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When you are smiling 

ocurre que tu sonrisa es la sobreviviente 

la estela que en ti dejó 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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Resumen 

 

Los osciladores están presentes en todos los sistemas de comunicaciones que utilizamos a 

diario. Estos permiten hacer la sincronización entre el emisor y receptor de un mensaje. 

La calidad de esta sincronización depende de la estabilidad del oscilador. Con el fin de 

caracterizar la estabilidad del oscilador en el dominio de la frecuencia, el ruido de fase es 

utilizado como parámetro de referencia. Un oscilador que entrega una señal con un bajo 

ruido de fase es un oscilador de alta pureza espectral.  

Los osciladores electrónicos presentan un buen desempeño a baja frecuencia. A medida 

que la demanda de tasa de transmisión de los sistemas de comunicaciones aumenta, los 

osciladores electrónicos logran la generación de señales en alta frecuencia utilizando 

multiplicadores de frecuencia, los cuales adjuntan elementos adicionales a la cadena de 

comunicaciones. Los sistemas híbridos permiten tomar ventaja del buen desempeño  de 

los componentes ópticos en alta frecuencia con el fin de integrarlos en los sistemas 

electrónicos y de esta maneja mejorar su desempeño.  

Este trabajo utiliza la técnica optical injection locking que consiste en la inyección de un 

haz láser de un láser maestro hacia un láser esclavo. Esta técnica permite mejorar el ancho 

de  banda en modulación directa del láser bajo modulación. El ruido de intensidad relativa 

del láser bajo optical injection locking es mejorado, teniendo en cuenta las medidas 

realizadas. Al utilizar el láser bajo condición de optical injection locking en el oscilador 

optoelectrónico, es posible implementar osciladores basados optoelectrónicos basados en 

VCSEL a más alta frecuencia y menor ruido de fase.  

 

Palabras clave: Oscilador, inyección óptica, ruido de fase, VCSEL, fibra óptica, 

optoelectrónica. 

 

Abstract 

 

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. 

 

Keywords: Oscillator, optical injection, phase noise, VCSEL, optical fiber, optoelectronics. 
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Introduction 
 

 

Oscillators are present in all communication systems since the beginning of the electronics 

era to synchronize emitter and receiver. In a world that is connected everywhere and with 

an insatiable requirement of information, communication systems are demanded to be 

high performing.  

 

With the advent of high speed communications era, the telecommunications channels are 

moving towards the optical frequencies thanks to their high bit rate transference 

capability. The upcoming communication satellite generation will use the free space 

optical communication technology by the implementation of modulated optical sources. 

This is why low-power consumption and efficient systems are required to be placed 

onboard the satellites. 

 

In the beginning of the 80’s  the optoelectronic oscillator was proposed to generate stable 

reference signals to synchronize antenna arrays for radio telescopes thanks to its 

simplicity and high spectral purity compared to complex atomic oscillators used before to 

do the synchronization [1]. The spectral purity reported for the signal generated first 

optoelectronic oscillator was -140 dBc/Hz at 10 kHz offset [2]. 

 

The development of semiconductor lasers gave the possibility to build compact and 

efficient oscillators. At the beginning of the 2000’s, it did appearance a low cost, low power 

consumption and miniaturized generation of lasers, the Vertical Cavity Surface Emitting 

Lasers (VCSELs). The VCSEL was rapidly implemented in short haul optical 

communications at low wavelengths. A second long wavelength generation of VCSELs was 

developed at standard communication devices operation (1.3 and 1.5 µm).  

 

Thanks to the long wavelength VCSEL implementation, it was possible in 2008 to 

implement a VCSEL Based Optoelectronic Oscillator (VBO) with a direct modulated laser 

source at the S-band of the microwave spectrum as performing as electronic oscillators at 

the same frequency [3]. From the development of the VBO, the scientific community is 

interested in increasing the carrier frequency of the VBO that is limited by the relatively 

low direct modulation bandwidth (around 5 GHz). To overcome this issue, the Optical 

Injection Locking technique (OIL) was proposed. It has been already shown that the OIL 

enhances the microwave performance of the VCSELs [4], [5].  

 

In this work it is proposed the implementation of the OIL technique in the VCSEL Based 

Optoelectronic oscillator with the purpose of the enhancement of the oscillator spectral 

purity. The prediction of the frequency stability prediction of the VCSEL Based 

Optoelectronic oscillator is approached. 

 

The results of this research work through this document are presented in five chapters as 

follows: 

 



 

 

The First Chapter is named “Optoelectronic Oscillators: Review and State-of-the-Art”. In 

this chapter, the most performing optoelectronic oscillators are recalled and described with 

the purpose of defining a departure point for this research. 

 

The Second Chapter is titled “Long Wavelength VCSEL Characterization”. This Chapter 

presents the characterization of VCSELs at 1.3 and 1.5 µm. The Relative Intensity Noise 

(RIN) and frequency response of the VCSELs are measured. From the characterization 

the design of the VCSEL Based Optoelectronic Oscillator is derived. 

 

The Third Chapter is titled “VCSEL Based Optoelectronic Oscillator”. This Chapter 

presents the implementation, characterization and modelling of the VBO using 1.3 and 

1.5 µm VCSELs. The VCSEL frequency response, Relative Intensity Noise (RIN) and their 

influence on the oscillator spectral purity are discussed along this Chapter. 

 

The Fourth Chapter is titled “Optical Injection Locking of VCSELs”. In this Chapter it is 

presented the implementation study of the Optically Injection Locking technique in the 

VCSEL (OIL-VCSEL). The OIL effects in the frequency response and RIN of the OIL-

VCSEL are discussed. 

 

The Fifth Chapter is titled “Optical Injection Locked VCSEL Based Optoelectronic 
Oscillator”. In this Chapter, the implementation of the Optically Injection Locked VCSEL 

Based Optoelectronic Oscillator (OILVBO) is presented. The OILVBO is implemented at 

frequencies beyond the VCSEL free running direct modulation cut-off frequency. The 

optoelectronic oscillator spectral purity is measured and modelled with the goal to validate 

the presented results. 



 

 

 

Objectives 
 

 

General Objective 
 

To build and characterize the optical injection locked VCSEL based optoelectronic 

oscillator. 

 

Specific Objectives 
 

 

 To validate different VCSEL Based Oscillators (VBO) with the latest VCSEL 

technology available. 

 To implement a VCSEL by VCSEL optical injection locking setup. 

 To evaluate the injection locking range conditions for the proposed setup. 

 To build an optical injection locked VCSEL based optoelectronic oscillator – ILVBO. 

 To characterize the generated signal behavior as a function of the system 

temperature to determine the need of a temperature control. 

 To compare the performance parameters (generated frequency, phase noise and 

size) between the implemented VBOs and ILVBOs. 

 To model the phase noise in the ILVBO including the VCSEL by VCSEL Injection 

Locking effects. 
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Chapter 1 

Optoelectronic Oscillators: Review 
and State-of-the-Art 

 

 

Introduction 
The optical generation of microwave signals has been studied since the 90’s. The growing 

needs of higher bandwidth to send and receive increasing data volume, like data centers, 

smartphones, and navigation systems have pushed the development of optical 

communication technologies.  

In this context, the hybrid field of optoelectronics appears to take advantage of the 

possibility given by the electronics and optical systems. When operating high data rate 

systems, the quality of the information sent and delivered is a key factor, especially when 

they are related to high precision systems (radar, navigation systems, data rate microwave 

link). The quality of the performance of such systems comes, basically, from the quality of 

their synchronization. The synchronization of a telecommunication system is given by a 

stable signal generated by an oscillator.  

In the middle of the 90’s, it was proposed an optoelectronic oscillator as a high quality 

signal generator [2]. From this milestone, several different configurations have been 

proposed in order to adapt this technology to different application fields. 

This chapter will present a description and the state-of-the-art of optoelectronic 

oscillators.  
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1.1 Optoelectronic Oscillator 
 

The optoelectronic oscillator (OEO) was developed in 1995 by Yao and Maleki [6]. This 

architecture was inspired by that one presented in 1982 by Neyer and Voges [7]. This 

hybrid technology used electronic and optic components to convert optical energy into 

electrical signals with an excellent spectral purity. This is composed of a laser source, a 

Mach-Zender modulator (MZM), an optical fiber that acts as a delay line, a photodetector, 

a RF amplifier and a RF filter. Figure 1 presents the setup proposed by Yao and Maleki 

[8].  

 
Figure 1  Optoelectronic oscillator. 

1.1.1 System Description 
 

In an OEO, the laser diode sends an optical signal through an electro-optical modulator 

(EOM). The EOM is a Mach-Zender modulator (MZM). The EOM output is connected to 

the optical fiber delay line. The optical signal is then detected by a photodetector. In 

electrical domain, this signal is filtered by a bandpass filter and finally it is amplified. 

To achieve an oscillation with this loop, it is necessary to accomplish the Barkhausen 

condition, the phase and gain condition. To make a further analysis of this subject, an 

open loop analysis of the oscillator will be performed in the next section. 

 

 

1.1.2 Open Loop Analysis of the Optoelectronic Oscillator [3][9][10] 
 

The open loop oscillator is presented in Figure 2. Let us consider a signal 𝑉𝑅𝐹(𝑡) injected at 

the loop input, this means, at the RF port of the EOM. From this, it is possible to find the 

open loop transfer function. 
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Figure 2 Optoelectronic oscillator in open loop configuration. 

1.1.2.1 Electro-Optical Modulator Transmission 

 

The transfer function of the electro-optical modulator (EOM) is given by: 

 

𝐻𝑚𝑜𝑑 =
𝑃𝐸𝑂𝑀
𝑃𝑖𝑛

= 𝛼𝑐𝑜𝑠2 [
1

2
(
𝜋𝑉𝐷𝐶
𝑉𝜋𝐷𝐶

+
𝜋𝑉𝑅𝐹(𝑡)

𝑉𝜋𝑅𝐹
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶)] 

 
 (1) 

𝐻𝑚𝑜𝑑 =
𝛼

2
[1 + 𝑀 ∗ 𝑐𝑜𝑠 (

𝜋𝑉𝐷𝐶
𝑉𝜋𝐷𝐶

+
𝜋𝑉𝑅𝐹(𝑡)

𝑉𝜋𝑅𝐹
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶)] 

 

 (2) 

Where, 𝑃𝐸𝑂𝑀 is the output power of the MZM, 𝑃𝑖𝑛 is the input power of thw MZM,  M is the 

modulation index that is assumed as 1 in our analysis, 𝛼 represents the insertion losses of 

the modulator, 𝜃𝑅𝐹 represents the phase mismatch between the optical and microwave 

signals, 𝜃𝐷𝐶  represents the autopolarization,  𝑉𝜋𝐷𝐶 and 𝑉𝜋𝑅𝐹 represent the half-wave 

voltage DC and RF respectively. The modulator is assumed to have an actual 

autopolarization equal to 
𝑉𝜋𝐷𝐶

2
, from this, it is possible to say that 𝜃𝐷𝐶 =

𝜋

2
.  We will use the 

following notations: 

 

 𝑅𝑝ℎ: load impedance of the photodetector [Ω]. 

 𝑆̅ = 𝑆𝑒𝑗𝜙𝑠 : responsivity of the photodetector [A/W]. 

 𝐹̅ = 𝐹𝑒𝑗𝜙𝐹: filter transmission [-]. 

 𝐺𝐴̅̅ ̅ = 𝐺𝐴𝑒
𝑗𝜙𝐴 : Voltage gain of the microwave amplifier [-]. 

 𝐴̅ = 𝐴𝑒−𝑗𝜔𝜏𝐹𝑂: transfer function of the optical fiber [-]. 

 𝛼𝐸 = 𝛼𝐸𝑒
𝑗𝜙𝐸 : electric losses [-]. 

 𝑃𝑜𝑝𝑡 is the optical detected power [W]. 

Using this notation, it is possible to present the photodetected current and voltage as 

follows, 

 

𝐼𝑝ℎ = 𝑆̅ ∗ 𝐴̅ ∗ 𝐻𝑚𝑜𝑑 ∗ 𝑃𝑜𝑝𝑡 = 𝑆̅ ∗ 𝐴̅ ∗
𝛼

2
[1 + 𝑀 ∗ 𝑐𝑜𝑠 (

𝜋𝑉𝐷𝐶
𝑉𝜋𝐷𝐶

+
𝜋𝑉(𝑡)

𝑉𝜋𝑅𝐹
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶)] ∗ 𝑃𝑜𝑝𝑡 

 

 (3) 
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𝑉𝑝ℎ = 𝑅𝑝ℎ ∗ 𝑆̅ ∗ 𝐴̅ ∗ 𝐻𝑚𝑜𝑑 ∗ 𝑃𝑜𝑝𝑡 

 

 (4) 

The output voltage after the microwave amplifier, just before the feedback to the EOM is 

given by, 

 

𝑉𝑂𝐿 = 𝐺𝐴̅̅ ̅ ∗ 𝛼𝐸 ∗ 𝐹̅ ∗ 𝑅𝑝ℎ ∗ 𝑆̅ ∗ 𝐴̅ ∗ 𝐻𝑚𝑜𝑑 ∗ 𝑃𝑜𝑝𝑡
= 𝐺𝐴̅̅ ̅ ∗ 𝛼𝐸 ∗ 𝐹̅ ∗ 𝑅𝑝ℎ ∗ 𝑆̅ ∗ 𝐴̅

∗
𝛼

2
[1 + 𝑀 ∗ 𝑐𝑜𝑠 (

𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+
𝜋𝑉(𝑡)

𝑉𝜋𝑅𝐹
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶)] ∗ 𝑃𝑜𝑝𝑡 

 

 (5) 

1.1.2.2 Linearization of the EOM’s Transfer Function 

 

The transmission of the EOM can be modeled by using Bessel’s series, making by this way 

the different frequency components of the signal. Before going further, the following 

properties of sine and cosine functions are considered: 

cos(𝑚 sin 𝜔𝑡) = 𝐽𝑜(𝑚) + 2∑𝐽2𝑝(𝑚) cos(2𝑝𝜔𝑡)

∞

𝑝=1

 

 

 (6) 

sin(𝑚 sin 𝜔𝑡) = 2∑𝐽2𝑝−1(𝑚) sin[(2𝑝 − 1)𝜔𝑡]

∞

𝑝=1

 

 

(7) 

cos(𝑚 cos𝜔𝑡) = 𝐽𝑜(𝑚) + 2∑−1𝑝𝐽2𝑝(𝑚) cos(2𝑝𝜔𝑡)

∞

𝑝=1

 

 

(8) 

sin(𝑚 cos𝜔𝑡) = 2∑−1𝑝𝐽2𝑝−1(𝑚) cos[(2𝑝 − 1)𝜔𝑡]

∞

𝑝=1

 

 

(9) 

Let us consider a microwave signal at the modulator input as follows, 

 

𝑉(𝑡) = 𝑉𝑜 sin(𝜔𝑒𝑡 + 𝜙𝑜) 
  (10) 

And we define, 

𝑉𝑐 = 𝐺𝐴̅̅ ̅ ∗ 𝛼𝐸 ∗ 𝐹̅ ∗ 𝑅𝑝ℎ ∗ 𝑆̅ ∗ 𝐴̅ ∗
𝛼 ∗ 𝑃𝑖𝑛
2

 (11) 

Then, the voltage at the amplifier output (𝑉𝑂𝐿 ) is given by, 

 

𝑉𝑂𝐿 = 𝑉𝑐 [1 + 𝑀 ∗ 𝑐𝑜𝑠 (
𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+
𝜋𝑉𝑜sin⁡(𝜔𝑒𝑡 + 𝜙𝑜)

𝑉𝜋𝑅𝐹
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶)] 

 

 

(12) 

𝑉𝑂𝐿 = 𝑉𝑐 + 𝑉𝑐 ∗ 𝑀 ∗ 𝑐𝑜𝑠 (
𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) ∗ 𝑐𝑜𝑠 (

𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶)− 𝑉𝑐 ∗ 𝑀

∗ 𝑠𝑖𝑛 (
𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) ∗ 𝑠𝑖𝑛 (

𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) 

 

 

From equations (7) and (8), it is possible to write: 
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𝑐𝑜𝑠 (
𝜋𝑉𝑜
𝑉𝜋𝑅𝐹

sin⁡(𝜔𝑒𝑡 + 𝜙
𝑜
)) = 𝐽𝑜 (

𝜋𝑉𝑜
𝑉𝜋𝑅𝐹

) + 2∑ 𝐽2𝑝−1 (
𝜋𝑉𝑜
𝑉𝜋𝑅𝐹

) cos[(2𝑝(𝜔𝑒𝑡 + 𝜙
𝑜
)]

∞

𝑝=1

  

(13) 

𝑠𝑖𝑛 (
𝜋𝑉𝑜
𝑉𝜋𝑅𝐹

sin⁡(𝜔𝑒𝑡 + 𝜙
𝑜
)) = 2∑ 𝐽2𝑝−1 (

𝜋𝑉𝑜
𝑉𝜋𝑅𝐹

)sin[(2𝑝− 1)(𝜔𝑒𝑡 + 𝜙
𝑜
)]

∞

𝑝=1

 
(14) 

Finally,  

𝑉𝑂𝐿 = 𝑉𝑐 + 𝑉𝑐 ∗ 𝑀

∗ 𝑐𝑜𝑠 (
𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) [𝐽𝑜 (

𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
)

+ 2∑𝐽2𝑝 (
𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
) cos[(2𝑝(𝜔𝑒𝑡 + 𝜙𝑜)]

∞

𝑝=1

] − 𝑉𝑐 ∗ 𝑀

∗ 𝑠𝑖𝑛 (
𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+ 𝜃𝑅𝐹

+ 𝜃𝐷𝐶) [2∑𝐽2𝑝−1 (
𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
) cos[(2𝑝 − 1)(𝜔𝑒𝑡 + 𝜙𝑜)]

∞

𝑝=1

] 

 

(15) 

To take into account: 

 

 The output signal has several harmonics due to the non-linear nature of the EOM. 

