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When you are smiling

ocurre que tu sonrisa es la sobreviviente
la estela que en ti dejé el futuro

la memoria del horror y la esperanza

la huella de tus pasos en el mar

el sabor de la piel y su tristeza

when you are smiling
the whole world
que también vela por su amargura

smiles with you

Mario BENEDETTI (1920 -2009)
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Annex 7
Phase Noise Model

The feedback oscillator resonator narrow bandwidth eliminates the harmonic
oscillation modes generated by the amplifier non linearities.

Assuming that the resonator relaxation time 7 is larger than 1/w, by a factor of 102,
the oscillator behavior can be described in terms of the slow varying complex
envelope, as amplitude and phase were decoupled from the oscillation. For this
model, just the phase component is considered. In such way, the feedback phase
modulation model is represented as in Figure 128.

Pt <—>‘P(t)

Noise

lowpass

b)) ——B(s) [*

Figure 128 Feedback oscillator phase noise model.

Using a linear approach of the feedback oscillator permits the phase noise modelling
as additive noise sources regardless of the physical origin. This analysis models the
contribution of each noise process to the oscillator output. This linearization grants
the acces to the Laplace-Heavyside formalism. The response y(t) to the input x(t) is
given by,

y@®) =x@®) *h(t) < Y(s)=Z(s)*H(s) (210)

Where h(t) is the impulse response, H(s) is the transfer function and “*’ is the
convolution operator, « 1is the Laplace transform-inverse pair, and s = ¢ + jw is the
Laplace complex variable. Using this formalism, the output power spectral density
is given by,
Sy = |HG)I?Sx
(211)

For the direct modulated VCSEL Based Optoelectronic Oscillator (VBO), the system
noise input is represented by the different intrinsic noise sources considered in for
their components in Chapter 2, recalling this:

Sx = Snoise(f) = [(RINLaser + RINpgp + RINRRD)igh +2qlpn + 4'kBTF]Zeq

(212)
Where,

RIN; g0r Represents de laser relative intensity
noise

RINpRp Represents the double diffusion
Rayleigh scattering

RINgrp Represents the reflected Rayleigh
scattering

Iy Represents the photodetected current
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q Represents the fundamental charge
kg The Boltzman constant

T Temperature

F Amplifier noise factor
Zeq Equivalent impedance load

1.3 Amplifier Noise

Additive White Noise

The amplifier noise is considered a random process. It is influenced by the operation
temperature (T) and the internal configuration of the amplifier. The white noise
contribution of the amplifier por a given sinusoidal carrier of power P is

Fk,T
Sp(f) =bo =— (213)

The noise factor (F) for cascaded amplifier is computed through the Friis formula,
for N cascaded amplifiers it is expressed as,

PO L L
TN GE GGk (214)

Flicker Noise

It has been shown by several authors [100]-[102]that the phase flickering noise
relapses in a narrow value range. For this reason, a table with typical values is
proposed. These are shown in the following table,

Quality | Microwave
Amplifier

Fair -100

Good -110

Best -120

1.4 Phase Noise Model for the Delay Line Oscillator

As shown in Chapter 1 and 2, the delay line optoelectronic oscillator is a variation of
the optoelectronic oscillator that uses a delay line of delay t,; as a resonator, so the
oscillation frequency is an integer multiple of 1/7,;. Extending the Leeson effect for
this oscillator, the delay line equivalent quality factor (Q) is,

Q= 7'[Tdfoscillation (2 15)

As long as the delay line is a wideband resonator, a filter is necessary to select one
frequency and reduce the amplitude of the other modes (see Figure 4 Chapter 1) for
this reason the transfer function of the resonator is split into two functions, one
corresponding to the delay line and the second one to the filter named 7g4¢;4, and
Triter- Using the Laplace-Heavyside formalism, both transfer functions of the
feedback path are as follow,
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brueer(D) = - — T o Briter(s) = Si@% (216)
baetay() = 8(t — Taetay) © Baetay(s) = e Tdelay (217)
b(t) = bfiiter(t) * bgeiay(t) < B(S) = Brijter (S)Baetay (5) (218)
From this, .
B(s) = % e taetay (219)

Once inserted into the feedback loop, the transfer function is:

1 _ s+ 1/Tfiter
1-B(s) s+ (1—e " clay)/Te . (220)

H(s) =

1.5 Close in Noise Spectra

As mention at the beginning of this Annex, the phase noise spectrum is expressed
as,

So = IHUNIS, (221)

At low frequencies, it holds that [103],

Se(f) Remark
1 1 S,(f) « 2m
~ - )
4'71'2":delay fz Y Tdelay
fgscillation f. = —m
= illation =
A2 Sy(f) ‘ osci .atlon Tdelay‘
Where m is a integer multiple of the
oscillation frequency
_ ftzlscillationbo l f%scillationb—l l Amplifier noise
4m?m?  f2 4m?m?  f3

1.6 Predicted Spectra

The predicted spectra of the oscillator phase noise is as shown in Figure 129. The
first element to analyze is the amplifier phase noise, see Figure 129a. This noise is
turned inside the oscillator phase noise by its transfer function H(s).

If a low Q resonator is used, the phase noise type 1 is seen (Figure 129b), where f; >

f. (f, = ﬁ). This oscillator type presents the 1 / 3 1 / f2 and f,. If a high Q resonator

is used, f; < f;, a type 2 spectrum is observed. This is characterized by the presence
of 1/f3’ 1/f and f° slopes, as observed in Figure 129c.

188
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Figure 129 Oscillator phase noise spectra.



Etude et Réalisation d’un Oscillateur Optoélectronique 4 Base de VCSEL Verrouillé
en Phase pour des Applications en Télécommunications

Les oscillateurs sont présents dans tous les systémes de communications que nous utilisons. lls nous
permettent de faire la synchronisation entre I'émetteur et le récepteur d’'un message. La qualité de
cette synchronisation dépend de la stabilité de I'oscillateur. Afin de caractériser cette stabilité dans
le domaine fréquentiel, le bruit de phase est utilisé comme parameétre de référence. Un oscillateur
qui délivre un signal avec une faible valeur de bruit de phase est un oscillateur de grande pureté
spectrale.

Les oscillateurs électroniques ont une bonne performance a basse fréquence. En mesure de la
demande des systémes de trés haut débit, les oscillateurs électroniques ne sont pas capables de
produire signaux qu’avec l'utilisation de multiplicateurs de fréquence qui ajoutent plusieurs
éléments a la chaine de communication. Les systémes hybrides permettent de prendre d’avantage
la bonne performance de composants optiques en haute fréquence afin de les intégrer dans les
systémes électroniques et surmonter de cette facon-la les limitations fréquentielles des systémes
électroniques.

Ce travail vise I'utilisation de la technique de verrouillage optique par injection du faisceau d’un
laser maitre vers la cavité d’un VCSEL sous modulation directe dans la boucle d’oscillation. La
technique du verrouillage optique du VCSEL permets d’élargir la bande passante de modulation
directe du VCSEL et réduire son bruit d’intensité (Relative Intensity Noise - RIN). La réduction du RIN
a comme effet secondaire la réduction de la contribution du bruit additif dans I'oscillateur et, en
conséquence, la réduction du bruit de phase de I'oscillateur.

Design and Implementation of an Optically Injection-Locked VCSEL Based
Optoelectronic Oscillator for Telecommunications Applications

Oscillators are present in all telecommunication systems. They synchronize the emitter and receiver
of a message. The quality of the synchronization depends on the oscillator stability. To characterize
the frequency domain oscillator stability, the phase noise of the carrier is used as figure of merit. An
oscillator delivering a low phase noise carrier is a high spectral purity oscillator.

Electronic oscillators are high performing at low frequencies. As communications systems require
high data rate transmission, the electronic oscillators uses frequency multipliers that degrades the
spectral purity of the carrier. The hybrid systems take advantage of the good performance of optical
components at high frequency with the goal to be integrated in the electronic systems to overcome
frequency limitation issues.

This work use the optical injection locking technique by injecting the laser beam of a master laser
inside the cavity of a VCSEL under direct modulation. The optical injection locking technique
enlarges the direct modulation bandwidth of the VCSEL and reduces the Relative Intensity noise of
the laser (RIN). The RIN reduction has as side effect the reduction of the additive noise inside the
oscillator and, in consequence, reducing the oscillator phase noise.





