the
PD in the OEO optical loop, has been also evaluated. This has been done first by adding a classical optical
link as a DUT ithe measurement bench and measuring the link residual phase noise, then by adding the
optical amplifier in the optical link and repeating the same measurement. We can then get an estimation
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of the phase noise added by the EDFA to the optical link. Régiiaae noise results of the optical and
RF amplifiers are presentedfing. 1V39

Fig. IV39. Residual phase noise of the optical and RF amplifiers intended to be used in both optical andiRF loops
the OEO, and of the RF amplifier to be used in the OEO phase noise measurement link. Measurements were
performed using residual phase noise measurement bench described in chapter |

Once in the OEO loop, the measured amplifiers residual phase noiseedaerbintroduced in

$Z +]Ju%o](] K K u} oU (}oo}A]VB2ldetaled[in chapted®} taling into account

the resonator equivalenBg ;factor at the OEO oscillation frequendy% 10.2 GHz).

Using> <}v[e %o %ari#Fig.4V.39 measurement data, we can compute the different in
loop amplifiers phase noise contributions to the OEO phase noise. Hudtsreare represented in

Fig. V40
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Fig. IV40. Phase noise contributions, of the optical amplifier and the two RF amplifiers inside the OEO loop, to the

K K %Z ¢« v}]e X o0 po $ relatjonRdetailed in[ehapter I) includifgg. IV39measurement data

Actually, in the OEO experimental setup and in order to measure the OEO phase noise, we have
used a 3 dB optical coupler at the end of the OEO optical l&tepthe optical amplifier. One part of the
splitted optical signal feeds the oscillation loop and the other part is sent via al@timoptical link
ended by ghotodiodeand the WJ Versa RF amplifier. The amplifier output is then sent to the SSA, (see

Fig. IV41).

In that case, the OEO signal we are characterizing gets out from the FRR , followed by the EDFA,
and then by the oubf-loopphotodiode v t: A B+ Z& u%o0](] EX > ee}v[e u} 0o Vv 3
to take into accoat this situation and a more detailed relation can be then developed. This relation is
given by:
36

Exws B L sr'aZ'aeLr_—%aGGUks 2£0:BE5 505:B ;E5 506:B ; E0%doM

z8g,

(EQ.IV10)

5,07:B;E0%
EF?7|%t 061(13

where . g «x5:B ;in (dBc/Hz) is the oscillator single sideband phase noise at an offset frequ&cy

following the extended OEO noise model, abd:B ;in (rad¥Hz)]s $Z ](( & vS u%o0](] E<[ &
phase noise power spectral density in one Hz bandwidth at an offset frequBndyb :B ; measured

values are represented |iig. 1V.39). 0 % 4and 0 % gare respectively the ipop and the outof-loop

noise to carrier ratios.
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, V. U 8Z]e & o S]}v S 1| « Jv§} }uvs sz U%O0](] <[ Vv}]e }vSE]
loop, adding the idoop 0 % 4 and the FRR quality factor effect on the clésecarrier phase noise (first
term in the relation). Furthermore, the owdf-loop 0 % dand RF amplifier noise, used to measure the
OEO phase noise, are taken into account (second term in the relation).

Fig. IV41. OEO dailed architecture, including the output characterization liiee aldémage5)Image6)image7|
andImage9|in appendix C

Finally, as a result of managing theldop optical power to get 7 mW gthotodiode input to
vanish its RINo-Z& WD v}]e JWA E<]}v } ((] ] V8 ~ Z %8 & /[//+U }( }ve] E]
parameters and by ating the different amplifiers residual phase noise measurement results and the
calculation of both 0 % 4f0llowing the relation we have detailed in chapter IlI, relafid&q.IV.10)]
expects a
-128 dBc/Hz phase noise levelldt kHz offset frequency, (see the blue cur@ .

IV.7.2 OEO phase nois@xperimental results
After all these studies, the 100iong IFRR resonator has been included in the OEO experimental

setup and a considerably reduce@O phase noise has been measured, with28 dBc/Hz noise level at

10 kHz offset frequency and @50 dBc/Hz noise floor as theoretically predicted using relation
(see the green curve [Rig. IV.42). The slight closeo-carrier noise difference with the

$Z }EC ]+ p 3} U%o](] E+[ v}]* u pE u vi- [(Eq.MID)becauseteis]vP E o
closeto-carrier phase noise is powsensitive and we dinot have the same input power on each of the
amplifiers in the OEO experimental setup like when characterizing their noise.

The rapid increase in the OEO clbsecarrier phase noise is likely due to thermal effects
because this OEO is a laboratory setungl all its parts were exposed in free space where they were not
thermally isolated, including the optical resonator.
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Fig. IV42. 100mlong passive IFRR based OEO: phase noise calculation, measurement and comparison with
OEvaves 330mong activecavity based COEO

The 100rdong IFRR based OEO phase noise result is very encouraging if compared to the 330m
long activecavity based OEO, also known as coupled optoelectronic oscillator (COEO) and currently
commercialized by OEwa\f&3]| (see the restars curve ifFig. IV42). That being said when taking into
account the fact that our IFRR is a passive resonator and it has more than three times shorter length. We
can expect esn better results if only the optical and RF amplifiers contribution is lowered (at least 7 dB
reduction in the phase noise at 10 kHz offset frequency are possible in this OEO).

IV.7.3 Comparison to a 76m delay line based OEO

Compared to a classical 758ong cklay line based OE®ge the ARAMOS second interim report
t internal repor), our 100mlong IFRR based OEO features the same phase noise level down to 1 kHz
offset frequency. However, our OEO has the advantage of being -Bpardelow 2 MHz offset
frequercy, and spurs are very low above this offset frequency. In addition, below 1 kHz offset frequency,
the IFRR based OEO seems to feature a lower flicker noise (at least 16 dB lower) than the delay line
based oscillator. This also demonstrates the efficiesfcguch oscillator architecture.

I\V.7.4 Effects of the PDH stabilization loop bandwidth
The PDH loop bandwidth appears to be a very critical parameter in our OEO setup. In fact, in the

new 100mlong IFRR based OEO, we have found that when the PDH loop bandwigiduced to a few

hundreds of Hz (especially the PID input and output filtesge chapter I), it can considerably degrade

the OEO phase noise. On the other side, when its bandwidth is highly increased, the PDH stabilization

loop starts to be unstable ahthe stability is achieved only for a short time. The optimal bandwidth

setting that has been found was around 10 kHz, (see the green and orange c|figed\Vfi3).
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Fig. IV43. The effect of th€DH bandwidth reduction on the 108ang IFRR based OEO phase noise.

This PDH effect is due to the fact that when the PDH loop bandwidth is reduced, it will only
control the slow frequency fluctuations of the laser carrier inside the FRR. In this cadaséhn high
frequency fluctuations will not be efficiently corrected and they will be converted to RF phase noise in
the OEO loop via the different processes that we have already stated in chapter llI.