 If the speed mismatch between the optical and electrical signals is very small, it 

can be neglected by setting 𝜃𝑅𝐹 ≅ 0. 

 If the previous condition is satisfied, we consider: 

o For the autopolarization 𝜃𝐷𝐶 =
𝜋

2
 and 𝑉𝐷𝐶 = 0⁡(2𝜋), all harmonic even modes 

are zero. 

o For the autopolarization 𝜃𝐷𝐶 =
𝜋

2
 and 𝑉𝐷𝐶 =

𝜋

2
⁡(2𝜋), all harmonic odd modes 

are zero. 

Equation (15) is the expression for the actual voltage available at the amplifier’s output 

without the signal filtering. To simplify this, it will be taken into account just the first 

harmonic (with angular frequency 𝜔𝑒) and the DC components will be kept as well. 

𝜙𝑜 will be neglected for this analysis. Let us consider 𝜏 the total delay of the loop.  

So, the voltage at the output of the amplifier is given by: 

 

𝑉𝑂𝐿 = 𝑉𝑐 + 𝑉𝑐 ∗ 𝑀 ∗ 𝑐𝑜𝑠 (
𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) [𝐽𝑜 (

𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
)]− 𝑉𝑐 ∗ 𝑀

∗ 𝑠𝑖𝑛 (
𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) 𝐽1 (

𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
) sin 𝜔𝑒𝜏 ∗ 𝑒

(−𝑗𝜔𝑒𝜏) 
 

(16) 

After filtering the signal, the DC component is removed. Then, Equation (16) becomes, 
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𝑉𝑂𝐿 = −2⁡𝑉𝑐 ∗ 𝑀 ∗ 𝑠𝑖𝑛 (
𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) [𝐽1 (

𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
)] sin 𝜔𝑒𝜏 ∗ 𝑒

(−𝑗𝜔𝑒𝜏) (17) 

From the Equation (17) it is possible to compute the actual voltage at the loop output. 

From this, we compute the open loop gain 𝑉𝑂𝐿 = 𝐺𝑂𝐿 ∗ 𝑉(𝜏), 

 

𝐺𝑂𝐿(𝑉𝑜) = −2⁡
𝑉𝑐

𝑉𝑜
∗ 𝑀 ∗ 𝑠𝑖𝑛 (

𝜋𝑉𝐷𝐶

𝑉𝜋𝐷𝐶
+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) [𝐽1 (

𝜋𝑉𝑜

𝑉𝜋𝑅𝐹
)] ∗ 𝑒(−𝑗𝜔𝑒𝜏) (18) 

The gain presented in Equation (18) is not linear. It can be linearized using Taylor series 

to model the Bessel’s function to find the small signal gain. When the index 𝑛 of the 

Bessel’s function is fixed and 𝑧 is close to zero, we have [11], 

 

𝐽𝑛(𝑧) = (
1

2
𝑧)

𝑛

∑
(−

1
4 𝑧

2)
𝑘

𝑘! Γ(𝑛 + 𝑘 + 1)

∞

𝑘=0

 (19) 

If 𝑛 is a natural number: Γ(𝑛 + 1) = 𝑛!. We can rearrange as, 

 

𝐽1 (
𝜋𝑉𝑜
𝑉𝜋𝑅𝐹

) =
𝜋𝑉𝑜
2𝑉𝜋𝑅𝐹

−
(
𝜋𝑉𝑜
2𝑉𝜋𝑅𝐹

)
3

2
+
(
𝜋𝑉𝑜
2𝑉𝜋𝑅𝐹

)
5

12
 (20) 

And for third order,  

𝐽1 (
𝜋𝑉𝑜
𝑉𝜋𝑅𝐹

) ≅
𝜋𝑉𝑜
2𝑉𝜋𝑅𝐹

−
(
𝜋𝑉𝑜
2𝑉𝜋𝑅𝐹

)
3

2
 (21) 

And the small signal gain 𝐺𝑂𝐿−𝑆𝑆  is given by, 

 

𝐺𝑂𝐿−𝑆𝑆 =⁡
𝜕𝐺𝑂𝐿

𝜕𝑉
(𝑉 = 0) = −

𝜋𝑉𝑐𝑀

𝑉𝜋𝑅𝐹
𝑠𝑖𝑛 (

𝜋𝑉𝐷𝐶
𝑉𝜋𝐷𝐶

+ 𝜃𝑅𝐹 + 𝜃𝐷𝐶) 
(22) 

The open loop small signal gain is expressed as a function of the input voltage is as follows, 

𝐺𝑂𝐿(𝑉𝑜) = 𝐺𝑂𝐿−𝑆𝑆 ∗ (1 −
1

2
(
𝜋𝑉𝑜

2𝑉𝜋𝑅𝐹
)
2

+
1

12
(
𝜋𝑉𝑜

2𝑉𝜋𝑅𝐹
)
4

) ∗ 𝑒(−𝑗𝜔𝑒𝜏) (23) 

1.1.3 Closed Loop Analysis of the Optoelectronic Oscillator [12][3], [10] 
 

The closed loop of the OEO is shown in Figure 3. The loop is composed by and RF amplifier 

with transfer function defined as 𝐺𝐴̅̅ ̅ = 𝐺𝐴𝑒
𝑗𝜙𝐴 , and the resonant network transfer function 

is 𝐻𝑟𝑒𝑎𝑐𝑡 =
𝐺𝑂𝐿
𝐺𝐴̅̅ ̅̅

, this network is composed by the EOM, a microwave filter and a photodiode. 

This is an open loop network closed by a microwave amplifier. 
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Figure 3 Closed loop oscillator diagram. 

There are several noise sources linked to the laser and photodectector. For the laser, the 

relative intensity noise (RIN) due to laser power fluctuations, the noise linked to optical 

fiber reflections and perturbations is present in the OEO. In the photodetector there is the 

schottky noise due to the optical/electrical discrete process conversion.  

If we assume a sinusoidal noise signal, 𝑉𝑛𝑜𝑖𝑠𝑒(𝜔, 𝑡), this is as follows, 

 

𝑉𝑛𝑜𝑖𝑠𝑒(𝜔, 𝑡) = 𝑉𝑛𝑜𝑖𝑠𝑒(𝜔) ∗ 𝑒
𝑗𝜔𝑡 (24) 

The noise signal inside the loop starts the oscillation process. Because of the phase 

coherence inside the loop, there is a constructive feedback inside the oscillator. When the 

amplitude of the signal reaches the open loop gain (oscillation threshold), the oscillation 

is achieved. Once the system is oscillating, the output signal is represented as 𝑉𝑅𝐹(𝑡). From 

this, it is possible to stablish a closed-loop OEO transfer function, 

 

𝑉𝑅𝐹
𝑉𝑛𝑜𝑖𝑠𝑒

=
𝐺𝐴̅̅ ̅

1 − 𝐺𝑂𝐿
=

𝐺𝑎 𝑒
𝑗𝜙𝑡

1 − 𝐺𝑂𝐿
2
− 2𝐺𝑂𝐿 ∗ cos(𝜔𝑒𝜏 + 𝜋)

 (25) 

1.1.3.1 Oscillation Condition 

 

To achieve an oscillation, it is necessary to satisfy the two Barkhausen conditions. The 

first one is the gain condition and the second one is the phase condition. 

 

|𝐺𝑂𝐿| = 1 

𝜔𝑅𝐹𝜏 + 
0
= 2𝑘𝜋 (27) 

Where k is an integer. 

1.1.3.2 Oscillation Voltage and Power 

 

Let us consider the term 𝑉𝑅𝐹 representing the oscillation amplitude. Replacing it into 

Equation (18), this leads to: 

|𝐺𝑂𝐿| = |𝐺𝑂𝐿−𝑆𝑆|
2𝑉𝜋𝑅𝐹
𝜋𝑉𝑅𝐹

𝐽1 (
𝜋𝑉𝑅𝐹
𝑉𝜋𝑅𝐹

) = 1 
(28) 

If we consider the situation when  𝑉𝑅𝐹 ≪ 𝑉𝜋𝑅𝐹, we are able to develop a first order Bessel 

transfer function expressed in Taylor’s series: 

 

Gampli

VNoise(,t) VOL(,t)

Hreact
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𝐽1 (
𝜋𝑉𝑅𝐹
𝑉𝜋𝑅𝐹

) ≈
𝜋𝑉𝑅𝐹
2𝑉𝜋𝑅𝐹

−
(
𝜋𝑉𝑅𝐹
2𝑉𝜋𝑅𝐹

)
3

2
+
(
𝜋𝑉𝑅𝐹
2𝑉𝜋𝑅𝐹

)
5

12
 (29) 

We replace Equation (28) in (29) and we have, 

|𝐺𝑂𝐿| = |𝐺𝑂𝐿−𝑆𝑆|
2𝑉𝜋𝑅𝐹
𝜋𝑉𝑅𝐹

(
𝜋𝑉𝑅𝐹
2𝑉𝜋𝑅𝐹

−
(
𝜋𝑉𝑅𝐹
2𝑉𝜋𝑅𝐹

)
3

2
+
(
𝜋𝑉𝑅𝐹
2𝑉𝜋𝑅𝐹

)
5

12
) = 1 

(30) 

Where we obtain the following expression for the third order oscillation voltage: 

𝑉𝑅𝐹 =
2√2𝑉𝜋𝑅𝐹

𝜋
√1 −

1

|𝐺𝑂𝐿−𝑆𝑆|
 

(31) 

For the fifth order, 

𝑉𝑅𝐹 =
2√3𝑉𝜋𝑅𝐹

𝜋
(1 −

1

√3
√

4

|𝐺𝑂𝐿−𝑆𝑆|
− 1)

1
2

 (32) 

From Equations (31) and (32) it is found the oscillation power of the OEO. 

For the third order it is:  

𝑃𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑜𝑟 =
𝑉𝑅𝐹
2

2𝑅𝑎𝑚𝑝
=

1

𝑅𝑎𝑚𝑝
(
2𝑉𝜋𝑅𝐹
𝜋

)
2

(1 −
1

|𝐺𝑂𝐿−𝑆𝑆|
) 

(33) 

For the fifth order the oscillation power is given by: 

𝑃𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑅𝐹
2

2𝑅𝑐ℎ
=

6

𝑅𝑎𝑚𝑝
(
𝑉𝜋𝑅𝐹
𝜋

)
2

(1 −
1

√3
√

4

|𝐺𝑂𝐿−𝑆𝑆|
− 1) 

(34) 

Where 𝑅𝑎𝑚𝑝 is the amplifier load impedance.  
 

 
 

1.1.3.3 Photodetected Current 

 

To compute the photodetected current, it is necessary to consider the voltage of the 

photodetected signal. It is given by: 

 

𝑉̃𝑝ℎ = 𝐻𝑀𝑍𝑀𝛼̃𝑂𝑃𝑖𝑛𝑆̃𝑅𝑝ℎ  
(35) 

Where,  

 𝑅𝑝ℎ represents the photodetector resistance load. 

 𝛼̃𝑂 represents the optical losses inside the loop, these losses are defined as: 

𝛼̃𝑂 =
𝛼̃𝑀𝑍𝑀
2

𝛼̃𝐹𝑂  
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Where, 𝛼̃𝐹𝑂 = 𝛼𝐹𝑂𝑒
−𝑗𝜔𝜏𝑑 = 𝛼𝐹𝑂𝑒

−𝑗𝜔𝐹𝑂 represent the optical fiber losses and 𝛼𝐹𝑂 the 

optical fiber delay.  

 S represents the photodetector responsivity. 

And the photodetected current is given by, 

 

𝐼𝑝ℎ =
𝑉̃𝑝ℎ
𝑅𝑝ℎ

 

𝐼𝑝ℎ = 𝛼̃𝑂𝑃𝑖𝑛𝑆̃ {1 +𝑀 cos (
𝜋𝑉𝐷𝐶
𝑉𝜋𝐷𝐶

+
𝜋𝑉𝑅𝐹(𝑡)

𝑉𝜋𝑅𝐹
+ 𝜃𝐷𝐶 + 𝜃𝑅𝐹)} 

(36) 

This expression can be manipulated as previously done to the open loop voltage. From 

the manipulation, we obtain, 

 

|𝐼𝑝ℎ| = 𝛼𝑂𝑃𝑖𝑛𝑆 ∙ |1 +𝑀𝐽0(𝑌) 𝑐𝑜𝑠(𝑋) − 2𝑀𝐽1(𝑌) 𝑠𝑖𝑛(𝑋) 𝑠𝑖𝑛(𝜔0𝑡)| (37) 

Where, 

𝑋 =
𝜋𝑉𝐷𝐶
𝑉𝜋𝐷𝐶

+ 𝜃𝐷𝐶 + 𝜃𝑅𝐹 

𝑌 =
𝜋𝑉𝑅𝐹
𝑉𝜋𝑅𝐹

 

 

From Equation (37), it is possible to see two different operation states of the oscillator: 

 The first one corresponds to the situation when there is not enough optical power 

to achieve the oscillation. In this case the second term of Equation (37) is neglected 

and the expression is reduced to 

|𝐼𝑝ℎ| = 𝛼𝑂𝑃𝑖𝑛𝑆 ∙ |1 +𝑀𝐽0(𝑌) 𝑐𝑜𝑠(𝑋)| (38) 

 The second situation occurs when the power threshold is achieved and the 

expression remains the same as Equation (37). 

1.1.3.4 Oscillation Frequency 

 

The oscillation frequency is given by,  

𝑓𝑜𝑠𝑐,𝑘 =
𝑘

𝜏
−


0

2𝜋𝜏
 (39) 

The frequency space between the modes is given by the free spectral range (FSR). This is 

given by, 

𝐹𝑆𝑅 =
1

𝜏
=

1

𝜏𝐹 + 𝜏𝐶
 

(40) 

Where 𝜏𝐶  represents the time delay due to the electrical system components of the 

oscillator and 𝜏𝐹 is the time delay due to the optical fiber that is defined as: 

𝜏𝐹 =
𝑛𝐹𝐿

𝑐
 

(41) 

𝑛𝐹 represents the refractive index of the optical fiber, c is the speed light. 
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Due to the presence of the RF filter inside the oscillator loop, there will be just one mode 

that will oscillate inside the loop. The other modes will be rejected by the RF filter. Figure 

4 presents the oscillation mode selection. 

 
Figure 4 Oscillating mode of the OEO. 

1.1.3.5 Oscillation Quality 

 

The noise voltage, 𝑉𝑛𝑜𝑖𝑠𝑒 , has been described in previous sections. From this, it is possible 

to compute the noise power in a given bandwidth Δ𝑓 at frequency 𝜔: 

 

𝑃𝑛𝑜𝑖𝑠𝑒(𝜔) =
|𝑉𝑛𝑜𝑖𝑠𝑒(𝜔)|

2

2𝑅𝑎𝑚𝑝𝑙𝑖
= 𝑆𝑛𝑜𝑖𝑠𝑒 ∗ Δ𝑓 

(42) 

Where,  𝑅𝑎𝑚𝑝𝑙𝑖  represents the amplifier load impedance. 