V.8 Conclusion

In this chapter, we have studied the irdluce of nonlinear optical phenomena, generated inside
a 20milong fiber ring resonator (FRR), on the OEO phase noise. These nonlinear effects have been found
to be the main reason behind the excess phase noise in a FRR based OEO setup. Hence, they have been
deeply studied in the resonator case, especially the Brillouin scattering and the Rayleigh scattering.
Through these studies, we have found a way to completely suppress the Brillouin scattering and to
reduce the Rayleigh scattering in a new design ofnamunized 100rdong fiber ring resonator (IFRR).
Once this IFRR has been used in an OEO setup, we have been able to measure a considerably reduced
phase noise, with &28 dBc/Hz noise level at 10 kHz offset frequency a1idb@ dBc/Hz noise floor.

The 100n-long IFRR based OEO phase noise results were also compared to those oflar880m
activecavity based OEO, also known as coupled optoelectronic oscillator (COEQ) that is currently
commercialized. The comparison between these two OEOs shows a slighgapibetween both OEOs
which is in favor of the COEO. However, taking into account the fact that our IFRR is a passive resonator
that has more than three times shorter fiber length, this makes our OEO results very encouraging
compared to the COEO. Moreayeve can expect to get an even better result than the one presented in
[Fig. IvV42]if lower loss isolator is used inside the resonator (thus much better resonator characteristics
could be obtained), if RF amplifiers contributitsnthe OEO phase noise could be reduced (the OEO
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phase noise spectrum was clearly limited by amplifiers noise in its white frequency noise part) and if low
Vil]e }%38} o SE}v] }Ju%e}lv vSe ~0 ¢ BEU W Ye &E e X /v Use 0O &
at 10 kHz offset frequency could be theoretically obtained if only the RF amplifiers noise contribution is
reduced.

Aside from its negative effects on the FRR based OEO phase noise, and in parallel with our OEO
optimization studies, investigations habeen performed on the generation of millimetarave signals
using the Brillouin selective sideband amplification process in a-l20m high 3¢5 FRR. The
synchronization of the Brillouin amplification lines with a 21.7 GHz RF seed signal has resulted in high
power and high spectral purity millimetavave signals generation up to 65 GHz, which is of great
interest for many applications.h€ proposed technique allows us to easily get high signal to noise ratio
and low closdo-carrier phase noise for the generated millimetgave signals.
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Chapter V FRR and OEO: thermal stability and tunability studies

V.1 Introduction

The thermal stability of the OEO is an important parameter to scale as it could affect its
frequency stability. This thermal stability is directly linked to the thermal stability of tbguéncy
reference element in the OEO setup, which is the FRR.

Also, in addition to the low phase noise levels that we can achieve using a FRR based OEO, the
tunability of the OEO oscillation frequency is a main desired feature for many applicationss(radar
Juupv] S]}ve eCeS ueYeX

In this chapter, the OEO thermal stability is investigated. Theoretical and experimental studies
are performed to determine precisely the resonator and the oscillator thermal stability parameter.

Moreover, we have investigatl the possibilities of tuning the oscillation frequency of the FRR
based OEO. We have therefore studied different techniques to make the FRR completely tunable, which
means an independent tuning of IESRand the absolute frequency of its optical resohamdes.
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V.2 FRR and OEO thermal stability

Kv }(8Z €&]8] 0 % E us &+ S} » o Jv &zZZ < KK ] 8zZ &ZzZ
§Z &ZZ ]+ 82 (E «<pv C €& ( E vV o0 uvsS ]Jv §8Z K KX /8 §Z (Eu 0 *§
thermal stability, and accordingly its frequency stability. More precisely, it is the frequency stability of
S§Z &ZZ[* }%S] 0 u} (5% S AB ZS<LS} eSu] X dZ u} e[ <*}opusS }%S]
stability is also an important factor; however, it does not influence the OEO stability as long as the laser
is stabilized onto the FRR via the PDH loop.

We have therefore theoreticallgnd experimentally investigated the thermal stability matter in
v KK eCeS uU C (JE*S S ES]JVP Sp C }v SZ &ZZ[+ SZ (Eu 0 *S ]o]SC

V.2.1 Theoretical studies on the FRR and the OEO thermal stability

As we have already mentioned in chapter Il, the modacspg in the resonator frequency comb,
the (54 depends on two parameters of the optical fiber used to fabricate the FRR: its core refractive
indexn and its length..

Considering that a typical single mode silica fiber experiences a temperature vatiatrihe
change in the effective feactive index @ Jversus the temperature will be more important than that of
the fiber length A ).

The fiber effective refractive index and its thermal expansion coeffi¢iehthave both a nearly

lineardependence on the temperatu— They are respectively given by:

¢JL {4 Hsr’” H ¢6 (Eq. V1)
. s@.
UL _.gﬁl' ravHsr’ - 75 (Eqg. V2)
Therdore
¢ LravHsr H. H ¢6 o (Eq. V3)

In a fiber ring resonator, theptical field phase delay, after propagating though the fiber loop, is
given by:

té Ry

Tagd U.Li? (Eq. V4)

where R ; isthe optical frequency.
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When|(Eq. V 4)| satisfies Tg54 Lté where (LL sdad), the resonant frequency&519l is
determined by:

teBa, J.
—— 2 LLte (Eq. V5)
Therefore

?
Bag L L3~ L L(54 (Eq. VB)

From(Eqg. V6)| we can see that the optical resonant frequency is a multipdé the reson#or
free spectral range.

When heating the FRRland . will change versusA 6 As a result, the optical signal inside the
resonator will encounter an additional phase deldyi(), given by:

FtéBu_P:'C"‘]E NI

At L ~ (Eq.V.7)

And(Eq. V4)|will be replaced by:

teBad. -
TWEL# E AT, (Eq. V8)

o

From/(Eg. V.5)||(Eg.V. 7)|and|(Eqg. V.8)| the L®Presonant frequency&a%will then shift by

(;%agas follows:

L JE Jé.;

CBag L FoL— ———— T * V- Fs; (Eq. V9)

Fronm(Eq. V9)| we can see that the first effect of a thermal variation in a FRR will be a uniform
shift of the optical frequency comb generated by the FRR (the minus sign indicates a negative frequency
shift). Togénher with this uniform frequency shift, thé 5 4will change as well. This is the only frequency

variation in the optical domain that will be visible in the RF domain. Actually, when the FRR is used for
microwave applications, the photodiode output (at the FRR output) will be the resulting Rierfiegof

the beat v} 3 SA v 3 0 35 5A} }%3] o u} e« }( 8Z &ZZ%4védaEtiequisv C Ju X

given by:
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L JE Jé.,
A(54L F?% SAVALLY (Eq. V10)
From(Eqg. V9)land(Eqg. V10)|we get:
CBag LLe(54 V-7 (Eq. V11)

Fig.V.1|represents a simple illustration of the relation above.eTminus sign iEq. V.10)
indicates a contraction in thESR/ersus the temperature.

FigVAX Z o 8]}v  8A Vv }%3] o u} [ <*}opud (E <uv C +Z](8s v 8Z &"Z A E

The ¢(54in[(Eq. V10)|Z - v oMo 3 (}JE J(( & vs &ZZ[+ o vP&Zs v A]:
variation ¢6 L s -. The results are presented[Fig.V.2Jwhere they show that thé"SRslightly clanges
A Eepe 3Z S uU% E SHE v 5Z]s A E] 8]}V ]* VA E+ 0C % E}%}ES]}V 0
the longer the FRR is, the more stable it will be versus the temperature.
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Fig.V2. ¢(5 4calculated for different& ZZ[+ 0 VP3Ze+ A]S3Z & u %60 $p.GEhe AirGEs|sighliv
indicates a contraction in the FSR

On the other hand, because in our RF applications using the FRR we utilize two (or even three)
modes of the FRlﬁé%and &5‘346’ spaced by the RF application frequenfgy< FSRJ), we will have

to multiply the opticalFSRvariation by a variabld®> equal to the number of "opticalFSRghat exist
between these two optical modes (sffg.V.1]for illustration). Therefore, we will get the globBBR
variation in the RF domain which will be termed 4& #ZThe variabldis given by:

BageF Bagy B, (54

2L L—L (Eq. V12
(54 (54 (54
Therefore
i(54,L2:(54 (Eq. V13)
We can finally conclude that:
'(54;-Li (54 (Eq. V14
¢ ¢~ (54°¢ '
And
;B (54
B <
AB (54 (Eq. V15)

4(

These relative fluctuations are therefore a constant equabtg ppm K.
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Finally, the global 5 4variation in the RF domairA ( 5 ¢ , will be given independently from the
FRR length, as follows:

¢(54,L B HiFxgsr, *V-Fs (Eq. V16)

The relative thermal stability of the FRR based OEQ is therefore eq@8tppm K. This value
is comparable to the typical thermal stability of aneentional microwave dielectric resonator oscillator,
which is in the range of 3 ppni‘for commercial devices.

V.2.2 Experimental results on the FRR and the OEO thermal stability

To validate the theory, the FRR has been fixed on a temperaalilerated hotphte. 95 % of the
20mlong FRR were in contact with the plate while the two optical couplers were isolated from thermal
variations (se. Of course, if the optical couplers are exposed to thermal variations, their
coupling coefficients may slightly change, leading to a minor modification in the FRR characteristics,
especially in it€op:and in thell

Fig.V.3. FRR heating using a temperatw@&ibrated hotplate. The optical couplers were thedynaolated; T:
thermoelectric Peltiejunction.

Fora¢6 L uw and a microwave application frequendy,= 10.2 GHz, the calculatior[@q. V]
gives a ¢(54,of (-) 2.4 MHz, taking into account that only 95% of the FRR is exposed to this
thermal variation. The mus sign indicates a contraction in tR&R/ersus the temperature. This means
a negative shift by 2.4 MHz in the resulting RF frequency if the FRR is used for a microwave domain
application.

Experimentally, we have used the microwave domain charact@rizdtench (see chapter Il) to
measure the FRR transmission response before and after being heated. We have found a frequency shift
of 2.5 MHz, as it is shownfig.V 4
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Fig.vV4.20mo}vP &ZZ|[-sSiaa respohse before and after being heated on 95% of its total length. A RF
frequency shift by 2.5 MHz has been obtained whénlL uw and B ,= 10.2 GHz

Furthermore, we have performed the same test on 75% of arareer long FRR to validate our
theoretical results that expects the same thermal stability for all resonators lengths if the resonators are
used for microwave domain applications (like in the OEO case) in the same conditions. The experimental
results have validated our theory.

In addiion, as we have already mentioned, heating the optical couplers will modify their
coupling coefficients, but it marginally modifies the resonant frequency which remains determined by
S§Z &ZZ[* 0}}% o0 vVPSZX

Finally, the OEO temperature stability can becgkdted using the above described approach,
providing that the temperature changes remain in a moderate range around the nominal system
S U% E SuE X D}E }JA EU A Z A &} }ve] B 83Z Jo SE] & -}v 3}E
(54andits ¢B, versus¢ characteristic to prevent an eventual mode hopping in the OEO oscillation.

V.3 FRR and OEO tunability

Tunability is a desired feature in any optical f This also applies to the FRR case due to the
high Qo that could be obtained using such a resonator structure and the simplicity in its fabrication.
Moreover, numerous studies were made (and are still made) to investigate the different possibilities to
tune the oscillation frequency in different OEO architees (in delayline based OEby using
double delayline loops or adding an optical filter to the OEO loop, or in WGM resonators based OEOs by
using tunable WGM resonators made of eleetqatic crystalline materials...). This proves that the
tunability is an important feature to be studied in our FRR based OEO, and we have therefore
investigated the FRR tunability by different means.
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Of course, the aforementioned thermal stability studwifirst technique which may be used to
tune the FRROEO oscillation frequency. Nevertheless, we have realized that the FRR response to the
temperature is too weak (70 Hz/K for a 28omg FRR; s§€ig.V.2). Also, temperature tumig is a very
slow process and therefore inefficient for many applications. We have therefore searched for other
means to tune the FRR frequency response.

V.3.1 Theoretical studies on the tunability of the FRR

ASu CJvP 8Z &ZZ[+ 3uv ]o]3CU the pdssilities Af 4&ify $he absolute
(E <pv C}(SZ }%S] o (E <pv C }u Pv ES C SZASRIdZIlY, we o0} S\
have searched to tune both of them independently.

V.3.1.8Absolute frequency tuning using an optical phashifter
In|[11]| D. Sadot has reported on an ulfi@st tunable optical filter with a tuning speed of less
than one nanosecond. His filter configuration was based on a dimgbled ring resonator architecture
where a plaseshifter (PS) has bednsertedwithin the fiber ring loop. The PS was used to control the
phase delay inside the ring loop, and therefore, the phase matching condition in the ring resonator. A
change in the phase matching condition leads to an absdhaiguency shift in the optical frequency
comb generated by the resonator. This frequency shift is proportional to the additional shifte
Jve]l] 8Z (] & E]JVP 0}}% X dZ % E]v ]% 0 v pe 8} }vsEl}o §z
opticalcomb in our case, (sg€g.V5|(@)).

Fig.V5. (a) FRR architecture with a phastgfter used to control the phase delay inside the fiber ring loop. (b) ADS
simulation of the optical frequency combfsl a 20mlong FRR (in blue) when an additional phsisiét Az L &
]e Jvel] 8Z &ZZ[* 0}}%o

Similar to the temperature variation case, when the PS is driven by a given DC vditgge (
the optical signal inside the FRR will endeuran additional phase delayd(igisU % v JVP }v §Z WA[s

f

nIAAA As a result, the phase matching conditiof(fy. \ 4)|will be
AA

phaseshift coefficient @ ,g; L

replaced by:

146



Chapter V FRR and OEO: thermal stability and tunability studies

. teBacd. _ .
|é®;% EAT,, (Eq. V17)

The additional phase delad ig jis given by:

teBacidei-ei
?

Afgi L F (Eq. V18)

where ¢Jgi ] $Z W[ «ivdEndeE vasiation and. g; is the PS length. Usually,z; does not
experience any significant change when applyiAg; to the PS, therefore its variation could be
neglected.