 

The white noise is injected to the amplifier, then, it is possible to find the spectral power 

density of the noise signal normalized with regard to the oscillation power, 

 

𝑆𝑅𝐹(𝑓) =
𝑃𝑅𝐹(𝑓)

𝑃𝑜𝑠𝑐Δ𝑓
 

𝑃𝑅𝐹(𝑓)

𝑃𝑛𝑜𝑖𝑠𝑒(𝑓)
=

𝐺𝑎
2

1 + |𝐺𝑂𝐿|2 − 2|𝐺𝑂𝐿| cos(𝜔𝜏 + 𝜋)
 

(43) 

Where 𝑓 is the fourier frequency defined as 𝜔 = 𝜔𝑜𝑠𝑐 + 2𝜋𝑓. 

 

The power spectral density of the oscillating signal is given by the following equation,  

 

𝑆𝑅𝐹(𝑓) =
𝐺𝑎
2𝑆𝑛𝑜𝑖𝑠𝑒/𝑃𝑜𝑠𝑐

1 + |𝐺𝑂𝐿|2 − 2|𝐺𝑂𝐿| cos(𝜔𝜏 + 𝜋)
 

(44) 

 

Considering the situation when 𝑓 ≪ 1/𝜏, we can convert the cosine expression as follows, 

cos(𝑥) = 1 −
𝑥2

2
 (45) 

With this, the spectral power density of the oscillating signal is as follows, 

 

Microwave
Filter
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o
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𝑆𝑅𝐹(𝑓) =
𝐺𝑎
2𝑆𝑛𝑜𝑖𝑠𝑒/𝑃𝑜𝑠𝑐

(1 + |𝐺𝑂𝐿| )2 − |𝐺𝑂𝐿|(2𝜋𝑓𝜏)2
 

(46) 

This calculations was done just taking into account the phase term. Now, to calculate the 

spectral linewidth and the quality factor, we must take into account the following 

considerations to precisely compute those parameters. 

 

𝑓 ≪ 1/𝜏 

cos(2𝜋𝑓𝜏) ≅ 1 

∫ 𝑆𝑅𝐹(𝑓). 𝑑𝑓 ≈ ∫ 𝑆𝑅𝐹(𝑓). 𝑑𝑓 = 1
1/2𝜏

−1/2𝜏

∞

−∞

 

(47) 

Now, it is possible to write: 

𝐺𝑎
2𝑆𝑛𝑜𝑖𝑠𝑒/𝑃𝑜𝑠𝑐
𝜏(1 + |𝐺𝑜|)2

= 1 
(48) 

The open-loop gain at the amplifier output can be written as a function of the Noite to 

signal ratio (NSR), as follows, 

|𝐺𝑂𝐿| = 1 − √
𝑁𝑆𝑅

𝜏
 (49) 

Where the NSR is defined as, 

𝑁𝑆𝑅 =
𝐺𝑎⁡𝑛𝑜𝑖𝑠𝑒
2 𝑆

𝑃𝑜𝑠𝑐
 

(50) 

1.1.3.6 Half-Power Spectral Linewidth (HPSL) 

 

The half-power spectral linewidth is defined as the carrier linewidth measured at 3 dB 

from the carrier peak. This is expressed as, 

 

𝑆𝑅𝐹(Δ𝑓𝐻𝑃𝑆𝐿) =
𝑆𝑅𝐹(𝑓 = 0)

2
=

𝑁𝑆𝑅

2(1 − |𝐺𝑂𝐿|)2
 

(51) 

When integrating the HPSL, 

 

Δ𝑓𝐻𝑃𝑆𝐿 =
√𝑁𝑆𝑅/𝜏

𝜋𝜏
(1 − √𝑁𝑆𝑅/𝜏)

−1/2
≈
√𝑁𝑆𝑅/𝜏

𝜋𝜏
 (52) 

1.1.3.7 Quality Factor of the Resonator (Q) 

 

The quality factor (Q) or selectivity factor measures the relation between the energy 

received and dissipated in a signal cycle by the resonator. The quality factor has an inverse 

relation in comparison with the half-poser spectral linewidth. Q is expressed as follows, 

Q =
𝑓𝑜𝑠𝑐

Δ𝑓𝐻𝑃𝑆𝐿
=

𝜋𝑓𝑜𝑠𝑐𝜏

√𝑁𝑆𝑅/𝜏
 

(53) 
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1.1.4 Optoelectronic Oscillator Performance Parameters 
 

The oscillator stability has a key role in the performance of the applications, such as, radar 

target discrimination, time reference, etc.  There are two reference work frames in 

oscillators. The first one is the court term stability and the long term stability. Figure 5 

presents each of them. 

 
Figure 5 Long term and short term stability of an oscillator. 

The short term stability is related to the oscillator phase noise. This is defined as the 

ability of the oscillator to keep the same frequency in a reduced period of time taking into 

account the frequency random variations due to the noise phenomena inside the system 

[13][14].  

Amplifiers or any microwave active component inside the system is an intrinsic noise 

source. Most of the optoelectronic oscillator internal noise is contributed by the flicker 

noise that is introduced by the microwave amplifier and several perturbation sources such 

as mechanical vibrations, temperature variations.  

   

1.1.4.1 Phase Noise [15], [16] 
 

The output signal of an ideal oscillator can be modeled as a sinusoidal function as follows: 
𝑉(𝑡) = 𝑉𝑜 sin(2𝜋𝑣𝑜𝑡) 

(54) 

In Equation (54) the terms 𝑉𝑜 and 𝑣𝑜 correspond to the signal amplitude and frequency. If 

a non ideal oscillating signal is going to be analyzed, it is necessary to take into account 

the amplitude (𝜖(𝑡)) and frequency variations (𝜑⁡(𝑡)). The Equation (55) represents this 

model as follows: 

 
𝑉(𝑡) = [𝑉𝑜 + 𝜖(𝑡)] sin(2𝜋𝑣𝑜𝑡 + 𝜑⁡(𝑡)) 

   (55) 

Where, 𝜖(𝑡), represents the fluctuation random process around 𝑉𝑜, known as amplitude 

noise and  𝜑⁡(𝑡) represents the random noise process (phase noise) linked to the frequency 

random variations.  The amplitude variations (𝜖(𝑡),) are neglected in this analysis because 

of  the fact they will not affect directly the frequency stability, unless the case where the 

non-linear dynamics of the oscillator converts the amplitude variations into phase 

variations. Consequently, to analyze the frequency stability, the frequency variations will 

be taken into account. The sinusoidal signal equation will be as Equation (56). 

 

time

f

Long Term StabilityShort Term Stability

f

time
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𝑉(𝑡) = [𝑉𝑜] sin(2𝜋𝑣𝑜𝑡 + 𝜑⁡(𝑡)) 
(56) 

The instantaneous frequency 𝑣(𝑡) is defined as, 

 

𝑣(𝑡) =
1

2𝜋

𝑑

𝑑𝑡
(2𝜋𝑣𝑜𝑡 + 𝜑⁡(𝑡)) = 𝑣𝑜 +

1

2𝜋

𝑑𝜑(𝑡)

𝑑𝑡
 

𝑣(𝑡) = 𝑣𝑜 + Δ𝑣(𝑡) 
(57) 

From Δ𝑣(𝑡), it is possible to define the random process that fits the frequency noise as, 

Δ𝑣(𝑡) =
1

2𝜋

𝑑𝜑⁡(𝑡)

𝑑𝑡
 (58) 

This could be analyzed taking into account two variables of interest, the relative frequency 

variation 𝑦(𝑡) and the relative phase variation  𝑥(𝑡) that are described as follows. 

𝑦(𝑡) =
1

2𝜋𝑣𝑜

𝑑𝜑(𝑡)

𝑑𝑡
 

𝑥(𝑡) =
𝜑(𝑡)

2𝜋𝑣𝑜
 

(59) 

Finally, 𝑦(𝑡) and x(𝑡) can be related as, 

𝑦(𝑡) =
𝑑𝑥(𝑡)

𝑑𝑡
 

(60) 

1.1.4.2 Frequency stability in frequency domain [17][18] 

 

Due to the random fluctuation of phase and frequency, it is necessary to make a statistical 

analysis to describe the frequency stability. These statistical methods are correlation 

function and spectral densities. 

As it was defined in the previous section, Δ𝑣(𝑡) is the process that models the frequency 

noise. It is possible to define the noise spectral density, 𝑆Δ𝑣
𝑇𝑆(𝑓), as the two sided noise power 

spectral density, 

 

𝑆Δ𝑣
𝑇𝑆 = ∫ 𝑅Δ𝑣(𝜏)𝑒

−𝑗2𝜋𝑓𝜏𝑑𝜏⁡[𝐻𝑧]
∞

−∞

 
(61) 

Where, 
𝑅Δ𝑣(𝜏) = 〈Δ𝑣(𝑡)Δ𝑣(𝑡 − 𝜏)〉 

(62) 

The integration limits correspond to the two-sided (TS) calculation. At experimental level, 

the measurement is taken in a single band (SB). This can be expressed as, 

 

𝑆Δ𝑣(𝑓) = 2𝑆Δ𝑣
𝑇𝑆(𝑓)  

(63) 

With this consideration, Equation (61) is solved in the range 0 < 𝑓 < +∞. 

 

In the same way it is possible to express the Single Band (SB) phase noise spectral density 

as, 

𝑆𝜑(𝑓) = 2∫ 𝑅𝜑(𝜏)
∞

0

𝑒−𝑗2𝜋𝑓𝜏 ⁡[𝑅𝑎𝑑2/𝐻𝑧] 
(64) 
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Where,  
𝑅φ(𝜏) = 〈φ(𝑡)φ(𝑡 − 𝜏)〉        (65) 

 

To define the spectral density functions relative to frequency 𝑆𝑦(𝑓)  [Hz-1] and phase 𝑆𝑥(𝑓) 

[s2/Hz], 

𝑆𝑦(𝑓) =
1

𝑣𝑜
2 𝑆Δ𝑣(𝑓) 

𝑆Δ𝑣(𝑓) = 𝑓2𝑆𝜑(𝑓) 

𝑆𝑦(𝑓) = (
𝑓

𝑣𝑜
)
2

𝑆𝜑(𝑓)   

𝑆𝑦(𝑓) = 4𝜋2𝑓2𝑆𝑥(𝑓) 

 

 

 

(66) 

 

The frequency noise power spectral density 𝑆𝑦(𝑓) has a key role in the frequency stability 

characterization because this gives a description of the noise processes in an actual 

oscillator.  There is an asymptotic model that describes 𝑆𝑦(𝑓) as a component addition , 

where each noise source is represented by a different component [18]. 𝑆𝑦(𝑓) is described 

as follows: 

𝑆𝑦(𝑓) = {
∑ ℎ𝛼𝑓

𝛼

+2

𝛼=−2

𝑓𝑜𝑟⁡0 ≤ 𝑓 ≤ 𝑓𝑐 ⁡

0 𝑓𝑜𝑟⁡𝑓 > 𝑓𝑐

 

 

(67) 

 

Where 𝛼 represents each noise type contribution and constant ℎ𝛼 is the measurement of 

the noise level. 𝑓𝑐 is the cut-off frequency of the actual elements in an oscillator.  

In the same way it is introduced the single sideband (SSB) phase noise, ℒ(𝑓), defined as 

the half of the SSB phase noise spectral density. ℒ(𝑓) is the measurement of the noise 

energy related to the RF power measured with an electrical spectrum analyzer. ℒ(𝑓) 
presents the power inside a single band (power in a single sideband - 𝑃𝑠𝑠𝑏) with a 

bandwidth of 1 Hz related to the complete signal power.  

 

ℒ(𝑓) =
1

2
𝑆𝜑(𝑓) =

𝑃𝑠𝑠𝑏(𝑓)

𝑃𝑜
 

(68) 

 
ℒ(𝑓) is expressed in dBc/Hz. Figure 6 presents graphically this definition and Figure 7 

presents a typical SSB phase noise measurement. 
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Figure 6 Single sideband phase noise. 

 

 
Figure 7 SSB phase noise typical measure representation. 

1.1.4.3 Stability in Time Domain [18][17] 

 

The oscillator time domain stability is used to characterize an oscillator in long term. 

According to the frequency given by Equation (69), it is necessary to define a time interval 

𝜏 in order to characterize the temporal frequency stability of the oscillator.  The average 

of 𝑣(𝑡) in a period time from 𝑡𝑘 to 𝑡𝑘 + 𝜏 is given by, 

 

〈(𝑡)〉𝑡𝑘,𝜏 = 0 +
1

𝜏
∫ ∆(𝜃)𝑑𝜃 =

𝑛𝑘
𝜏

𝑡𝑘+𝜏

𝑡𝑘

 
(69) 

Where 𝑛𝑘 is the number of cycles of the signal inside the time range 𝜏.  
 

The normalized quantity 𝑦𝑘 is defined as follows, 

𝑦̅𝑘 =
1

𝜏
∫ 𝑦(𝜃)𝑑𝜃
𝑡𝑘+𝜏

𝑡𝑘

 
        (70) 

From Equations (58) and (59), the Equation (69) becomes, 
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〈(𝑡)〉𝑡𝑘,𝜏 = 0(1 + 𝑦̅𝑘) =
𝑛𝑘
𝜏

 
(71) 

And from this, it is possible to obtain  

𝑦̅𝑘 =
𝜑(𝑡𝑘 + 𝜏) − 𝜑(𝑡𝑘)

2𝜋0𝜏
 

(72) 

The upper term of Equation (72) represents the phase error in time range of 𝜏. 
 

Using Equation (72) it is possible to obtain equally space time samples. From the 

measurement of several samples it is possible to find their dispersion, this means, to 

calculate a variance.  

Using two samples it is possible to calculate a figure-of-merit variance, known as Allan’s 

Variance [18], and it is defined as, 

𝑦
2(𝜏) =

1

2
〈(𝑦̅2 − 𝑦̅1)

2〉 
(73) 

 

1.1.4.4 Transformations between frequency domain and time domain [19] 

 

There is a mathematical relation that can link the temporal and frequency domains. From 

the relative frequency spectral noise density, it is possible to find the Allan’s variance: 

𝑦
2 (𝜏) = ∫ 𝑆𝑦(𝑓)

2 sin4 𝜋𝜏𝑓

(𝜋𝜏𝑓)2
𝑑𝑓

∞

0

 
(74) 

To convert measurements from frequency domain to time domain there is an approximate 

model that represents the random fluctuations as five noise independent processes inside 

the oscillator. Each of the slopes represents a noise process as seen in Figure 8. In Table 

1 it is presented the relation between the time and frequency domain for each noise source. 

 
Figure 8 Phase noise representation in frequency and time domain. 
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Noise 𝑺𝒚(𝒇) 𝑺𝝋(𝒇) Allan’s Variance 
𝒚
𝟐(𝝉) 

Slope 

𝑺𝝋(𝒇) 𝒚
𝟐(𝝉) 

Random 
Frequency 

ℎ−2𝑓
−2 0

2ℎ−2𝑓
−4 2𝜋2ℎ−2𝜏

3
 

-4 1 

Frequency 
Flicker 

ℎ−1𝑓
−1 0

2ℎ−1𝑓
−3 2𝑙𝑛(2)ℎ−1 -3 0 

White Noise ℎ0 0
2ℎ0𝑓

−2 ℎ0
2𝜏

 
-2 -1 

Flicker Phase ℎ1𝑓 0
2ℎ1𝑓

−1 ℎ1
4𝜋2𝜏2

{1,038 + 3 ∙ 𝑙𝑛(2𝜋𝑓ℎ𝜏)} 
-1 -2 

White Phase ℎ2𝑓
2 0

2ℎ2 3ℎ2𝑓ℎ
4𝜋2𝜏2

 
0 -2 

Table 1 Noise processes in time and frequency domain 

1.2 Oscillators State-of the-Art 
 

A state-of-the-art of the optoelectronic oscillator in terms of frequency stability is shown 

in this section. Since the optoelectronic oscillator idea conception in the 80’s, researchers 

are interested on the spectral purity of the oscillator in order to have an accurate reference 

source. Afterwards, with the integration of optoelectronic communications in commercial 

communications systems, the goal of the research is to increase the oscillation frequency 

while keeping the spectral purity. 

 

The frequency stability of the oscillator varies according to the trade-off between the 

optical and electronic components. The use of high quality factor (Q) dielectric resonators 

[20] (Q=13000) reduces the phase noise value that means higher frequency stability. To 

compare the different high spectral purity optoelectronic oscillators, the following section 

presents the most relevant results. 

 

1.2.1 High Spectral Purity Oscillators 
 

Sapphire Oscillator 

This oscillator configuration uses a Zaphire sample as a dielectric resonator. The quality 

factor achieved with this material moves from 104 at room temperature to 109 at -270 ºC. 