Accordingly, the resonant frequend 5 C4in (Eqg. V5)|will be replaced by:

Bag 'L Bag E cBag (Eq. V19)

where ¢ 5 ds the optical resonant frequency shift, proportional to the phabét induced by the PS. It
is given as followg11]

Aler o2 | Alei gog (Eq. V20)
e & be ® a

cBacl

Fronm(Eq. V20)| it is clear that when aadditional t éphaseshift is added to the optical signal
inside the fiber ring loop, the optical resonant frequen?yaﬁwill shift by oneFSRUsing ADS, we have

simulated the transmission and absorption responses of a-Bmg FRR, where a pleshifter has been
inserted within the fiber loop. Changind igjfromOto té v u}v]3}E]JVP 8Z &ZZ[s E *%}Ve
confirmed the validity of this tuning principle ( (b)). Furthermore, such a tuning technique

} e viS u} 1(C 8Z &ZZ[s SE veu]eMW Py & E*XS E]*S] » ~

e A ZA O0E Cuvs]}v USZ (E <uv _C *Z](38]v 8Z &E *}v S}E]
visible in the RF domain using our microwave domain characterization technique (tmgjeelcan only
confirm that no significant change in the FSR occurs). Nevertheless, this frequency shift could be
detected using the narrow linewidth laser wavelength scanning method (detailed in chapter 1), as we
will see in the following.

The tuning pinciple using a PS has been experimentally tested. We have used-28HRRR
with a PS (general optics FPS 001) that has been inserted within the fiber loop. This PS has been
characterized using a Ma&hender interferometer configuration (se@Appendix BB and we have
u pE W A [shiftcdefficient & ¢ = 0.05% rad/V. Therefore, aA & equal to 18 V will result
inaAfg; <p o 8} « E X
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The FRR including a PS (R} has been characterized using the narrow linewidth laser
wavelength scanning method and the experimental seflystrated i The second 20dong
FRR in this setup has been used as a spectator FRR to witness on the absolute frequency shift in the 23m
O}VP &ZZJ[* }%S8] o }u X

Fig.V.6. Experimental benchsed to detect the frequency shiftina 23o}vP & ZZ[s }%3] o }u U Me C
additional phaseshift added inside the ring loop via a phagefter. RUT: resonator under testy§3dB coupler

The experimental results are depictedhig.V.7.[These results confirm that when an additional
phaseshift Afgj L ] Jve] §Z &ZZ[* 0}}% U ]S }%S] o (E <pv C }u <Z
E +}v §}E@RB&ZY A
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Fig.V.7. Absolute frequency shilty FSR/®f the optical comb generated by the 23ang FRR (in yellow), occurred
when an additional phasshift Afz; L ] Jve] SZ &ZZ[+ 0}}% XomhZFRR (in gredn)has
been used as a spectator ritmwitness on this absolute frequency shift

V.3.1.bFree spectral range tuning using a variable optical coupler

The Sagnac effect, named after French physicist Georges Sagnac who has provided the first
experimental demonstration in 1913, manifests itself in aupetalled ring interferometer. This setup
was capable of indicating the state of rotation of the frame of reference in which it was lln
this ring interferometer, the injected light beam is split and the two beams made to follow a
trajectory in opposite directionsThe output of this interferometer is sensitive to any phase difference
between these two countepropagating beams.

Iv Ju@E&E = U S§Z +u (( 8§ }pupo phe 8} ¢%0]S SAg REXNAE *}v v
controllable optical frequency comb. This is achieved in a configuration that includes a classical FRR
architecture with Sagnac mirror (SM) inside the fiber ring loop. The SM is created by a fiber loop of given
length Lgy and a tunable opticatoupler (TC) (s. This technigue has been thoroughly studied
by C. Vazquez et where analytical expressions describing a similar architecture baen
derived (they used a singfiirect coupled ring resonator instead of the FRR we are using).

In this architecture, a FRR including a SM {ERR the optical resonance experiences a split that
looks like a creation of a new optical frequency contie flesonance split value;( or what we can call
§Z VvV A }%3] o }u [e *}opus (€ <p v C *Z](85 (E}u 8$Z u ]v }%S] o }
coupling coefficient §J. By tuning fcfrom 0 to 100 %, we are able to modifyOfrom zero to one
complee FSR

The FRR'D[* &"ZU (}E& }53Z }%3] o (E <pu v C }u U ]Js PIAVv CW
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?

(54eeiel5g (Eq. V21)

cEEE &

where Lerris the FRR length.

Fig.V.8. General architecturefahe FRR including a Sagnhac mirror

Using ADS, we have created a model of the-6RRwith an 18mong FRR and a 2tong SM.

We considered that the fiber attenuatiopy is equal to 0.5 dB/km (Rl fibers) and that the three
Ju% 0 Ee[ /£ e+ 0}}ooPAEV,WA y= 0.03 dB (all these values can be technically

achieved). Furthermore, an optimal optical coupling has been found for couplarsl@ ( f= £ = 8%).

The simulation results of the optical transmission spectrum verggigt both second and third
outputs of the FRfSM structure, are presented|ifig.V.9|(we have presented only the results fgic=
i9 v Al 9 (}JE& o E]SC[es « | X

From these results we can see that, interestingly, the main opticabé&ecy comb will still be
fixed while the new comb is shifted in function ¢t This FRISM characteristic has not been reported

CIERATAY

in the work of C. Vazquez et|fl3]|[14]| Moreover,a frequency stit by can be observed in

the new optical comb wherfcis equal to 50 %.

GUESZ EUIE U §Z @€ +}v §}E[+ }5Z }ud%use » u 8} Z A  ](( @
Ju% E }8Z IuS%opuSe[  FcAdgaEing tkE emain and MA E +}v v [ &t,D v
transmission loss (sf€ig.V.10[~ ¢+ v ~ ¢ & *% S]A oCeU v 3Z u ]v wase A & «}v
rejection (seg~ig.V.11).
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Fig.V.9. ADS simulabn results of the optical transmission spectrum at both second (a) and third (b) outputs of the
FRRSD [+ A @&e Arefuency shift b§'E+m’can be observed in the new optical comb whéagis at 50 %.X
andY v}§ S]}ve ]Jv] § v ]v E <]JvP }&alue & <]JvP ]v f
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Fig.vV.10. ADS simulation results thfe transmission characteristics at the FRR [+ }S§Z ¢« }v v SZ]JE }US% US
ulv v v AEs}vv e« K(@F®4Mant (b) Transmission loss

Fig.V.11. ADS simulation of the worstse rejection at the FRRD [+ }8Z}v v SZ]E }uS%opuSe[ u]v v v
E <}vv e ArdE-p- f

The results ifFig.V.10|(a) show that for both outputs, the FWHM is the same for the main and
the new resonances, however, we can get a narrower FWHM at the"HRR»irél output and on a wide
range of fcvariations. This FWHM is between 344 kHz and 348 kHz, which mégapsoh 5.6x10 at
155 pm laser wavelength. Identically, the resultdFig.V.10| (b) show that for both outputs the
transmission loss is the same for the main and the new resonances. On the other hand, we can get a
constant transmission loss at the second output vergugtransmission loss = 8.6 dB), which is not the
case at the third output. Actually, we can see that trensmission loss at the third output varies from
8 dB to 9.1 dB versufis which is still acceptable if we take into consideration the FWHM behavior and
also the worstcase rejection behavior of the resonances at the third output.
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Actually]Fig.V.11|results show that for both outputs, the worstse rejection is the same for
the main and the new resonances, but we can get a higher rejection at the’ERR SZ]E }uS %o U
a wide range offcvariations.