For a 9 GHz carrier the spectral density noise power is -165 dBc/Hz at 10 kHz offset [21]. 

A 10 GHz Sapphire oscillator with phase noise value of -127 dBc/Hz at 3 kHz offset [22]. 

 

Quartz Oscillator 

The oscillators using a quartz resonators are widely used for frequency generation thanks 

to the good quality factor achieved with this technology, between 104 to 106. A quartz 

based oscillator at 2.11 GHz with a phase noise value of -136.5 dBc/Hz at 10 kHz offset[23]. 

The best result reported, from the best of our knowledge, it is a 10 GHz oscillator with 
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phase noise -145 dBc/Hz at 10 kHz offset reported by De Giovanni and Chomiki in 2010 

[24]. 

 

Dielectric Resonator Oscillator 

This kind of oscillator uses ceramic dielectric materials (Q=104) as resonant cavity and a 

microwave transistor as active element. The trade-off between the resonator quality 

factor, the microwave transistor performance and the transmission lines quality, it is 

possible to obtain oscillator at 10.2 GHz with phase noise of -118 dBc/Hz at 10 kHz offset 

[25]. 

 

Electrical Resonator Oscillator 

The use of electrical resonator oscillator such LC networks, has permitted the development 

of several milestone results. For the C-Band of the spectrum,  a tunable voltage controlled 

oscillator (VCO) has been reported with a phase noise value of -120 dBc/Hz at 1 MHz offset 

[26].  

 

In 2008, a 21 GHz CMOS based VCO was presented by Wang et al with a phase noise of -

106 dBc/Hz at 1 MHz, and a 24 GHz CMOS based VCO with -117 dBc/Hz at 10 MHz offset 

was presented by the same author [27]. 

 

A 9.34 GHz CMOS frequency synthesizer was presented by Tsai et al in 2012 with a phase 

noise of -75.1 dBc/Hz at 100 kHz offset. 

The oscillators described in this category are summarized in Table 2. 
 

Topology Author Frequency (GHz) Phase Noise 

(dBc/Hz) 

Sapphire Oscillator Ivanov et al. [21] 9 -165 @ 10 kHz 

offset 

Mosso et al. [22] 10 -127 @ 3 kHz offset 

Quartz Oscillator El Aabbaoiu et al. 

[23] 

2.11 -136.5 @ 10 kHz 

offset 

De Giovanni and 

Chomiki. [24] 

10 -145 @ 10 kHz 

Dielectric 

Resonator 

Oscillator 

Regis et al. [25] 10.2 -118 @ 10 kHz 

Electrical 

Resonator 

Oscillator 

Wang [26] 3 -120 @ 1 MHz 

Wang [27] 24 GHz -117 @ 10 MHz 

Tsai [28] 9.34 -75.1 @ 100 kHz 
Table 2 High spectral purity oscillator state-of-the-art. 

1.2.2 Optoelectronic Oscillators 
 

The optoelectronic oscillator principles have been widely discussed in the previous 

sections. Different topologies have been suggested using different resonant elements with 

the goal of having the highest possible quality factor. 

Whispering Gallery Mode Optoelectronic Oscillator 

This technology uses passive optical resonators that have quality factor of 1011. This 

thanks to the possibility of the light injection in a very small size cavity. The high quality 

factor of the whispering gallery mode resonator has a very high selectivity of the oscillation 
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modes. The best result reported using this technique for a 10 GHz carrier is reported by 

Merrer et al with a phase noise of -95 dBc/Hz at 10 kHz offset [29]. 

 

Fiber Ring Resonator Optoelectronic Oscillator 

The optical fiber ring resonator has quality factor of order 1010. The best result for this 

configuration has been reported by Saleh for a 10 GHz fiber ring optoelectronic oscillator 

with a phase noise of -130 dBc/Hz at 10 kHz offset [30]. 

 

Delay Line Optoelectronic Oscillator 

The delay line optoelectronic oscillator architecture was the first one to be implemented 

by Yao and Maleki [6]. The optical fiber delay line acts as a resonant cavity according to 

its length. The higher the length higher the quality factor of the resonant cavity. The best 

reported results for this optoelectronic oscillator topology is that one reported by by Maleki 

and Matsko (OEWaves Inc.), a 10 GHz carrier generation is reported with a phase noise 

of -163 dBc/Hz at 7 kHz offset [31].  
 

Topology Author Frequency (GHz) Phase Noise 

(dBc/Hz) 

Whispering Gallery 

Mode 

Optoelectronic 

Oscillator 

Merrer et al. [29] 10 -95 @ 10 kHz offset 

Fiber Ring 

Optoelectronic 

Oscillator 

Saleh [30] 10 -130 @ 10 kHz 

offset 

Delay Line 

Optoelectronic 

Oscillator 

Maleki and Matsko 

[31] 

10 -163 @ 10 kHz 

offset 

Table 3 Optoelectronic oscillator state-of-the-Art. 
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Chapter 2 

Long Wavelength VCSEL 
Characterization 

Introduction 
 

The Vertical Cavity Surface Emitting Laser (VCSEL) is a semiconductor laser that 

permits the long wavelength light emission with a reduced power consumption. In this 

work, long wavelength VCSELs at 1.3 and 1.5 µm are used. The optical spectrum of the 

lasers is analyzed to assure the single mode performance, the Relative Intensity Noise 

(RIN) is measured to characterize the noise contribution of the laser to the oscillator and 

the laser frequency response is analyzed be addressed in Chapter 3 for the VCSEL Based 

Optoelectronic Oscillator (VBO). 
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2.1 Vertical Cavity Surface Emitting Laser Description  

[51] 
 

The Vertical Cavity Surface Emitting Laser (VCSEL) is a semiconductor laser that differs 

from other laser structures due to the fact that this is a surface emitting device instead of 

being an edge emitting device. Usually common semiconductor lasers, known as Edge 

Emitting Lasers (EELs) emit light along the junction, as shown in Figure 9. VCSELs emit 

their energy in perpendicular path with respect to semiconductor layers, as seen in Figure 

10. 

 
Figure 9 Edge Emitting Laser Structure [52]. 

 

Figure 10 VCSEL Structure [33]. 

The first VCSEL idea was conceived in 1979 [33] to design a laser that could emit its 

energy perpendicular to the semiconductor junction. It was not until the end of 80’s when 

Koyama [34] and Jewell [35] developed a microelectronic grown semiconductor epitaxial 

method that led to the birth of the 850 nm VCSEL. 

 

2.1.1 VCSEL Structure 
 

As shown in Figure 10, VCSELs are monolithic devices. These are relatively easy to 

manufacture [32]. Additionally, more detailed comparison between EEL and VCSEL 

structure is presented in Table 4. Some previously reported VCSEL structures are 

presented in Annex 2. 
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Parameter  EEL VCSEL 

Active Zone Volume Vact 60 µm3 0.07 µm3 

Active Layer Area S 3*300𝜇𝑚2 5*5𝜇𝑚2 

Active Layer 

Thickness 

d 100 A° - 0.1µm 80A-0.5µm 

Cavity Length Lact 300 µm 1 µm 

Mirrors Reflectivity Rm 0,3 >0,99 

Optical 

Confinement 

𝜁 3% 4% 

Longitudinal 

Confinement 

Γ 50% 3% 

Photon Lifetime 𝜏𝑝 1 ps >1 ps 

Resonance 

Frequency at low 

bias current 

Fr 8 GHz 3 GHz 

Table 4 Comparison of parameters between stripe laser and VCSEL [32]. 

 

2.1.2 VCSEL Materials 
 

Depending on desired emission wavelength, VCSELs use different materials like 

InGaAsP, InAlGaAs, GaInNAsSb on InP substrate [36]. Figure 11 presents different 

materials according to the emission wavelength use [33], [37]–[39]. 

 
Figure 11 VCSEL materials and wavelengths. 

2.1.3 Long Wavelength VCSELs 
 

Long wavelength VCSELs were first demonstrated in 1993 with a 1.3 µm InGaAs-InP 

VCSEL [40]. The top distributed Bragg reflector (DBR) was made of 8.5 pairs of p-doped 

MgO-Si material with Au-Ni-Au layers and the top layer was made of 6 pairs of n-doped 

SiO-Si material, as shown in Figure 12. 

800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

AlGaAs/GaAs

GaInAs/GaAs

GaAsSb/GaAs

GaInAsNSb/GaAs

AlGaInAs/InP

GaInAsP/InP

InGaAsP/InP



 

 

42 
Chapter 2 

Long Wavelength VCSEL Characterization 

 
Figure 12 Long wavelength VCSEL structure  with tunnel junction at 1.55 um. 

Then, Salet et al, presented a 1227 nm wavelength InGaAs-InP VCSEL. This was 

composed by 50 DBR pairs with 500 mA threshold current.  The top mirror was made 

using p-doped SiO2-Si reflectors [41]. 

 

In 1999 Boucart et.al presented a 1.5um VCSEL [42] using 26.5 GaAs-AlAs layer pairs as 

top DBR and 50 layer pairs of n-doped InGaAsP-InP DBR as bottom mirror with 11mA 

threshold current. Table 5 presents long wavelength VCSEL fabrication development 

technology chronology [42]. 

 

The semiconductor lasers can be manufactured using different fabrication processes, a 

monolithic integrated circuit corresponds to that one that is made in the same 

semiconductor crystal as a single structure. The wafer fusion fabrication process consists 

on the direct bonding using chemical connections of two semiconductor materials [43]. And 

the epitaxy technique consists on deposition of semiconductor materials as several films 

on a substrate or crystal structure. 

 

Active Region DBRs Fabrication 

Process 

Research Group 

InGaAsP-InP 1.3 

µm 

8.5 pairs of p-doped 

MgO-Si with 

Au/Ni/Au metal at 

the top and 6 pairs 

n-doped SiO/Si at 

the bottom 

Monolithic Baba et al. 1993 

[44] 

InGaAsP-InP 1.3 

µm 

P doped SiO2-Si at 

the top 50 pairs of 

n-doped InGaAsP-

InP at the bottom 

Monolithic Salet et al. 1997 

[41] 

GaInAsN-GaAs 1.8 

µm 

21 and 25.5 pairs of 

p and n-doped 

GaAs-AlAs layers 

at the top and at the 

bottom respectively 

Monolithic Larson et al. 1998 

[45] 

InGaAsP-InP 1.5 

µm 

30 pairs of p-doped 

GaAs-Al0.67Ga0.33As 

at the top and 

Wafer fusion Margalit at. Al 

1998 [46] 

Electric Contact (Au)

AuGeNi

n-GaAs/AlAs Top DBR

H+ H+

InP-n

InP-p

InP-n

n-InP/InGaAsP
Bottom DBR

n-InP Substrate
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undoped GaAs-

AlAs at the bottom 

InGaAsP-InP 1.55 

µm 

26.5 pairs of n-

doped GaAs-AlAs at 

top and 50 pairs of 

n-doped InGaAsP-

InP at the bottom 

Monolithic Boucart et al 1999 

[42] 

InGaAsP-InP 1.55 

µm 

30 pairs of p-doped 

GaAs-Al0.85As0.15Ga 

at top and 50 pairs 

of n-doped 

InGaAsP-InPn at 

the bottom 

Wafer fusion and 

epitaxy 

Rapp et al 1999 

[47] 

InGaAlAs 1.56 µm 35 pairs of p doped 

InGaAlAs-InAlAs 

at the top and 43.5 

pairs of n-doped 

InGaAlAs-InAlAs 

at the bottom 

Monolithic Kazmierski et al 

1999 [48] 

AlInGaAs 1.55 µm 45 and 35 pairs of n-

doped 

Al0.9Ga0.38In0.53As-

Al0.48In0.52As at the 

top and at the 

bottom 

Monolithic Hall et al 1999 [49] 

AlInGaAs 1.55 µm 30 and 23 pairs of n-

doped 

AlAs.0.56Sb0.44- 

Ga0.8As0.58Sb0.42 at 

the top and the 

bottom respectively 

Monolithic Hall et al 1999 [50] 

GaAsSb 1.23 µm 19 and 30.5 pairs of 

p-doped and n-

doped GaAs-AlAs at 

the top and at the 

bottom respectively 

Monolithic Yamada et al [51] 

GaInNAs-GaAs 

1.18 µm 

24 and 35 pairs of p-

doped and n-doped 

Al0.7Ga0.3As-GaAs 

at the top and 

bottom respectively 

Monolithic Kageyama et al 

2001 [52] 

AlInGaAs 1.55 µm 32 and 23 pairs of n-

doped AlAs0.56Sb0.44-

Al0.2Ga0.8As0.52Sb0.48 

Monolithic Hall et al 2001 [53] 

BTJ  1.55 µm  CaF /ZnS 5 pairs Monolitic Amann et al. 2011 

[54] 
Table 5 Long wavelength VCSEL structures. 

2.1.4 VCSEL Basic Parameters Description  
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Threshold Current 

 

The threshold current of a VCSEL is expressed as a function of the threshold current 

density [34], as follows, 

𝐼𝑡ℎ = 𝜋 (
𝐷

2
)
2

𝐽𝑡ℎ =
𝑞𝑉𝑁𝑡ℎ

𝑖
𝜏𝑠

 
(75) 

Where 𝑞 represents the electron charge, 𝑉 is the active region volume, 𝑁𝑡ℎ is the threshold 

carrier density, 𝑛𝑖 is the internal quantum efficiency, 𝜏𝑠 is the recombination time and D 

is the active zone diameter. 

 

Optical Power 

 

The optical output power of a VCSEL is expressed as, 

𝑃𝑜 = 
𝑑
∙ 

𝑠𝑝𝑜𝑛
∙ 𝛽 ∙ ℎ ∙  ∙ 𝐼, (𝐼 ≤ 𝐼𝑡ℎ) 

𝑃𝑜 = 
𝑑
∙ ℎ ∙  ∙ (𝐼 − 𝐼𝑡ℎ) + 

𝑑
∙ 

𝑠𝑝𝑜𝑛
∙ 𝛽 ∙ ℎ ∙  ∙ 𝐼𝑡ℎ , (𝐼 ≥ 𝐼𝑡ℎ) 

 

(76) 

Where, 
𝑑
 represents the quantum differential efficiency of the output mirror, 

𝑠𝑝𝑜𝑛
 

is the spontaneous emission efficiency, 𝛽 is the spontaneous emission factor, ℎ is 

the planck constant,   is the optical emission frequency, and 𝐼 is the driving 

current of the laser. 

 

Modulation Frequency 

 

The bandwidth of a VCSEL is the frequency range at which it can be modulated. 

Considering the approximation presented by Coldren [55], this is expressed as, 

 

𝑓3𝑑𝐵 ≈ 𝑓𝑟 ∙ ⁡√1 + √2 ≈ 1,55 ∙ 𝑓𝑟  
 

(77) 

Where, 𝑓𝑟 is the resonance frequency of the VCSEL, given by, 

 

𝑓𝑟 =
1

2𝜋
√
𝑣𝑔𝑎

𝑞𝑉𝑝
𝜂𝑖(𝐼 − 𝐼𝑡ℎ) 

(78) 

Where,⁡𝑣𝑔 is the group velocity, 𝑎 is the differential gain, 𝜂𝑖 is the laser internal 

efficiency, 𝑞 is the electron charge, 𝑉𝑝 is the cavity volume. 

 

2.1.5 RayCan VCSELs 
 

The Korean company RayCan has built long wavelength VCSELs using MOCVD 

technique. Figure 13 presents the structure of a MOCVD (Metalorganic Chemical Vapor 

Deposition) monolithically grown 1.3 and 1.5 µm wavelength VCSELs. 
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Figure 13 MOCVD grown monolithic structure of a 1.5 um VCSEL. 

For the development of this research, Raycan pigtailed VCSELs were used at 1.3 and 

1.5µm.  Figure 14 presents a TO packaged VCSEL. In Annex 3, the datasheet of a Raycan 

VCSEL is presented. 

 

 
Figure 14 Raycan pigtailed VCSEL. 

2.2 RayCan VCSEL Characterization 
 

The RayCan VCSELs are InP based lasers.  RayCan VCSELs used are TO packaged as 

shown in Figure 14. This package has an optical fiber pigtail to facilitate the connection 

to the other optical components of the optoelectronic oscillator. 

 

Two VCSELs were used to perform these test: 

 1.5 µm RC340541-FFP-1341607 RayCan pigtailed VCSEL. 

 1.3 µm RC220101-FFP-11423514 RayCan pigtailed VCSEL. 

 

The VCSELs are temperature controlled at 20ºC. The threshold current for each one is: 

Bottom Electrode

InP Substrate

Top Electrode

MQW Active Region

Air Gap

DBR

AR Coating

DBR
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𝐼𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 0.954⁡𝑚𝐴⁡𝑓𝑜𝑟⁡1.3⁡𝜇𝑚⁡𝑉𝐶𝑆𝐸𝐿 

𝐼𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 1.192⁡𝑚𝐴⁡𝑓𝑜𝑟⁡1.5⁡𝜇𝑚⁡𝑉𝐶𝑆𝐸𝐿 

 

 

 
Figure 15 Output power vs injected current for 1.3 and 1.5 µm VCSELs. 

2.2.1.1 VCSEL Optical Spectrum 
 

The dominant mode of the single mode VCSEL was measured using the optical spectrum 

analyzer, as seen in Figure 16 for a 1.3 µm VCSEL and Figure 17 for a 1.5 µm VCSEL. 

From the optical spectrum shown in both figures, it is observed that the Side Mode 

Supression Ratio (SMSR) of the VCSELs is higher than 30 dB, this means that the second 

mode amplitude is 0.001 times that one of the dominant mode in linear scale. 

 
Figure 16 Optical spectrum for a 1330 nm VCSEL. 
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Figure 17 Optical spectrum for a 1550 nm VCSEL. 

Influence of Temperature in VCSEL Wavelength 
 

To perform the characterization of the temperature effect in VCSEL wavelength emission, 

a setup as shown in Figure 18 was implemented. The VCSEL under test is placed inside 

a metallic thermal controlled enclosure. The VCSEL output is connected to the optical 

spectrum analyzer (OSA). 

 
Figure 18 VCSEL Wavelength vs temperature setup. 

There is a direct relation between the temperature and the emission wavelength in the 

VCSEL because of the lengthen of the laser cavity caused by the temperature increase. 

From the performed measurements it is observed a wavelength drift of 0.119 nm/°C, as 

shown in Figure 19. 
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Figure 19 VCSEL wavelength vs temperature. 

From this measurement it is concluded that thermal control must be applied to the VCSEL 

in order to assure the laser stability and repeatability of the measurements. 

 

2.2.1.2 VCSEL Linewidth 
 

The VCSEL linewidth is an important property for optical sources; this predicts the degree 

of the laser quality gradation in high speed optical communications. The linewidth of an 

optical source is known as Herny Factor (𝛼𝐻) [56].  This factor is defined as relation 

between the laser gain and the refractive index variations as a function of carrier density, 

N. As follows, 

 

𝛼𝐻 =
4𝜋

𝜆
∗
𝑑𝑛 𝑑𝑁⁄

𝑑𝑔 𝑑𝑁⁄
 

(79) 

Where, 𝑛 is the refractive index, 𝑔 is the gain and 𝜆 is the emitted wavelength. It is 

important to mention that VCSELs linewidth larger than EELs due to the reflector losses 

and better coupling in the lasing mode [57].  

 

For this research it has been chosen the chromatic dispersion of the optical fiber method 

to find the VCSEL Henry’s Factor. Taking into account the technical resources of the 

laboratory, it is feasible to implement this method. 

 

Optical Fiber Dispersion Method 

Optical Fiber Dispersion Method Theory 

 

This method consists on the optical fiber cut-off frequency detection, and from this, the 

extraction of the Henry factor is possible, as shown by Devaux [58]. The optical fiber 

chromatic dispersion is responsible of the optical signal deformation and from this, some 

characteristic frequencies appear. To give a better understanding of this phenomenon, it 

is necessary to perform an small signal analysis of a laser beam being propagated in a 

dispersive medium. The electric field of this wave is given by: 

Wavelength = 0,119T + 1548

1.550,2

1.550,4

1.550,6

1.550,8

1.551,0

1.551,2

1.551,4

1.551,6

1.551,8

1.552,0

1.552,2

1.552,4

15 17 19 21 23 25 27 29 31

W
av

le
n

gt
h

 (n
m

)

Temperature (°C)



 

 

49 
Chapter 2 

Long Wavelength VCSEL Characterization 

𝐸 = √𝑃𝑒𝑗𝜙(𝑃) (80) 

Where P corresponds to the optical emitted power and 𝜙(𝑃) to the phase of the electric 

field. The phase of the optical wave changes according to the light intensity as a function 

of the Henry’s factor, as follows, 

 

Δ𝜙(𝐼) =
𝛼𝐻
2

Δ𝑃

𝑃
 (81) 

When the VCSEL is under direct modulation, the modulating current is described as 

follows, 

I = 𝐼𝑜(1 +𝑚 ∗ cos(2𝜋𝑓𝑡)) (82) 

Where, 𝐼𝑜 is the average, 𝑚 is the modulation index (much lower than 1) and  𝑓 is the 

modulation frequency of the optical signal. The electrical field of the optical wave can be 

assumed as a periodic signal, so it can be written as follows, 

 

E = 𝑒𝑗𝜔𝑜𝑡 ∑ 𝐴𝑝𝑒
𝑗2𝜋𝑝𝑓𝑡

−∞<𝑝<∞

 (83) 

Where, 𝜔𝑜 is the optical pulse.  The Equation (80) can be developed as Fourier series using 

Equations (80) and (81). By developing E as a Fourier series of power m, we have the three 

first Fourier coefficients, they are: 

 

 

A−1 = √𝐼𝑜𝑚(
1 + 𝑗𝛼𝐻

4
) (84) 

 

A0 = √𝐼𝑜 (85) 

 

A0 = √𝐼𝑜𝑚(
1 + 𝑗𝛼𝐻

4
) (86) 

 

These are the spectral components of electric field at the laser output. Each component 

will propagate through the optical fiber at different speed. The propagation constant is 

given by: 

𝛽±𝑝 = 𝛽𝑜 ±
2𝜋𝑝𝑓

𝑣𝑔
−
𝜋𝜆2𝐷𝑝2𝑓2

𝑐
 (87) 

Where, 𝑣𝑔 is the group speed, c is the speed of light, and D is the chromatic dispersion of 

the optical fiber. The electric field of the optical wave after the optical fiber is given by, 

E = 𝑒𝑗𝜔𝑜𝑡 ∑ 𝐴𝑝𝑒
𝑗(2𝜋𝑝𝑓𝑡−𝛽𝑝𝐿)

−∞<𝑝<∞

 
(88) 

Where, 𝐿 is the optical fiber distance from its beginning. From this expression, it is possible 

to determine the light intensity at the fiber output at a frequency 𝑓 as, 

  

I𝑓 =
1

2
ℜ{ ∑ 𝐴𝑝𝐴𝑞𝑒

𝑗(𝛽𝑝+𝛽𝑞)𝐿

𝑝+𝑞=1

} 
(89) 
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From Equations (83) to (87) in (89), we have the following frequency response,  

 

I𝑓 = 𝐼𝑜𝑚√1+ 𝛼𝐻
2 |cos (

𝜋𝜆2𝐷𝑝2𝑓2

𝑐
+ arctan⁡(𝛼𝐻))| 

(90) 

There are several cut-off frequencies in the fiber given by, 

 

I𝑓 =
𝑐

2𝐷𝜆2
(1 −

2

𝜋
arctan(𝛼𝐻)) (91) 

The expression for the Henry factor is given by, 

 

𝛼𝐻 = tan(
𝜋

2
−
𝜋𝜆2𝐷𝑝2𝑓2

𝑐
) 

 
(92) 

Measurement of the Optical Fiber Dispersion and VCSEL Henry Factor [59] 
 

This test was performed using 60 km SMF-28 optical fiber. The laser source used was a 

1.55 µm laser. The chromatic dispersion can be found using the following relation, 

 

𝐷 =
500𝑐

𝑓𝑜
2𝐿𝜆2

 

 

(93) 

 

The measurement of the S21 parameters using a Vectorial Network Analyzer (VNA) is as 

seen in Figure 20. The first frequency null is seen at 7.522 GHz. From this, the chromatic 

dispersion is D=17.91 ps/(nm*km).  

 
Figure 20 Optical Fiber S21 parameter measurement. 

To measure the cut-off frequency taking into account the VCSEL, it was performed a test 

as described in Figure 21. The direct-modulated VCSEL is used in this second 

measurement instead of the optical source of the VNA. By comparing the measurement 

presented in Figure 20 to that one of Figure 22, it is possible to obtain the first cut-off 

frequency of the VCSEL. 
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Figure 21 Chromatic dispersion optical fiber measurement. 

From this measurement, the S21 curve is presented in Figure 22. It is observed that the 

first cut-off frequency of the 60 km optical fiber using this VCSEL is at 3.16 GHz. It is 

important to clarify that the null of the S21 curve at 1.3 GHz is linked to the resonance 

frequency of the interface between VCSEL electrical connection and the thermally 

controlled box due to transmitted electromagnetic interference linked to common 

grounding of the laser bias and VNA.  

 
Figure 22 Optical Fiber S21 parameter measurement using a 1.55 um VCSEL. 

 

From this measurement, recalling Equation (92), it is concluded that the Henry factor of 

the VCSEL is, 
𝛼𝐻 = 3.5 
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2.3 VCSEL Relative Intensity Noise (RIN) 

 
The Relative Intensity Noise (RIN) of the VCSEL relates the photon density fluctuation 

to the mean photon square density. The (RIN) is expressed in dB/Hz.  The RIN can be 

expressed as Equation (93). Graphically this could be defined as shown in Figure 23.  

 
Figure 23 Relative intensity noise graphical explanation. 

𝑅𝐼𝑁 = 2
〈|Δ𝑆̃(𝑣)|

2
〉

〈𝑆〉2
= 2

〈|Δ𝑃̃(𝑣)|
2
〉

〈𝑃〉2
= 2

〈|Δ𝐼𝑃𝐷(𝑣)|
2
〉

〈𝐼𝑃𝐷〉
2

 
(93) 

Where the angular bracket terms correspond to averaged terms measured in an specific 

period of time. The term Δ𝑆(𝑣) corresponds to the photon density, Δ𝑃̃(𝑣) is the output 

power and Δ𝐼𝑃𝐷(𝑣) is the photodetected current. Their mean values are 〈𝑆〉, 〈𝑃〉, and 〈𝐼𝑃𝐷〉. 
The photon density modulations come from the spontaneous emission process, from this, 

the current density variations are neglected. The RIN can be expressed in linear way as 

follows: 

𝑅𝐼𝑁(𝑣) =
4𝐵𝑠𝑝Γ𝜂𝑤0

𝜏𝑠𝑝,𝑤〈𝑆〉

4𝜋2𝑣2 + 𝛾∗2

16𝜋4(𝑣𝑟
2 − 𝑣2)2 + 4𝜋2𝛾2𝑣2

 
(94) 

Where the modified damping factor (𝛾) is given by, 

 

𝛾∗ = 𝛾 −
𝜀〈𝑆〉

𝜏𝑝(1 + 𝜀〈𝑆〉)
≈

1

𝜒𝜏𝑠𝑝,𝑤
+ 4𝜋2𝑣𝑡

2𝜏2 
(95) 

The term Bsp represents the spontaneous emission factor, Γ is the confinement factor, 𝑣𝑟is 

the resonance frequency, χ is the transport factor, ηw is the quantum well efficiency, and 

τsp, spontaneous emission time constant. 

 

To observe experimentally the behavior of the RIN for 1.3 and 1.5 µm VCSELs, the RIN 

measure was performed by constructing the setup shown in Figure 24. The VCSEL is 

biased at different currents and temperatures in order to evaluate the RIN under each 

condition. The photodetected current is measured at the bias monitoring port of the 

photodetector and the RF power is acquired from the Electrical Spectrum Analyzer (ESA). 
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Figure 24 RIN measure setup. 

2.3.1 RIN in 1.3 µm VCSEL 
 

The RIN curves for a 1.3 µm VCSEL at 20°C are shown in Figure 25. From this it is seen 

an evident RIN reduction when the bias current increases. At low bias current, the output 

power linked to the stimulated emission is relatively low in regard to the spontaneous 

emission power, for this reason, the RIN is higher at low bias current. When the bias 

current increases, this trend reverses and the stimulated emission is much greater than 

the spontaneous emission power, leading to a RIN reduction and curve flattening. The 

RIN floor is -150 dB/Hz at low frequencies. At 7 mA the resonance peak of the RIN curve 

is -140 dB/Hz. 

 

It is important to remark from Figure 25 the resonance frequency peak displacement 

towards higher frequencies. This is explained by the fact that the resonant frequency of a 

VCSEL can be expressed as, 

𝑣𝑟 =
1

2𝜋
√
𝜂𝑖𝑣𝑔𝑟Γ𝑎

𝑞𝑉𝑝
√𝐼 − 𝐼𝑡ℎ (96) 

Where, 𝜂𝑖 is the VCSEL efficiency, 𝑣𝑔𝑟 is the group velocity, 𝑎 is differential gain factor, q 

is the electron charge, 𝑉𝑝 is the photon volume, 𝐼𝑡ℎ is the threshold current, and 𝐼 is the 

biasing current. From Equation (24) it is possible to conclude that 𝑣𝑟 ∝ 𝐼. 
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Figure 25 RIN measure results at 20°C. 

The resonance frequency of the VCSEL as a function of the bias current is presented in 

Figure 26. Here it is observed the proportional relation between the bias current and the 

VCSEL resonance frequency.  The slope of the linearization for this measure is 659 

MHz/mA. It is important for direct modulation purpose to know the RIN of a VCSEL and 

its resonance peak have taking into account its influence on the oscillator noise when the 

VCSEL is under modulation.  

 
Figure 26 VCSEL RIN resonance frequency vs bias current. 

Regarding to the temperature effects over the RIN, it was performed a test varying the 

VCSEL temperature from 15°C to 35°C at different currents. These results are presented 

in Figure 27. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 27 RIN curves for 1.3 um VCSEL at several temperatures biased at :  a) 2mA b) 3 mA c) 4 mA d) 5 mA e) 6 mA f) 7 mA 

From Figure 27, it is possible to conclude that the RIN of the VCSEL does not drift 

dramatically due to the temperature variation, at least for the measurements performed 

in this frequency range. The resonance frequency does not seem to drift with the 

temperature variation. For the Figure 27a, it is observed a strong influence of temperature 
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in the RIN, this is attributed to the mode competition inside the VCSEL cavity and the 

thermal expansion of the cavity. Analyzing these curves at an specific frequency and bias 

point, the RIN value is very stable, for instance, at  2.49 GHz measuring the RIN for bias 

current from 2 to 7 mA is plotted in Figure 28. Table 6 presents the RIN drift value for 

each bias current extracted from Figure 28. The higher magnitude slope value corresponds 

to those at lower bias currents; the slope becomes negative of some tenths of dB.  

 
Figure 28 RIN at 2.49 GHz at several bias current for different operation temperature. 

 

Bias Current Slope (dB/Hz)/°C 

2 mA -0.409 

3 mA 0.180 

4 mA -0.097 

5 mA -0.021 

6 mA -0.030 

7 mA -0.063 
Table 6 RIN slope at 2.49 GHz for different bias currents. 

2.3.2 RIN in 1.5 µm VCSEL 
 

The 1.5 µm VCSEL RIN measure was performed in same temperature range (15 to 35°C). 

The RIN measure results at 20°C are shown in Figure 29.  In this figure it is possible to 

observe the same trend as the 1.3 µm VCSEL. The higher the bias current, lower the RIN.   
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Figure 29 1.5 um VCSEL RIN at 20°C for several bias currents. 

The resonance peak presents a frequency shift as the bias current increases. Figure 30 

presents this trend for the 1.5 µm VCSEL. The resonance peak varies from 0.62 GHz up 

to 3.45 GHz. 

 
Figure 30 RIN resonance peak vs bias current for 1.5 µm VCSEL. 

To observe the thermal stability of the RIN, it was performed a RIN measurement for a 

fixed bias current and several temperatures, the results are shown in Figure 31.  
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 31 1.5 µm VCSEL RIN for different temperatures. a) 2 mA b) 3 mA c) 4 mA d) 5 mA e) 6 mA f ) 7 mA. 

From Figure 31 it is inferred that the RIN is enhanced when the bias current is increased. 

This behavior is explained through the definition of a strong dominant mode at higher bias 

current that reduces the carrier availability for spontaneous emission of the laser. To 
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analyze this in more detail, it is presented the RIN value at 2.49 GHz at different currents 

and temperatures in order to compute the slope of each condition. This is shown in Figure 

32. For low current, the RIN is more sensitive to temperature variations, with a drift of 

1.339 dB/Hz/°C, this because of the relatively low stimulated emission in comparison to 

the spontaneous emission, there is a mode competition inside the laser cavity at this bias 

current that makes the laser optically noisy. For higher currents the increase in RIN is 

also observed but the slope is smaller than in the low bias current case. Those values are 

shown in Table 7. 