V.3.1.cAll-tunable FRR
The simulation results of sectipn3.1.Hare very interesting: they predict, together with section

e ¢Jupo 38]}v v A% E]Ju vi otuEablerRR (TFRR) Structureois possible if we
combine the tunable coupler effect with the phaskifter effect. This structure will include a SM and a

PS as illustrated |iRig.V12| It is noteworthy to know that the insertion of the BBher in the SM loop or
in the FRR loop will have the same effect on the TFRR response.

Fig.V.12 All tunable FRR: a FRR including a Sagnac mirror and a phase shifter

The frequency spectrum at the third output of a 20omg TFRR has been simulated using ADS.
The simulation results presentedshow that an independent tuning of the new optical comb,
and uniformly both new and main combs, is possible by means of the tunable coupler andate ph
shifter respectively.
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Fig.V.13 20mlong altSpv o &ZZ[+s SZ]E }uS%usS (E <p v C *% SEMHU cJupo § pe]vP
of the new optical comb and a uniform tuning of both new and main optical combs is ligspeobtained by
changing the coupling coefficient of the tunable coupler and the pehgtadded by the phasshifter

V.3.2 Experimental results ban all-tunable FRR

Due to the significance of what ADS is predicting on the TFRR, and in order to coefien th
simulation results, we have tried to fabricate a TFRR with some optical devices available at our
laboratory.

For this purpose, we have first characterized a polarization maintaining variable ratio optical
coupler (905(RE from Evanescent Optics InN§.)dZ]e }u% o0 E[e }IHu%o]vP } ((] ] vSsS ]
different means: a fast tuning accomplished by means of a micrometer screw, and a fine tuning remotely
controlled using a piezoelectric actuator. The coupling characteristics of the tunable coupler a
presented iversus the DC bias voltage applied to its piezoelectric actuator. They show that the

}U% 0 E[e /E e 0}ee ]¢+ A EC Z]PZU =« |5 v E}luv 119 ~«i <X D}CE
not equilibrated and also the coupler is not free of hysteresis.

The PS we used has been already mentioned in s¢¢ti®i.dand its characterization is detailed
in Appendix Blt has a phasshift coefficienta ;A 1XiAd« E IsX

&]v ooCU d&ZZ Z - v ( ] 8§ pue]vP 8Z (}E& u v3]}v A E] o
input and output couplers having the following characteristis= 5 = 30 % andy A .+ 0.1 dB
Unfortunately, the whole stroture had very high transmission loss (because this was only a test
structure and we were using fiber connectors to connect the different elements instead of splicing
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them). Therefore, we have removed the PS from the TFRR structure and we have onlyhe $iRIRSM
behavior. The FR8M was 7mong (== 5 meter andsy= 2 meter), thus a 29 MHE5 4 ¢ p) £is to be
expected.

Fig.V.14. Evanescent Optics (905@) variable ratio optical coupler scheme and characteristics. A and B notations

indicate that the coupler has been characterized at its A or its B auXpamd Y notations indicate that the coupler

has been characterized with an input optical signal at its X or its Y iXpard Y notations indicate respectively

that the DC bias voltage, applied to the coupler piezoelectric actuator, has been increas€d\rto 125 V or
E « (E}uitnssd}lis~A ZA }v 8Z e u *pE u vsde 8} »+ 0 3Z }u%o
In spite of removing the PS from the structure, the transmission loss was always high, preventing

a correct description of the FRRD [+ S@ission characteristics using the microwave domain
characterization bench (chapter Il). On the other hand, we were able to describe thENFRBsorption
characteristics using this characterization bench because more optical power can be detected at the
absorption port of the structure. The characterization results are presentdgiV 15fand they confirm
atotal (54 g pjg0f 31 MHz and a frequency shift in the new comb by the half ®# ¢ & gwhen fic
is E}uv AI9X dZ 1(( & v lv §2 *JE%S]}v E }v v <f %SZe 1o 0]l
variable coupler outputs A and B are not equilibrated.

It is noteworthy to point out that when characterizing the F&R structure in the RF domain,
we hawe used a frequeneghifter modulator (FSM; fabricated by our Italian partners at SELEX) instead of
a MZM. Actually, the resonances in the two combined frequency combs, generated by H&VFRRe
not equidistant. This will result in a deformation of thE Response if a linear modulation of the carrier is
used because the modulation sidebands will probably not overlap with two optical resonances of the
FRRSM at the same time. On the contrary, the FSM produces only one sideband modulation of the
optical carier. Consequently, it is possible to stabilize the laser carrier on one of the optical resonances
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of the main frequency comb (ideally), and the modulation sideband will explore the other resonances of
the two combs generated by the FS¥M and transcribéhem accurately in the RF domain.

Fig.vV.15. 7mlong FRFSM tunability characterized at its absorption output using the microwave domain
characterization bench. The absorption output was used because th8 REnsmission lossas very high,
% E A vS§]vP JEE 3§ SE veulee]}v Z E 8§ E]l 8]}v }( 8Z «SEW SuE X dz ([
depths is likely due to the fact that the variable coupler outputs A and B are not equilibrated

Finally, we have tried to chacterize this FRRBM using the narrow linewidth laser wavelength
scanning method (detailed in chapter 1), but we were also having the same high transmission loss issue.
Using an EDFA, we were able to detect the transmission behavior of thENFR& itsthird output)
versus some values gfc(1%, 30%, 70 % and 87 %). The results are depi¢téd.M.16

In spite of a transmission spectrum where resonances are not equilibrated (due to the couplers

outputs which are not equilibrated), the results[fig.vV.16] (]3 <p 0]3 3]A oC A oo A]3Z }uE -]
predictions on the FRBM optical comb tunability versups

Finally, these different theoretical and experimental studies confirm qualitatively the possibility
of having an altunable FRR. Of course, the FRR structure we experimentally characterized was only
a teststructure that was not optimized. It was used to validate what ADS has predicted on tHeMFRR
tunability. Such a tunable structure can be very advantageous for manycaiiptis (narrow bandwidth
Suv o (]Jos EGU Suv o K KYeX

Also, as an example, we can lock two optical modes of the TFRR onto two absorption lines of a
hydrogen cyanide reference cfll5]] and then we can use these TFRR mofestime-frequency
applications in the optical domain or in the RF domain.
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Fig.V.16. 7mlong FRFSM tunability characterized at its third transmission output using the narrow linewidth laser
wavelength scanning method. The résidhow a frequency shift in the new comb that can be equal to ~0.93
(54ceeiel(dfl® <p o0 8} » 60 9X dZ J(( EvVv v §Z *JE%S]}v E *}v Vv e[ %SZe

$Z A E] 0 }Hu%0 E[* }Jud%opuse v E v}s <«plo] E 8

V.4 Conclusion

In this chapter, a theoretical study of the FRR ba®&®D thermal stability has been presented.
The temperature sensitivity of this system, when it uses two optical modes of the FRR for microwave
stabilization, is determined by the FRR thermal stability. This thermal stability has been found to be close
to -6.8ppm K whatever the FRR length is. This relative thermal stability value is comparable to the
typical thermal stability of a conventional microwave dielectric resonator oscillator, which is in the range
of 3 ppm K for commercial devices. Our resultsme been successfully confirmed through different
experimental tests.