 

 
Figure 32  1.5 µm VCSEL RIN at 2.49 GHz for different bias current and temperature. 

Bias Current Slope (dB/Hz)/°C 

2 mA 1.339 

3 mA 0.155 

4 mA 0.097 

5 mA 0.090 

6 mA 0.083 

7 mA 0.099 
Table 7 1.5 µm VCSEL RIN slope for different currents varying the temperature. 

2.3.3 RIN and Optical Fiber Influence 
 

With the aim to implement the VBO, a characterization of the RIN and its variation when 

the VCSEL is connected to different optical fiber lengths is performed. This is described 

in Figure 33. The VCSEL is biased at 7 mA and the optical fiber length is varied from 100 

m to 25 km. 

The results of this measure are presented in Figure 34. From this Figure it can be inferred 

that the RIN measured at the end of the optical fiber is degraded with respect to the non-

fibered VCSEL due to the existence of other noise phenomena linked to the optical fiber 

(connector reflections, thermal lensing, fiber bending, etc) that are added to the 

measurement and not for a Change in the RIN characteristic of the VCSEL. The VCSEL 

RIN remains the same independently of the optical fiber length.  
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Figure 33 1.5 µm VCSEL RIN measurement varying the optical fiber length. 

  

 

Figure 34 1.5 µm VCSEL RIN while varying the optical fiber length measure results. 

 

2.3.4 RIN comparison between 1.3 and 1.5 µm VCSEL  
 

Comparing the RIN measurements between the two VCSELs, it is observed that in both 

cases the RIN is reduced and the curve is flattened as the bias current is increased. Figure 

35 presents the RIN curves for both laser wavelengths at several bias points. 
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a) 

 
b) 

 
c) 

 

Figure 35 RIN measurements for 1300 and 1500 nm VCSELs at a) 2Ith b) 4 Ith c) 7 Ith. 

The relaxation frequency peak moves towards higher frequencies as the bias current is 

increased. The relaxation frequency peak is defined as follows [33], 
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𝑓𝑟 =
1

2𝜋
√
𝜂𝐼𝑣𝑔𝑟Γ𝑟𝑎̅

𝑞𝑉𝑝
√𝐼 − 𝐼𝑡ℎ = 𝑀𝑟√𝐼 − 𝐼𝑡ℎ 

 

Where, 𝜂𝐼 is the injection efficiency, 𝑣𝑔𝑟 is the group velocity, Γ𝑟 is the confinement factor, 

q is the electron charge, 𝑉𝑃 is the cavity volume and 𝑀𝑟 is known as the modulation 

response of the laser.  

 

As figure-of-merit, the modulation current efficiency factor (MCEF) is given to specify the 

increase of 3 dB corner frequency of VCSEL transfer function. This is expressed as follows, 

𝑀𝐶𝐸𝐹 =
𝑓𝑟3𝑑𝐵

√𝐼 − 𝐼𝑡ℎ
 

 

Where 𝑓𝑟3𝑑𝐵  is the frequency 3 dB below the RIN peak. According to Iga [33], the factors 

𝑀𝑟 and 𝑀𝐶𝐸𝐹 are related as, 
𝑀𝐶𝐸𝐹 ≈ 1.55𝑀𝑟 

 

Generally, the 𝑀𝐶𝐸𝐹 value is used instead of 𝑀𝑟 due to the ease of measure the 𝑓𝑟3𝑑𝐵  

directly from the RIN curve. These values are shown in Figure 36. The MCEF enhances 

as the current increases.  

 

 
Figure 36 MCEF for 1300 and 1500 nm VCSELs. 

The relaxation frequency of the RIN VCSEL measurement for each bias current is shown 

in Figure 37.  
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Figure 37 RIN frequency peak for 1300 and 1500 nm VCSELs. 

With the purpose to implement the 2.49 GHz VBO, it is important to focus on the RIN at 

this frequency in order compare the performance of the two VCSELs and their contribution 

to the oscillator phase noise. Figure 38 presents this characteristic. The RIN of the 1500 

nm VCSEL is lower than the 1300 nm one. At 2.49 GHz the RIN is enhanced in 27 dB for 

the 1300 nm VCSEL when the bias current is augmented from 2 to 7 mA. For the 1500 

nm VCSEL the RIN is enhanced in 25 dB at the end of the bias current sweep. The 

hypothesis here is that a reduction in the RIN will be reflected in the enhancement of the 

optoelectronic oscillator frequency stability as a reduction of the phase noise. From this, it 

is expected to have lower phase noise using the 1500 nm VCSEL in the VBO.  

 

 
Figure 38 RIN of the 1300 and 1500 nm VCSELs at 2.49 GHz. 
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2.4 RayCan VCSEL Frequency Response [60] 
 

The direct modulation frequency response of the VCSEL is a very important performance 

parameter for the purpose of this thesis. In fact, the VBO results presented throughout 

this thesis will be obtained by the direct current intensity modulation of the VCSEL by 

using a bias tee. From the frequency response curve is possible to find the effective 

bandwidth of a specific VCSEL in order to be used in the VBO.   

 

To express the optical power output of the VCSEL, 𝑃𝑉𝐶𝑆𝐸𝐿, it is important to take into 

account the VCSEL cut-off frequency, this means, the highest frequency at which the 

VCSEL can be modulated. This can be modelled as the VCSEL transfer function, 𝐻𝑉𝐶𝑆𝐸𝐿 , 

that is expressed as: 

𝐻𝑉𝐶𝑆𝐸𝐿 =
𝜔𝑅
2

𝜔𝑅
2 −𝜔2 + 𝑗𝜔𝛾

 
(97) 

Where, 𝜔2  is the resonance frequency and 𝛾 is the damping factor. 

Additionally, it is possible to express the VCSEL power, 𝑃𝑉𝐶𝑆𝐸𝐿 at the optical fiber input 

as follows, 
𝑃𝑉𝐶𝑆𝐸𝐿 = 𝑃𝑜 + 𝑃𝑅𝐹  (98) 

Where 𝑃𝑜 is given by, 

 
𝑃𝑜 = 𝜂𝑑 ∗ ℎ ∗ 𝑣 ∗ (𝐼𝑏𝑖𝑎𝑠 − 𝐼𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑) + 𝜂𝑑 ∗ 𝜂𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 ∗ 𝛽 ∗ ℎ ∗ 𝑣 ∗ 𝐼𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑   (99) 

𝑃𝑅𝐹 is obtained from, 
𝑃𝑅𝐹
𝑖𝑅𝐹

= 𝜂𝑑 ∗ ℎ ∗ 𝑣 ∗ 𝐻𝑉𝐶𝑆𝐸𝐿(𝜔) 
(100) 

Where, 𝜂𝑑 represents the quantum efficiency, 𝜂𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠  represents the spontaneous 

emission efficiency, 𝛽 is the spontaneous emission factor, ℎ is the Planck’s constant and 𝑣 

is the emission frequency of the laser. The RF current is linked to the oscillating signal as 

follows, 

𝐼𝑅𝐹 =
𝑉𝑅𝐹(𝜔)

𝑅𝑑
 

(101) 

Where, 𝑅𝑑  is the dynamic resistance of the VCSEL. 

 

To measure the frequency response of the VCSEL (transfer function), 𝐻𝑉𝐶𝑆𝐸𝐿(𝜔), a VNA 

and a high speed photodetector are used. The implemented setup description is shown in 

Figure 39. The VCSEL is directly modulated through a bias tee and the laser output is 

received by the high-speed photodetector. 
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Figure 39 VCSEL frequency response measurement setup. 

 

 

The extraction of the frequency response was performed by applying the technique 

described by Hayat [5]. This consists in the measurement of the S21 parameter well above 

the threshold current and from this measurement it is subtracted the measurement of the 

S21 parameter just above the threshold current. Using this method, most of the parasitic 

of the measurement linked to the input electrical connection are removed. 

 

To model the VCSEL frequency response, a circuit-based model of the VCSEL is simulated 

inspired in that one proposed by Rissons [61]. This model translates the physical 

phenomena inside the VCSEL into electrical scheme, as shown in Figure 40. The electrical 

model of the active zone of the VCSEL is defined as  𝑅𝑗 corresponding to the junction 

resistance and 𝐶𝑗 corresponding to the junction capacitance. The photons reservoir and 

resonance damping are modelled through 𝐶𝑜 and 𝐿𝑜, respectively.  The circuit parameters 

are found by iteration and comparison with the actual measurement. The circuit 

parameters for the first iteration are computed for a second order Tchebycheff low pass 

microwave filter. 

 

 
Figure 40 Electrical equivalent scheme of VCSEL. 
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The circuit model of the VCSEL has been implemented in the simulation software 

Advanced Design Systems (ADS), the circuit model implementation is presented in Figure 

41. 

 
Figure 41 VCSEL circuit model 

 

The VCSEL measured and simulated frequency are shown in Figure 42. For this 

characterization, the measurements and simulations were performed at 3, 5 and 7 mA. 

Table 8 summarizes the circuit parameters for each current. 

  

Bias 

Current 

(mA) 

𝑹𝒉𝒎 (Ω) 𝑪𝒉𝒎 

(pF) 

𝑹𝒍𝒎 (Ω) 𝑪𝒍𝒎 

(pF) 

𝑹𝒋 (Ω) 𝑪𝒋 (pF) 𝑹𝒐 (Ω) 𝑪𝒐 (pF) 

3  35 0.1 1.4 100 1 145 0.03 0 

5 35 0.1 1.4 100 1 40 0.03 0 

7 35 0.1 1.4 100 1 30 0.03 0 
Table 8 VCSEL equivalent circuit model parameters. 

The VCSEL frequency response measured and simulated are plotted in Figure 42. The 

VCSEL direct modulation bandwidth increases as the bias current does, at 3 mA bias the 

VCSEL direct modulation bandwidth is 3.5 GHz and for 7 mA it is 4.8 GHz. For this 

reason, the frequency response of the VCSEL is not good enough to be modulated inside 

an optoelectronic oscillator taking into account that the Barkhausen gain condition must 

be satisfied at frequencies higher than 5 GHz. From this Figure, it is inferred that the 

VCSEL circuit model agrees well with the measurements carried out. In the same way, 

the damping slopes correspond to 20 dB/decade of the Tchebycheff second order low pass 

filter.  The dips in the frequency response of the VCSEL are caused by the impedance 

mismatching between the connection pins and the laser package, these dips occurs always 

at the same frequency for all measures. The impedance mismatching that is present in 

Figure 16 is undesired. A non-packaged VCSEL frequency response exhibits a curve 

behavior similar to the simulated lines.  Figure 43 presents a VCSEL frequency response 

curve measured by Bacou [38].  
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c) 

Figure 42 RayCan VCSEL free running frequency response and VCSEL circuit model simulated in ADS at a) 3 mA b) 5 mA c) 7 
mA. 

 
Figure 43 On chip VCSEL frequency response curve, taken from [38]. 
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Conclusion 

 
Two single mode Vertical Cavity Surface Emitting Lasers (VCSELs) are characterized in 

terms of the optical spectrum, DC performance, direct modulation bandwidth and Relative 

Intensity Noise.  

 

From the optical spectrum of the VCSEL, it is observed a single mode performance with a 

high Side Mode Suppression Ratio (SMSR) that is higher than 30 dB. The power versus 

current characteristic have shown the low power emission of the VCSELs (<1mW) for 

biasing current lower than 9 mA. The purpose of the use of VCSELs is to implement a low 

power consumption light source in the optoelectronic oscillator, this has been confirmed 

through these measurements. 

 

The Relative Intensity Noise of the VCSELs measure is performed in order to characterize 

the noise properties of the optical source. Results show that VCSEL operating at a current 

higher that 5 mA (in the laser diode linear zone) exhibits low RIN values. The RIN 

resonance peak curve varies proportionally according to the bias current. It is necessary 

to find a trade-off between the RIN curve resonance peak and the bias point in order to 

modulate the VCSEL in a low RIN point of the curve. The 1.5 µm VCSEL exhibits lower 

RIN than the 1.3 µm laser. From the performed analysis in this work, this is explained by 

manufacturing process differences that are beyond the scope of this document. 

 

The frequency response of the VCSELs is characterized in order to assure a good 

performance of the VCSEL when it is directly modulated. The VCSELs used have a low 

cut-off frequency, up to 6 GHz in the best of the measurements; this is explained by the 

fact that the laser carriers cannot follow the modulating signal due to its high frequency. 

The VCSEL frequency response is modeled by using an electrical circuit model 

implemented in ADS. It is evidenced that the VCSEL package used in these 

measurements presents impedance mismatching than introduces perturbations in the 

frequency response curves, anyway, these perturbations are not located at frequencies at 

which the VBO is going to be implemented. The RIN curves are not affected by the package 

neither the DC performance is affected. 
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Chapter 3 

Long Wavelength VCSEL Based 
Optoelectronic Oscillator 

Introduction 
 

The VCSEL Based Optoelectronic Oscillator (VBO) was presented in 2008 [3], [62], [63] as 

a modification of the Optoelectronic Oscillator (OEO) presented by Yao and Maleki [2] in 

the middle 90’s. The VBO is an OEO using a directly modulated VCSEL. A theoretical and 

experimental approach of the VBO will be presented in this chapter taking into account 

the effects in the frequency response, optical fiber length and the temperature. The use of 

last generation VCSELs used in the VBO leads to an enhancement in frequency stability 

of the system.  
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3.1 VCSEL Based Optoelectronic Oscillator (VBO) 
 

The VCSEL Based Optoelectronic Oscillator (VBO) is a closed loop oscillator topology 

using a VCSEL as an optical source. The advantage of using a VCSEL is linked to its 

reduced power consumption and lower cost compared to other laser sources, especially 

when board systems are foreseen. 

 

For this oscillator, the VCSEL will be directly modulated instead of being modulated with 

an external Mach-Zender modulator (MZM). The direct modulation permits the size and 

cost reduction of the system as well as the power consumption.  

 

The oscillator loop is composed by a VCSEL, an optical fiber that acts as a delay line, a 

photodetector to transform the optical signal into electrical domain, a band pass filter 

tuned at the oscillator carrier frequency and a microwave amplifier. The operation 

principle of the VBO is the conversion of an optical wave into electrical microwave, then, 

this signal is filtered, amplified and fed back to the electrical access of the VCSEL to create 

a self-kept oscillation. The VBO scheme is shown in Figure 44.  

 

 
Figure 44 VCSEL Based Optoelectronic Oscillator. 

3.1.1 VCSEL Based Optoelectronic Oscillator Open Loop Analysis 
 

To analyze the VBO in open loop, it is going to be considered the link between the laser 

and the photodetector. After this, an expression for the microwave filter and amplifier will 

be shown. The VBO open loop schematic is shown in Figure 45.  
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Figure 45 Open loop VBO. 

Optical Signal Detection and Filtering 

 

Assuming a VCSEL with a sinusoidal waveform, of the form, 

 
𝑉𝑅𝐹(𝑡) = 𝑉𝐴 sin(𝜔𝑂𝑡 + ) (102) 

It is possible to compute the photodetected current 𝑉̃𝑝ℎ , 

 

𝑉̃𝑝ℎ = 𝛼̃𝑜𝑃𝑉𝐶𝑆𝐸𝐿|𝐻𝑉𝐶𝑆𝐸𝐿(𝜔𝑜)|𝑆̃𝑅𝑝ℎ (103) 

𝑉̃𝑝ℎ = 𝛼̃𝑜𝑆̃⁡𝑅𝑝ℎ (𝑃𝑜 + 𝜂𝑑ℎ𝑣
𝑉𝐴 sin(𝜔𝑂𝑡 + )

𝑅𝑑
|𝐻𝑉𝐶𝑆𝐸𝐿(𝜔𝑜)|) (104) 

Where,  

 

 𝑅𝑑  is the dynamic resistance of the VCSEL 

 𝑅𝑝ℎ is the photodetector load resistance 

  𝛼̃𝑜 represents the optical losses inside the loop (𝛼̃𝑜 = 𝛼𝑜𝑒
−𝑗𝜔𝜏𝑑) where 𝜏𝑑 is 

the optical delay time. 

 𝑆 = 𝑆𝑒−𝑗𝜔𝜙𝑠  that represents the photodetector responsivity. 
 