In addition to this study, the FRR tunability has been theoretically studied and we have been able
to demonstrate the tunability concept of an linable FRR structure. In this struog, the optical
frequency comb absolute frequency and tl{es 4can be both changed independently, respectively by
means of a phase shifter and a tunable optical coupler in a Sagnac loop configuration. This structure has
been simulated and then qualitatively validated through different experimental tests. Wiifaluch a
structure can be improved in terms of losses, it could be very useful for many optical and RF applications.
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General Conclusion

In this manuscript, we have presented a research work focused on the design of a high spectral
purity microwave source using an optoelectronic oscillator (OEO) based on a pas#hat i@sonator,
and particularly, on a fiber ring resonator (FRR). This approach is relatively recent and different
compared to the one using an optical delay line (DL). The resonator in this case provides simultaneously
a large optical delay and a seletisignal filtering. It was therefore important for us to point out the
efficiency of this approach through many theoretical and experimental studies.

Of course, very high spectral purity sources have been already demonstrated usig@3l In
these systusU }VSE EJoC 3} u] E}A A }e ]Joo 8}E+U 5Z +]PV 0°¢[ *% S3SE «
when the RF application frequency increases. On the other hand)H@s remain bulky and their
thermal stabilization is difficult. In addition, they produce spus modes that need complex
configurations to be reduced.

It has been recently found that the use of passive optical resonators can be the solution for
many problems encountered in microwave oscillators (e.g. spectral purity at very high frequencies) and
in classical BDEOs (e.g. size, spurious modes and thermal stability). One of the optical resonators that
can be used are the WGM mieresonators (WGMRs) of mm and smiiin sizes. They can sharply reduce
§Z }e ]Joo 3}E[e ]I Vv }% v 3 grathen &fBush dsciilaters] with satisfying phase noise
levels. Nevertheless, their use in a system is a bit demanding because of the mechanical difficulty in
setting up a reliable coupling with a light source and the numerous frequency combs they generat

Throughout this thesis, a calcium fluoride d&laped WGMR has been used to build a 12.5 GHz
OEO. We have used a symmetrical coupling technique to couple the lasevdightonto the resonator.
The phase noise spectrum of the generated signal is shiovthe figure below. We have found that this
% Z * Vv}]e A ¢ 0]uls C $Z t'DZJ- }%ogg]égzo8.4ml(7b-]§@ BB}IEE&~ u%o](] EJ
noise.

The fact that the FRR is much simpler to use and to fabricate than WGMRs, and that very high
3z could be obtained using this resonator, tiias made it a very interesting alternative to build an
OEO. This optical passive resonator has been therefore thoroughly studied in this manuscript.

During our studies on the FRR, it turned outttsach a resonator must be well studied and
designed before being used in an OEO setup. In the figure below, we present the phase noise results of
the first experiment we made using a 1€dong FRR. This resonator was a test module which has not
been well gtimized and designed for such application. As a result, and to be able to correctly use a FRR
in an OEO setup as the frequency stability element, we have performed multiple modeling studies to
simulate the FRR characteristics in function of its differttat & u § E*U % ] 00C ]S }u% 0 C
coefficients and losses. The obtained simulation results have been then validated experimentally using
optical domain and microwave domain characterization benches.
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In parallel with these simulations, we haweeated a FRR model using a microwave CAD software
(ADS from Agilent). This FRR model has been implemented in a global OEO model which has been
created using the same software. Consequently, elp@p power and frequency simulations have been
performed and3Z v A o] 3 E% EJu vs ooCX ~S]JooU SZ %Z « vVv}]e e]Jupo
model are so far not realistic and noise modeling needs further investigations to make it possible.

These modeling studies have been of great interest in optimizingdifierent FRRs we have
designed and fabricated later during this thesis, and also in our investigations on the tunability of the
&ZZX D}E }A EU A v ]( ]JE § }u%usS S]}v }( SZ %Z » v}]e ] ¢S]oo
helped us to undetand the different noise conversion phenomena occurring inside the FRR based OEO.

One of our optimization studies was based on the evaluation of the white frequency noise
contribution to the phase noise of the FRR based OEO. We have shown that therads-@fftto be
u E P & JvP SZ & °}v S}E }u%o0 Ee*[ }u%o]vP } @dapndselojw }E E ¢
noiseto-carrier ratio at the same time. This should finally lead to a low white frequency noise
contribution. Thanks to this study, an important reduction of the OEO phase noise has been
demonstrated using an optimized 26iong FRR fguring a 3¢ 5 & 5.1x10 (see the figure below).

Despite that, the noise results were always far from our theoretical expectations. We have
therefore scrutinized the different noise conversion processes that can take place in the OECGDsgtup.
noise studies have revealed that the laser frequency noise can be converted into OEO phase noise via
the FRR when the laser is not properly stabilized onto the center of the optical resonance. Furthermore,
we have found that the laser relative intensity no{dN) can be uponverted to microwave amplitude
and phase noise via the photodiode nonlinearity. A photodiode optimal optical power wepking; at
AZ]1 Z 3Z % Z}3} 19-RF+phas& noise conversion factor could approximately vanish, has been
identified.

Still, and despite all these studies, another important noise contribution to the OEO phase noise
was always present and had to be studied: the nonlinear optical effects generated inside the FRR due to
its very high 3¢ 5.and its high intrecavity power enhancement factor. Among these, the Brillouin
scattering and the Rayleigh scattering were the dominating nonlinear effects. These effects are power
dependent and we have found that the OEO phase noise can be further improved by working at low
optical power (see the figure below). On the other hand, such a low optical power will degrade the noise
to-carrier ratio and also prevent the photodiode from working on its optimal optical power to reduce its
nonlinearity.

Therefore, these nonlinear opticaffects were deeply studied in the FRR case. Through these
studies, we have found a way to completely suppress the Brillouin scattering and to reduce the Rayleigh
scattering in a new design of an immunized and high quality fadpk - 2.1x16) 100mlong fiber ring
resonator (IFRR). Once this IFRR was used in an OEO setup, considering also the different optimization
studies we have made, we have been able to measure a considerably reduced phase noise with a
-128 dBc/Hz noise level at 10 kHz efffequency and al50 dBc/Hz noise floor (see the figure below).
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Aside from its negative effects on the phase noise of the FRR based OEO, investigations have
been performed on the generation of millimetgrave signals using the Brillouin selective sideba
amplification process in the 20#ong FRR. The synchronization of the Brillouin selective amplification
lines with a 21.7 GHz RF seed signal has resulted in the generation of high power and high spectral purity
millimeter-wave signals up to 65 GHz.

Recall of the phase noise results obtained using the different resonators and oscillators studied throughout this
thesis

Finally, we have presented a theoretical study on the thermal stability of the FRR based OEO.
This thermal stability has been found te ktlose to-6.8ppm K regardless of the FRR length. Our
experimental results have confirmed this proposition. This relative thermal stability value is comparable
to the typical thermal stability of a conventional microwave dielectric resonator oscillatoch is in the
range of 3 ppm Kfor commercialized devices.