Once the electrical signal is recovered by the photodetector, this signal is filtered and 

amplified, so the signal 𝑉𝑂𝐿 at the open loop output is given by: 

 

𝑉𝑂𝐿 = 𝛼̃𝐸𝐺̃𝑎𝑚𝑝𝑙𝑖𝛼̃𝑜𝑆̃𝑅𝑝ℎ𝐹̃ ℎ𝑣
𝑉𝐴 sin(𝜔𝑂𝑡 + )

𝑅𝑑
|𝐻𝑉𝐶𝑆𝐸𝐿(𝜔𝑜)| (105) 

Where,  

 𝛼̃𝐸 = 𝛼𝐸𝑒
𝑗𝜙𝐸 represents the electrical losses inside the system. 

 𝐺̃𝑎𝑚𝑝𝑙𝑖 = 𝐺𝑎𝑚𝑝𝑙𝑖𝑒
𝑗𝜙𝐺  represents the voltage gain of the amplifier taking into account 

its phase shift. 

 𝐹̃ = 𝐹𝑒𝑗𝜙𝐹 represents the voltage gain of the microwave filter. 

 

From this it is possible to define the open loop gain as, 

 

𝑉̃𝑂𝐿 = 𝐺̃𝑂𝐿𝑉𝑅𝐹(𝑡) (106) 

And 𝐺̃𝑂𝐿 is given by, 
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𝐺𝑂𝐿(𝜔𝑜) = 𝛼̃𝐸𝐺̃𝑎𝑚𝑝𝑙𝑖𝛼̃𝑜𝑆𝑅𝑝ℎ𝐹̃ℎ𝑣
1

𝑅𝑑
|𝐻𝑉𝐶𝑆𝐸𝐿(𝜔𝑜)| (107) 

VCSEL Based Optoelectronic Oscillator Open Loop Frequency Response 
 

The VBO open loop frequency response is simulated to assure the compliance to the 

Barkhausen gain condition (𝐺𝑜𝑝𝑒𝑛⁡𝑙𝑜𝑜𝑝 = 1). To implement this simulation, each element of 

the optoelectronic oscillator is modelled in ADS according to their specifications. The 

VCSEL circuit model shown previously is used for this simulation. The ADS sketch is 

shown in Figure 46. 

 

 
Figure 46 VCSEL based optoelectronic oscillator open loop sketch in ADS. 

The open loop frequency response of the VBO at 2.49 GHz in shown in Figure 47. The gain 

curve confirms that the Barkhausen gain condition is accomplished (G=0 dB). The 

Oscilation side modes in the gain curve correspond to the free spectral range (FSR) of the 

oscillator caused by the traveling wave inside the optical fiber, those are spaced by a 

frequency that corresponds to the inverse of the travel time of the light inside the optical 

fiber. For this simulation, a 2000 m optical fiber is modelled as a time delay block (6.67 

µs). 
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Figure 47 Open loop frequency response for the 2.49 GHz VBO. 

 

3.1.2 VCSEL Based Optoelectronic Oscillator Closed Loop Analysis 
 

The closed loop analysis presented in Chapter 1 is still valid for the VBO. For this reason 

it is recalled.  

 

|
𝑉𝑅𝐹
𝑉𝑛𝑜𝑖𝑠𝑒

|
2

=
𝐺𝑎𝑚𝑝𝑙𝑖
2

1 − |𝐺𝑂𝐿|2 − 2|𝐺𝑂𝐿| ∗ cos(𝜔𝑒𝜏 + 𝜋)
 

 

(108) 

Power and Frequency of the Oscillation  

 

From the gain oscillation condition, the gain condition for the VBO is given by Equation 

(107). 

|𝛼̃𝐸𝐺̃𝑎𝑚𝑝𝑙𝑖𝛼̃𝑜𝑆̃𝑅𝑝ℎ𝐹̃ℎ𝑣
1

𝑅𝑑
|𝐻𝑉𝐶𝑆𝐸𝐿(𝜔𝑜)|| = 1 (109) 

For the phase oscillation condition, the oscillation frequency is given by: 

𝑓𝑜𝑠𝑐 =
𝑘

𝜏
−

𝜙𝑜
2𝜋𝜏𝐹

 (110) 

The oscillation modes are linked to the electrical and optical fiber length time delay. These 

modes are spaced by the Free Spectral Range (FSR) that is given by: 
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𝐹𝑆𝑅 =
1

𝜏
=

1

𝜏𝐹 + 𝜏𝐶
=

1

𝑛𝐹𝐿
𝑐 + 𝜏𝐶

 

𝐹𝑆𝑅𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 =
1

𝜏𝐶
 

𝐹𝑆𝑅𝑜𝑝𝑡𝑖𝑐𝑎𝑙 =
1

𝜏𝐹
=

𝑐

𝑛𝐹𝐿
 

 

(111) 

 Where 𝜏𝐹 is the optical fiber delay, 𝜏𝐶 is the delay related to electronic components,  

𝑛𝐹 is the optical fiber core refractive index, 𝐿 is the optical fiber length, c is the 

speed of ligth. 

The FSR and the microwave filter bandwidth define the mode selection in the 

oscillator.  

 

3.1.3 Noise Processes inside the Oscillator 
 

The oscillation energy starters for the optoelectronic oscillator are the noise sources inside 

the loop. Each component introduces certain noise signal inside the system. From the 

feedback, this signal is filtered and amplified up to satisfy the oscillation conditions. The 

noise sources inside the VBO can be divided into two categories as follows: 

 

 External noise: These are mechanical, acoustic, or electromagnetic interferences 

linked to the VBO operating environment of the VBO. These noise sources are 

beyond the scope of this thesis and they will not be discussed. 

 Internal noise sources: These sources are linked to the electronic intrinsic 

properties of the materials and their discrete behavior (quantum phenomena). 

They will be discussed in the upcoming sections. 

 

Thermal Perturbations 

The phase of the optical wave inside an optical fiber can vary because of the thermal 

influence in the optical fiber. This phase is defined as: 

 

𝜙 = 𝛽𝐿 
(112) 

Where 𝛽 is the optical fiber line phase constant (wave number) and 𝐿 is the optical 

fiber length.  

 

The optical fiber is vulnerable to refractive index variations caused by the fiber 

bending. This bending changes the optical fiber diameter 𝐷 and the effective 

refractive index of the fiber core 𝑛. 

 

The optical phase shift can be expressed as, 
Δ𝜙 = 𝛽𝐿 + 𝐿Δ𝛽 

(113) 

The first term in Equation (112) corresponds to the optical fiber lengthen and the second 

term corresponds to diameter and refractive index variations, this is given by, 
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LΔβ = L
𝑑𝛽

𝑑𝑛
Δ𝑛 + 𝐿

𝑑𝛽

𝑑𝐷
Δ𝐷 (114) 

However, the diameter variation term can be neglected if a not isolated fiber is considered. 

So,  
Δϕ

𝐿
= β

ΔL

𝐿
+
𝑑𝛽

𝑑𝑛
Δn (115) 

The modulated optical signal (at 𝑓𝑜𝑠𝑐) will be detected by a photodiode. The phase variation 

in optical domain will be converted into electrical domain. By this, it is possible to use the 

electrical wave number, 𝛽𝑒, given by: 

 

β𝑒 =
2𝜋𝑓

𝑜𝑠𝑐
𝑛

𝑐
 (116) 

And, 
dβ𝑒
𝑑𝑛

=
β𝑒
𝑛

 (117) 

 

So, the electrical phase shift can be described as, 

 
Δϕ

𝐿
= β𝑒 (

Δ𝐿

𝐿
+
Δ𝑛

𝑛
) 

(118) 

 

It is possible to express the phase shift as a function of the temperature effects as follows, 
Δϕ

Δ𝑇⁡𝐿
= β𝑒 (

1

𝐿

𝑑𝐿

𝑑𝑇
+
1

𝑛

d𝑛

𝑑𝑇
) 

(119) 

 

And the phase variation related to temperature variation is given by, 

 
Δϕ

ϕΔ𝑇
=
1

𝐿

𝑑𝐿

𝑑𝑇
+
1

𝑛

d𝑛

𝑑𝑇
 

(120) 

 

From Equation (117), it is possible to analyze the effect of the temperature in the 

oscillation frequency. The delay in an optical fiber spool is given by 𝜏, from this, it is 

possible to obtain the optical phase shift as a function of the temperature. This relation is 

as follows, 
Δ𝑓𝑜𝑠𝑐
Δτ

=
𝑘

𝜏2
=
𝑓𝑜𝑠𝑐
𝜏

 (121) 

 

And the frequency variation due to temperature variation is given by, 

 
Δ𝑓𝑜𝑠𝑐
ΔT

=
𝑐

2𝜋𝐿𝑛

Δ𝜙

Δ𝑇
 (122) 

 

Replacing Equation (117) into (119), this leads to, 
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Δ𝑓𝑜𝑠𝑐
ΔT

= 𝑓𝑜𝑠𝑐β𝑒 (
1

𝐿

𝑑𝐿

𝑑𝑇
+
1

𝑛

d𝑛

𝑑𝑇
) 

(123) 

 

This expression is valid, as mentioned before, for an optical fiber without coat. However, 

the sensibility of a coated optical fiber will be higher that his case because of the thermal 

expansion of the coat material and its mechanical influence on the optical fiber.  

 

Internal Perturbations 

Shot Noise [64] 
This noise comes from the photodetector. This is due to quantum nature of the electronic 

phenomena that governs photodetector operation. Each electron-hole pair produces an 

individual pulse of electric current. When the laser beam arrives at the photodetector, 

there will be a constructive phenomenon that will lead to the noise-generated 

photodetected current. The random behavior of photon contribution creates a fluctuating 

intensity given by, 

 

I𝑝ℎ(𝑡) = 𝐼𝑜 + 𝑖𝑠ℎ𝑜𝑡(𝑡) (124) 

 

Where 𝐼𝑜 = 𝑆 ∗ 𝑃𝑜𝑝𝑡𝑖𝑐𝑎𝑙 (as mentioned before, 𝑆 is the photodetector responsivity and 

is the incident optical power in the photodetector) and corresponds to the shot noise 

current. The power spectral density of the shot noise is expressed as, 

 

S𝑠ℎ𝑜𝑡 = 2𝑞𝐼𝑜 
(125) 

Where q is the electron charge.  

 

The squared mean shot noisecurrent in a Δ𝑓 bandwidth is given by, 

 

〈I𝑠ℎ𝑜𝑡
2〉 = 2𝑞𝐼𝑜Δ𝑓 

(126) 

Thermal Noise 
 

At any temperature, the electrons move in a random way in conductor surface. For this 

reason, in all electrical systems, there is always a varying current even when the system 

is not biased. If the case of the photodetector in the optoelectronic oscillator is observed, 

there is a load resistor at the output of its amplifier. For this reason, a thermal noise 

component is added into the system. According to this, the total current in the system is 

defined as, 

𝐼(𝑡) = 𝐼𝑜 + 𝐼𝑠ℎ𝑜𝑡(𝑡) + 𝐼𝑇ℎ𝑒𝑟𝑚𝑎𝑙(𝑡) (127) 

 

Where, 𝐼𝑇ℎ𝑒𝑟𝑚𝑎𝑙 represents the thermal noise current contribution. 𝐼𝑇ℎ𝑒𝑟𝑚𝑎𝑙 is 

modeled as a stationary Gaussian random process with a power spectral density 

𝑆𝑇(𝑓)⁡given by, 
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𝑆𝑇(𝑓) =
𝑘𝐵𝑇

𝑅𝐿
 

(128) 

 

Where, 𝑘𝐵 is the Boltzman constant, 𝑇 is the absolute temperature, and 𝑅𝐿 is the 

photodetector amplifier load resistance.  

 

From the spectral density of thermal noise, it is possible to obtain the thermal 

noise variance, defined as, 

𝜎𝑇
2 = 〈𝑖𝑇

2(𝑡)〉 =
4𝑘𝐵𝑇

𝑅𝐿
Δ𝑓 

(129) 

Where, Δ𝑓 is the effective noise bandwidth. To take into account effects linked to 

the amplifier topology and components, the quantity 𝐹𝑛 is included, this is called, 

amplifier noise figure, and Equation (35) presents the new noise variance 

expression as follows, 

𝜎𝑇
2 = 〈𝑖𝑇

2(𝑡)〉 =
4𝑘𝐵𝑇

𝑅𝐿
𝐹𝑛Δ𝑓 

(130) 

The total variance current noise added by shot and thermal noise is expressed as, 

𝜎2 = 〈(Δ𝐼)2〉 = 2𝑞(𝐼𝑜 + 𝐼𝑠ℎ𝑜𝑡)Δ𝑓 +
4𝑘𝐵𝑇

𝑅𝐿
𝐹𝑛Δ𝑓 

(131) 

 

3.1.4 Conversion of the Optical Phase Noise into Intensity Noise in the Optical Fiber 
 

Inside the optical fiber of the oscillator the light transmission is attenuated and reflected 

due to its non-ideal material nature. Consequently, there are some phenomena that must 

be taken into account for the oscillator design. This is described by two phenomena, the 

Raman diffusion (optical) and Brillouin diffusion (acoustic). 

 

Stimulated Brillouin Diffusion (SBD) 
 

This diffusion phenomenon appears when the incident optical wave front creates an 

acoustic wave. This perturbation creates a refractive index variation that leads to a Bragg 

grating. The frequency shift is linked to the Doppler Effect associated to the grating 

displacement in this medium. This becomes negligible beyond certain injected power. This 

power is known as Critical Power  𝑃𝑐𝑟, and it is defined as the point where the input 

frequency is reduced to its half and converted into new frequency waves. This is given by, 

P𝑐𝑟𝐿𝑒𝑓𝑓 ≅ 21 (1 +
Δ𝑣

Δ𝑣𝐵
)
𝐴𝑒𝑓𝑓
𝑔𝐵

 
(132) 

 

Where, 𝑔𝐵 is the stimulated Brillouin diffusion (5.1 ∗ 10−11
𝑚

𝑊
𝑓𝑜𝑟⁡𝑠𝑖𝑙𝑖𝑐𝑎⁡𝑜𝑝𝑡𝑖𝑐𝑎𝑙⁡𝑓𝑖𝑏𝑒𝑟𝑠), 

𝐴𝑒𝑓𝑓 = 𝜋𝜔2 is the effective area of the fiber core and 𝜔 is the spot size (typical 𝐴𝑒𝑓𝑓 ≈

70𝜇𝑚2), Δ𝑣𝐵 is the Brillouin spectral linewidth (typical value around 10 to 100 MHz), Δv 

is the laser spectral linewidth and Leff is the interaction effective length given by: 
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𝐿𝑒𝑓𝑓 =
1 − 𝑒−𝛼𝐿

𝛼
 (133) 

Where, 𝛼 represents the optical fiber losses (≈ 0.2⁡𝑑𝐵/𝑘𝑚) and 𝐿 is the actual length of the 

optical fiber. To observe this effect  Figure 48 is presented. It is seenthat for lengths among 

100 m to 10 km (300 mW to 3.3 mW, respectively), the optical power injected by the laser 

can produce a important Brillouin perturbation. Fortunately, the VCSEL optical power is 

not high enough to produce a wave reflection that could make a round tour inside the 

optical fiber and for this reason, it is highly reduced but it still remains in the fiber. 

 

 
Figure 48 Stimulated Brillouin difussion threshold power. 

Stimulated Raman Difussion (SRD) 

 

This noise source is related to the optical injected power inside the optical fiber. The energy of the 

incident photons is converted into phonons that create lower energy photons. It is possible to 

compute the threshold Raman power, P𝑐𝑟  as, 

P𝑐𝑟𝐿𝑒𝑓𝑓 ≅ 16
𝐴𝑒𝑓𝑓
𝑔𝑅

 
(134) 

Where 𝑔𝑅 is the Stimulated Raman Diffusion (SRD) (≈ 6.5 ∗ 104𝑚/𝑊 for 1.55 𝜇m). 

𝐴𝑒𝑓𝑓 is defined as in the Brillouin diffusion. The theoretical threshold values for 

the SRD are shown in Figure 49. This noise source can be neglected for our 

purposes taking into account the reduced power emission of the VCSELs used in 

this project. 
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Figure 49 Stimulated Raman diffusion threshold power. 

Rayleigh Diffusion [65] 

 

The Rayleigh diffusion is caused by the microscopic variations of the optical fiber refractive 

index. Figure 50 presents the Rayleigh diffusion approach. 

 
Figure 50 Rayleigh diffusion noise principle. 