In addition, the FRR tunability has been inspected and we have been able to theoretically
demonstrate the tunability efficiency of an -linable FRR structure. In this structure, we can
ind % v v8oC Z vP 8Z }%S] o (& <pv C }u [ elous (€ <p v C
structure has been qualitatively validated through different experimental tests and could be very useful
for many interesting applications (communications syste@s, @E-eY «X
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Perspectives

The comparison between the phase noise results obtained in the 460g1IFRR based OEO and
those obtained in a 330rfong active cavity based OEO (the COEO commercialized by OEwaves,-the well
known company in the field) has shio a slight noise gap between both OEOs, which is in favor of the
COEO. However, taking into account the fact that our IFRR is a passive resonator that has more than
three times shorter length, this makes our OEO results very encouraging compared to H®. CO
D}E }A EU A Vv E£% 353} P 3 Av 835 E E +uode ]( 8Z E +}v 3}E][-
(which is possible if lower loss optical components are used, therefore much better resonator
characteristics can be obtained), if other laser dtasiion techniques are used (e.g. optical injection
o} IeU J( Z& u%o0](] [ Vv}]* }IVEE] pusS]lv 8} §Z K K %Z ¢ Vv}]e %
}% S} o SE}v] }u%e}v vSe ~0 ¢ EU %Z}S} ]} Ye &E pe X dZ - u F£E %0
the calcium fluoride diskZ % t'DZ « KK A ZA & § ~]v E +]vP 8Z t'D.
factor and reducing the other noise contributions).

Moreover, like in DIOEOSs, passive resonators based OEOs can also benefit from the theory that
predicts a beter spectral purity of the signals generated by these systems at higher application
frequencies (in the millimetewaves range). Therefore, we think that better performance can be
possibly obtained at higher frequencies for both OEOs we have demonstthtee®VGMR based OEO
and the 100rMong IFRR based OEO. However, increasing the application frequency involves a large
amount of work on the modulation and detection techniques in these frequency ranges to preserve the
guality of the generated signals.

Besiaks that, more understanding of the different noise processes that occur in the OEO setup
can be achieved by improving the OEO model we have created using a microwave CAD software.
D}E }A EU v ] (E}u 8z EJoo}ulv SZE e«Z}mvpemade, litBviB beo % E ]
interesting to model the Brillouin scattering efficiency inside the resonator. This will make it proficient to
suppress the effect by a different way than the one we used or, on the contrary, it will create FRRs with
enhanced nonlinarity for eventual nonlinear optics applications. For example, in the-R0g FRR we
can push the pump power much further than what it was reported in this manuscript to be able to
generate high power and high spectral purity millimeter waves far abo@e@@z. Of course, specific
opticalelectrical detection schemes must be used in this case (wideband photodiodes).

0A Ce ]Jv v}vo]v E }%3] ¢[ (] o U v A dong}BRR, Sougave hixi8¢ 1iu
can be used to generate high spectral puriticrawave sources if specific managements are done in the
FRR structure.

In the 100mlong FRR, we have seen that the insertion of an isolator has completely (optically)
suppressed the Brillouin scattering and reduced the Rayleigh scattering. Of cousdectimique can be
improved by using a lower loss isolator. However, other methods like inducing a thermal difference in
the FRR structure can possibly (acoustically) suppress the Brillouin scattering and therefore avoid the
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additional optical loss causday the optical isolator. Moreover, it would be interesting to inspect the
&ZZ[e & *%o}ve v v}ivo]l]v E]JS5C 8§ ECIP v] 8 u% & SPE U % ] ot
scattering and the Rayleigh scattering as they are both spontaneously gene@&édif SZ }%S] o (] E[:
thermal instabilities. Can the use of the FRR at cryogenic temperatures suppress these nonlinear effects
v JvE& ¢« SZ &ZZ[* }%S] o «<po]SC ( S}EU v §Z E (}J& €& §Z
ECIP v] ZK[e < M

Finaly, the tunability demonstrated in a FRR based structure is very interesting as it can be used
§} & 8§ 3Suv o &ZZ . K Ke JE (JE v A v3p o o} IJvP }( 8Z <SEN ¢
stable atomic references. Hence, this can be then usedifioe-frequency metrology or to generate
ultra-high stability microwave and optical sources.
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Appendix A Analytical expressions for FRR modeling

Double directional coupler fiber ring resonator.

To model the FRR parameters separately, we have first ¢gttaamalytical expressions for the
resonance conditions from a detailed study that have been performed by F. Zharjoet alsingle
coupler directcoupling ring resonator. We have extended their study in order to develop analytical
expressions for the fferent parameters of the FRR, especially its transmission Bsg. (5 4and its
intra-cavity power enhancement factor{2"'(¢ Y

In these analytical expressions we describe the complex electric field behavior inside the
resonator (see the above figure), where couplera@l G are assumed to be reciprocal.

At resonance, the optical circulating wave is in phase with the input light wave, the resonance
phase condition is therefore as follows:

UR LLté :LLsaad:; (Eq.A.12)

After one turn inside the resonator, theomplex electric field at port 2 can be written as follows:

's LY SF &R & sF Ug & @, (Eq.A.12)

®F. Zhangnd J. Lit, "Direetoupling singlenode fiber ring resonator,” J. Opt. Soc. Am. A 5, 11BE5 (1988).
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The electric field of the wave propagating from port 2 to port 3 will be:

"IL¥sFQ; ®
L¥'SFG & sF G &R® sF Ug @& A@,

(Eq.A.13)

When resonance occurs, the energy lost after one turn inside the resonator is equal to the input
energy coming from Cthis means that:

'J6F 'gfL ¢ 8 (Eq.A.14)

where ¢' Sis the input timeaveraged optical energy from the coupler.

In our approach we assume &hd Greciprocity. Therefore, ¢' ®is equal tathe energy coupled
from port 4 to port 1 in €(no input energy at port 3).

Couplers reciprocity implies that the coupling coefficieAtgand &gare as follows:

' 6 v 6
L -2 L >
5 uae 8 ya
(Eq.A.I5)
' 6 ' 6
é6 L 1._<! L T
¥ @ < on
We can thus obtain:
¢ L&, ®g" (Eq.A.16)

where &4 represents ¢coupling coefficient atesonance.

By substituting(Eq.A.1.3) and(Eq.A.1.6) into|(Eq.A.1.4) we can obtain the resonance amplitude
condition:

8,L sF :sFU;@sF (; ®@R; ®@sF Uy @0 #A (Eq.A.I7)

At resonance, the optical circulating wave is in phase with the input light wave, the resonance
phase condition can be therefore obtained as follows:

UR LLté :LLsaad:; (Eq.A.IB)
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where Uis the optical propagation constantlL élLﬁ) and p is an integer.

When resonance amplitude and phase conditions are both satisfied, the optimal resonance is
established in the FRR (the optimal conditiondarabsorption line equal to null).

In G and G, the excess loss coefficientsand v are defined as:

~ l76El86

SRR
(Eq.A.19)

L BE LS

SFUL—5-—"=

96E :6

wherek (i=1,2,3,4,5,6,7,8) represents the complex electric field amplitude atiport

Using coupledanode theory, the complex amplitudes of the output electric fields ircdlipler
can be expressed as:

', L¥:sFU; @KYR ®50E kRt ® gog (Eq.A.110)
's L ¥:sFU; @kR¢a ®50E k¥R ®g0g (Eq.A.112)

E andE, are further related by:

'oL¥ SFG &R® sF Uy & ey Ae, (Eq.A.112)

From(Eq.A.1.10),|(Eq.A.111) and(Eq.A.112) we can drive the expression of the intensity raio
the first output of the FRR (absorption line):

T L¥sSFQ, &RKF % S
5 SFyR & sFQ;, &R ®:sF §; &:sF Ug @ @\ A

 YSFT eR s F a ) (EgA.1.13)
' ’ SFy#@N A
where #L R®@sF (; @R @s F (§; @s F Uy @78 for simplicity.
The output intensity ratio can be therefore written as follows:
T L:SFQ;fSFnsE#Ft%#(’@..‘liJ.rj (Eq.A.114)
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By substitutingfEq.A.112) intg(Eq.A.I11) we can have:

3y Fa ®&:sF G,

s SFKk(R® sFU @R @ SF G, & sk U & ey A (Eq.A.115)
R @ :SF G; h
sF kv# & o

We can therefore drive the expression of the intensity ratio of the circulating inteimsigle the
FRR:

1 6 A .
®sF U;:
—8 L % = Y - (Eq.A.116)
5 SE#Ft¥#®..'W.

Now if we consider that 5 separates the output couplet, from the input couplerG, we can
write Es in functions ofg, as:

g LA A eV A @, (Eq.A.I117)
Es could be thus written as follows:
' L¥:sF{,; @&kR¢a ®40E k¥R ®. og (Eq.A.118)
Considering that thes is no energy input from port 6 we have:
'L F®{iSF (; @3 @ WA @V A @, (Eq.A.119)

Dividing[(Eq.A.1.19) by E; and substituting(Eq.II.8) in the resulting equation we can get the

intensity ratio output at the FRR third output:

1 6 A - - ? A
®RsF U; G RsF U; &A N
—, L % 4 — Lé, (Eq.A.120)
5 SE#Fty#@®..'¥.
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Appendix B: Characterization of theptical phase shifter (FP801 from
general photonics)

Before using the phasshifter (PS) in our FRR structure including a pisasiter (FRAPS), we
have to evaluate its phasshift coefficient(I ,g;). This cefficient is given by the following relation:

[ e LAE! N=@;
where Aigjis the additional phasshift variation (added to the optical signal passing through the PS)
caused by theDC bias voltageaviation A & japplied to the PS

Mach-Zhender Interferometer

The experimental bench used to characterize the PS is depicthd above figurelt is based on
a MachZhender interferometer configuration. To be able to estimdte,g; we amplied a DC bias
A}o3 P E u%U A EC]JvP (E}u i 8} Al sU &} 8Z WA Jve ES ]vs} }v
same time, we recorded the signal detected by a photodiode (PD) at the interferometer output, using an
oscilloscope.

Phaseshifter chaacteristics
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Looking at the PD output signal in function of the DC bias voltage applied to the PS (see the
above figure), we can see thatA&; L s z8causes a phassghift Alg; L & Moreover, aA & L uv8
causes a phasshift ATlejLteU §Z E C A P § -shifttpeffiderfac,ci LrawgN=@
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Appendix C: Real images of the different experimehtenches

Imagel. Measurement bench used to evaluate the laser RIN degradation

Image2. Measurement bench used to measure the spectrum of the backscattered stimulated Rayleigh scattering
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AppendixC:Real images of the different experimental benches

Image3. Millimeter waves phase noise measurement bench

Image4. 100mlong immunized fiber ring resonator (the FRR inside is very small compared to the package)
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AppendixC:Real images of the different experimental benches

Imageb. Global experimentakesup of the optoelectronic oscillator

Image6 X K%S8} o SE}v] }e Joo S}E[* }%S] 0 % ES
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Image7 X K%S} o SE&}v] }ec Joo S} E[* Z& % ES

Image8. OEO opetoop response characterizan using a vector network analyzer
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Image9.0EO phase noise measurements in the Faraday cage
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Abstract:

Optics represents an elegant and reliable solution to generate high spectral purity microwave signals, especially the
approach using theptoelectronic oscillator (OEQO). The spectral purity of these sources is very important for space
and military applications and also for time and frequency domain metrology. During this thesis, we have fabricated
and studied many types of resonator baseB@in order to optimize the system phase noise. We have especially
investigated an original approach using a passive fiber ring resonator (FRR). This resonator type can feature optical
quality factors higher than fowvhen only few meters of optical fibemre used (-10m) and it can be easily
integrated in a planar setup. Moreover, we have performed an important work on 3D WGM resonators based
oscillators.

In the FRR based OEO, spectacular progresses have been achieved thanks to a good understaedaygtoefit
intrinsic noise phenomena. Actually, we have found that the most important noise parameters were the laser FM
and AM noise conversion into RF phase noise by means of different nonlinearities in the system (like the
photodiode nonlinearity), butlao by the generation of nonlinear optical effects inside the resonator. By controlling
these effects, we have been able to reduce the OEO phase noise level and to ré28hdBc/Hz noise level at 10

kHz offset frequency from a 10.2 GHz carrier. Thisbleas achieved using an OEO based on a @b passive

FRR, which has been optimized and immunized against different nonlinear optical effects.

Keywords
High-Q optical resonator, Microwave photonics, OgEtectronic Oscillator (OEQO), Phase noise, Neatioptics
Discipline

Microwaves, Electromagnetism and Optoelectronics

179



180



Résumé

Auteur: Khaldoun SALEH
Titre: Sources hyperfréquences a trés haute pureté spectrale a base de résonateurs optiques
Directeur de théseOlivier LLOPIS

Lieu et date de la soutenace: LAASCNRS, le 29 Novembre 2012

Résumé
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sources est essentielle pour les applications spatiales, militaires et pour la métrologie du temps et des fréquences.
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bruit de phag de ce systéme. Nous avons en particulier orienté nos travaux vers une approche originale utilisant
un anneau résonant fibré (ARF) passif. Ce type de résonateur présente en effet des coefficients de qualité optiques
supérieurs a 1?)pour des longueurs débre restant relativement faibles (L0 m) et facilement intégrables dans
un support planaire. En paralléle, nous avons mené un travail important sur les oscillateurs a base de résonateurs
optiques 3D.

}v Ev vS o[K K Z&U e %o (E JdAtCau €tredabtefius|gick@ une meilleure compréhension des
phénomenes de bruit intrinséques a ce systéme. Les deux types de bruit prépondérants étaient la conversion du
bruit du laser (FM et AM) en bruit de phase RF par différenteslinéarités (dont laphotodiode) et le
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métres de longueur, optimisé et immunisé contre les effets-tin@aires optiques.

Mots clés:

Résonateur optique a fort Q, Opidicroonde, Osdiateur ElectreOptique (OEO), Bruit de phase, Optique nion
linéaire
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