 

This noise can be divided into two categories: 

 

 Double Rayleigh Diffusion: 

This noise is characterized by reflections of a small part of the optical power in backward 

and forward propagation sense. This creates an additive noise that can be seen as relative 

intensity noise (𝑅𝐼𝑁𝐷𝑅𝐷) in the fiber output. This RIN can be expressed as, 

𝑅𝐼𝑁𝐷𝑅𝐷 ≅
4𝑆𝐷𝑖𝑓𝑓

2 𝛼𝑠𝐿𝑒𝑓𝑓𝐷𝑅𝐷

𝜋Δ𝑣

1

1 + (
𝑓
Δ𝑣)

2 
(135) 

Where, for a monomode optical fiber at 1550 nm, 𝑆𝑑𝑖𝑓𝑓 = 10−3 is the light part that is 

diffused and received by the photodetector, 𝛼𝑠 = 3.2 ∗ 10−2𝑘𝑚−1 is the Rayleigh coefficient, 

the effective length is expressed as  

 

𝐿𝑒𝑓𝑓 =
1 − 𝑒−𝛼𝐿

2𝛼
 (136) 

And Δ𝑣  is the laser linedwidth and 𝑓 is the Fourier frequency. 
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Reflected Rayleigh Diffusion 

 

This noise process is similar to the previous one. The difference is that the second diffusion 

is replaced by a reflection at the optical fiber input. This is seen as relative intensity noise 

(𝑅𝐼𝑁𝑅𝑅𝐷) at the optical fiber output. This noise can be expressed as: 

 

𝑅𝐼𝑁𝑅𝑅𝐷 ≅
4𝑅𝑝𝑆𝐷𝑖𝑓𝑓

2 𝛼𝑠𝐿𝑒𝑓𝑓𝑅𝑅𝐷

𝜋Δ𝑣

1

1 + (
𝑓
Δ𝑣)

2 
(137) 

Where 𝑅𝑝 corresponds to the reflection coefficient at the fiber input, 𝐿𝑒𝑓𝑓𝑅𝑅𝐷 is 

defined as in Equation (135). 

 

3.1.5 Leeson Model in the VCSEL Based Optoelectronic Oscillator [17] 
 

The closed-loop oscillator is composed by the amplifier and the reactive chain. From the 

Leeson’s model it is possible to predict the phase spectral power density 𝑆𝜑  at the oscillator 

output from the phase spectral density fluctuations at the oscillator input, 𝑆Δ𝜃 . To find 

this, the relation presented in Equation (138) is presented [12]. 

 

𝑆𝜑(𝑓) = 𝑆Δ𝜃 [1 + (
𝑓𝑜
2𝑄𝑓

)
2

] 
(138) 

From this expression the phase noise is computed once the noise sources are known. As 

mentioned in the previous section the noise sources due to thermal effect, electronic and 

optical fiber are taken into account. Those sources are assumed as current sources in a 

parallel circuit. These are: 

 

 𝑖𝐹𝑖𝑏𝑒𝑟 due to optical fiber RIN 

 𝑖𝐿𝑎𝑠𝑒𝑟 due to laser RIN 

 𝑖𝑠ℎ𝑜𝑡 due to photodetector shot noise 

 𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙 due to thermal noise inside the system 

 

Figure 51 presents the noise sources and their loads (𝑍𝑝ℎ for the photodetector output 

impedance and 𝑍𝐴 for the amplifier output impedance).  

 
Figure 51 VBO noise sources circuit model. 
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From Figure 51 it is possible to find the total current linked to noise sources. This current, 

𝑖𝑡𝑜𝑡 as, 

𝑖𝑡𝑜𝑡 = 𝑖𝐹𝑖𝑏𝑒𝑟𝑅𝐼𝑁 + 𝑖𝐿𝑎𝑠𝑒𝑟𝑅𝐼𝑁 + 𝑖𝑠ℎ𝑜𝑡 + 𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙  (139) 

In Figure 51, the output voltage, 𝑉𝐴, is given by, 

 

𝑉𝐴 = 𝑖𝑡𝑜𝑡
𝑍𝑝ℎ𝑍𝐴
𝑍𝑝ℎ+𝑍𝐴

 
(140) 

The input power at the amplifier, is expressed as, 

 

𝑃𝐴 = 𝑃𝑛𝑜𝑖𝑠𝑒 =
𝑉𝐴
2

𝑍𝐴
= 〈𝑖𝑡𝑜𝑡

2 〉𝑍𝐴 (
𝑍𝑝ℎ

𝑍𝑝ℎ+𝑍𝐴
)

2

 (141) 

To compute the power spectral noise density at amplifier input, the following expression 

is useful. 

𝑃𝑛𝑜𝑖𝑠𝑒 = 𝑆𝑛𝑜𝑖𝑠𝑒Δ𝑓 
(142) 

From Equation (142) and including Equations (127 – 132); the noise power spectral density 

is found. 

 

𝑆𝑛𝑜𝑖𝑠𝑒(𝑓) = [(𝑅𝐼𝑁𝐿𝑎𝑠𝑒𝑟 + 𝑅𝐼𝑁𝐷𝑅𝐷 + 𝑅𝐼𝑁𝑅𝑅𝐷)𝑖𝑝ℎ
2 + 2𝑞𝐼𝑝ℎ + 4𝑘𝐵𝑇𝐹]𝑍𝑒𝑞 

(143) 

Where, the equivalent impedance is given as: 

 

𝑍𝑒𝑞 = 𝑍𝐴 (
𝑍𝑝ℎ

𝑍𝑝ℎ + 𝑍𝐴
)

2

 
(144) 

And 𝐼𝑝ℎ is the photodetected current. 

Then, the power spectral density of the phase noise is expressed as [12]: 

𝑆Δ𝜃 =
𝐺𝑎𝑚𝑝𝑙𝑖
2 ∗ 𝑆𝑛𝑜𝑖𝑠𝑒
𝑃𝑜𝑠𝑐𝑖𝑙𝑙𝑡𝑖𝑜𝑛

(1 +
𝑓𝑐
𝑓
) (145) 

Finally, the power spectral density of the phase noise at the oscillator output is given by, 

𝑆φ(𝑓) =
𝐺𝑎𝑚𝑝𝑙𝑖
2 ∗ 𝑆𝑛𝑜𝑖𝑠𝑒
𝑃𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛

(1 +
𝑓𝑐
𝑓
) [1 + (

𝑓
𝑜

2𝑄𝑓
)

2

] 
(146) 

 

From the power spectral density of the phase noise equation, it can be inferred that higher 

the quality factor of the resonant element of the optoelectronic oscillator lower the phase 

noise is going to be. For this reason it is mandatory the use of a high quality resonator to 

assure a high performing optoelectronic oscillator.  

 

3.1.6 VCSEL Based Optoelectronic Oscillator State-of-the-Art 
 
Previous VCSEL based optoelectronic oscillator implementations had been reported. 

These VBOs use different wavelength VCSELs (850, 1100 nm). With the appearance of 

the long wavelength VCSELs, new possibilities of experimentation are foreseen. For this 

reason, Varon [3] implemented a VBO at 2.5 GHz using 850 nm and 1500 nm lasers. 

Hasegawa and Koizumi had implemented VBOs at higher frequency, as shown in Table 9. 
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Author Frequency 

(GHz) 

VCSEL 

Wavelength 

(nm) 

Optical 

Fiber 

Length 

(m) 

Phase Noise 

at 10 kHz 

offset 

(dBc/Hz) 

Year 

Hasegawa[66] 10 850 200 -80 2007 

Varón [3] 2.49 850 120 -100 2008 

Varón [3] 2.49 1500 100 -95 2008 

Koizumi [67] 10 1100 1000 -70 2010 

Belkin 3 1500 65 -106 2012 
Table 9 Directly-modulated VCSEL based optoelectronic oscillator performance. 
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3.2 VCSEL Based Optoelectronic Oscillator Experimental 

Approach 
 

The VCSEL based optoelectronic oscillator is implemented according to the setup 

presented in Figure 52. Several component configurations are built in order to evaluate 

the VBO stability when the delay line length is varied for different VCSEL wavelengths 

(1.3 and 1.5 µm). The VBOs implemented in this project are tuned at S-band.  

 

 
Figure 52 VCSEL based optoelectronic oscillator. 

 

3.2.1 Study of the VCSEL Based Optoelectronic Oscillator at 2.49 GHz Stability under 
Optical Fiber Length Variation  

 

The VBO test bench is shown in Figure 53. Two VBO configurations were built using 

different laser wavelength and optical fiber lengths. The goal of this measurement is to 

observe the frequency stability taking into account the effects of the laser wavelength (RIN 

and optical fiber dispersion) and the resonance element quality factor  (filter and optical 

fiber length) on the  frequency stability of the VBO (phase noise). The VCSELs used in 

this project were manufactured by RayCan. The VCSEL temperature is controlled at 20ºC. 

 
Figure 53 VBO test bench. 
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The first VBO configuration is a 1.3 µm VCSEL and the wavelength is varied by using 

different optical fiber spools of 200, 300, 700, 1000, 2000 and 10000 m. The second VBO 

uses a 1.5 µm VCSEL with the same optical fiber lengths. 

 

3.2.1.1 1.3 µm  VCSEL Based Optoelectronic Oscillator at 2.49 GHz 
 

The 2.49 GHz VBO output spectrum is shown in Figure 54. 

 

 
Figure 54 Output spectrum for a 2.49 GHz VBO using 1.3 um VCSEL . 

For the delay line optoelectronic oscillators, the increase of the optical fiber length reduces 

the free spectral range of the carrier. These modes, that look similar to a Fabry-Perot 

cavity, are spaced according to the following relation: 

 

𝐹𝑆𝑅 =
1

𝜏𝐹𝑖𝑏𝑒𝑟
 

(147) 

 Where, 𝜏𝐹𝑖𝑏𝑒𝑟 is the optical fiber time delay. This is defined as follows: 

 

𝜏𝐹𝑖𝑏𝑒𝑟 =
𝜂𝑖𝐿

𝑐
 (148) 

Where, 𝜂𝑖 is the refractive index of the optical fiber. From this set of equations, the FSR 

and 𝑄𝑓𝑖𝑏𝑒𝑟 are found for each optical fiber length, as shown in Table 10. 𝑄𝑓𝑖𝑏𝑒𝑟 = 2𝜋𝑓𝜏𝑑 . 

 
Optical 
Fiber 

Length 
(m) 

 
FSR 
(MHz) 

 
𝑸𝒇𝒊𝒃𝒆𝒓 

100 2,069 3.78 ∗ 103 

200 1,035 7.56 ∗ 103 

300 0,690 1.13 ∗ 104 

500 0,414 1.89 ∗ 104 

700 0,296 2.65 ∗ 104 

1000 0,207 3.78 ∗ 104 

2000 0,103 7.56 ∗ 104 

10000 0,021 3.78 ∗ 105 
Table 10 FSR and Q for several fiber lengths. 
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VCSEL Based Optoelectronic Oscillator Frequency Stability 
 

The 2.49 GHz VBO phase noise was measured for several optical fiber lengths. The effect 

of the phase noise reduction due to the optical fiber length increase (due to the increase of 

the resonant element quality factor) is observed. Figure 55 presents the phase noise 

measurement of the VBO. The phase noise value at 10 kHz offset is enhanced from -101 

dBc/Hz for 200 m long optical fiber spool to -125.41 dBc/Hz for 10 km long optical fiber 

spool. The side modes approach when the optical fiber is longer enough to be selected by 

the microwave bandpass filer is observed for the 10 km optical fiber. The phase noise 

reduction for each fiber length at 10 kHz offset is presented in Figure 56.   

 

 
Figure 55 Phase noise for a 2.49 GHz VBO with 1.3 um VCSEL and different optical fiber lengths. 

 
Figure 56 Phase noise at 10 kHz offset for 2.49 GHz VBO with1.3 um VCSEL. 

To summarize the results of the 2.49 GHz VBO performance using 1.3 µm VCSEL, Table 

11 is presented. From this table it is possible to interpret that: 

 

 The frequency stability is enhanced by enlarging the optical fiber because of the 

increase in the resonant element quality factor.  
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 When the length of the optical fiber is increased, the secondary modes are closer 

and they cannot be filtered by the bandpass microwave filter whose bandwidth is 

4 MHz. 

 

Optical Fiber Length 

(m) 

Phase Noise at 10 

kHz offset (dBc/Hz) 

200 -101.0 

300 -103.3 

500 -105.9 

700 -109.3 

1000 -112.5 

2000 -115.3 

10000 -125.41 
Table 11 2.49 GHz VBO performance paramenters using 1.3um VCSEL and different optical fiber lengths. 

 

2.1.1.1 1.5 µm  VCSEL Based Optoelectronic Oscillator at 2.49 GHz 
 

The VBO configuration using a 1.5 µm VCSEL was implemented. The optical fiber length 

is varied from 200 m to 2000 m optical fiber. Figure 57 presents the phase noise measure 

for different optical fiber lengths.  

 

 
Figure 57 Phase noise for a 2.49 GHz VBO using 1.5 um VCSEL and different wavelengths. 

Table 12 summarizes the phase noise measurements at 10 kHz offset that are presented 

in Figure 58. The reduction of the phase noise is evidenced for the optical fiber lengthen. 

It is important to remark that the phase noise for the 10 km VBO is degraded because of 

the high attenuation of the optical fiber, this reduces the stimulated mission detected in 

the photodetector. Lower photodetected current makes the oscillator susceptible to noise 

perturbations. 
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Optical Fiber Length 

(m) 

Phase Noise at 10 

kHz offset (dBc/Hz) 

200 -78.5 

300 -82.0 

700 -88.6 

1000 -103.7 

2000 -119.5 

10000 -98  

Table 12  The 2.49 GHz VBO performance parameters with 1.5 um VCSEL and different optical fiber lengths. 

 
Figure 58 Phase noise at 10 kHz offset for 2.49 GHz VBO with 1.5 um VCSEL. 

 

3.2.2 VCSEL Based Optoelectronic Oscillator Phase Noise Analysis with the Leeson 
Model Approach 

 

The VCSEL Based Optoelectronic oscillator frequency stability performance is analyzed 

according to the Leeson model for the phase noise. The oscillator resonator phase noise 

frequency response is simulated according to the expression presented by Rubiola and 

Brendel [68] for the delay line optoelectronic oscillator.  The additive noise definition of 

the Leeson model is used to predict the VBO phase noise. The phase noise transfer function 

of the phase noise for the delay line and the microwave amplifier are modelled using the 

parameters shown in Table 13. The computed phase noise values for the resonator (optical 

fiber delay line) and the microwave amplifier are added to predict the VBO phase noise. 

The phase noise curves for the VBO using 1.3 and 1.5 µm VCSEL are shown in Figure 59. 
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Parameter 1.3 µm VBO 1.5 µm VBO 

RIN @ 2.49 GHz -147 dB/Hz -151 dB/Hz 

RIN DRR -190 dB/Hz -190 dB/Hz 

RIN DDR -190 dB/Hz -190 dB/Hz 

Photodetected current 0.157 mA 0.354 mA 

Amplifier noise figure 3.5 3.5 

𝒃𝟎 -125 dB/Hz -125 dB/Hz 

𝒃−𝟏 (assumed from literature) -120 -120 

𝑸𝒅𝒆𝒍𝒂𝒚⁡𝒍𝒊𝒏𝒆 7.57 ∗ 104 7.57 ∗ 104 

Optical fiber time delay 9.67 µs 9.67 µs 
Table 13 Parameters used to predict the VBO phase noise. 

For the 1.3 µm VBO (Figure 59 a) the phase noise spectrum is characterized by a 𝑓−1 (red 

line) trend that agress well with the phase noise of the optical fiber delay line. At the left 

side of the Leeson frequency (𝑓𝐿 = 16.5⁡𝑘𝐻𝑧), the microwave amplifier ⁡𝑓−2 phase noise is 

dominant in the VBO phase noise curve.  

 

The 1.5 µm VBO (Figure 59 b) phase noise spectrum presents an electronic noise 

dominated by the resonator phase noise (𝑓−1) after the Leeson frequency at the right  side 

of the Figure 59 b) at the left of the Leeson frequency, the Leeson effect takes place with 

a 𝑓−2 phase noise trend linked to the microwave amplifier phase noise.  

 

In both VBOs, the presence of the Leeson effect is evidenced for the direct modulated 

lasers. Indeed, the phase noise profiles measured in this test agree with the Type 1 phase 

noise curve profile presented by Rubiola and Brendel [68]. The additive phase noise 

contribution of the VBO elements is confirmed in the direct modulated VCSEL based 

optoelectronic oscillators implemented in this project. 
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b) 

Figure 59 VCSEL based optoelectronic oscillator phase noise analysis according to the Leeson model. 

 

3.2.3 Thermal Effects in the VCSEL Based Optoelectronic Oscillator 
 

The VBO performance, as mentioned before, is the result of the performance of all loop 

components. For this reason, it was performed a temperature test over the oscillator 

optical fiber in order to evaluate the impact on the VBO frequency stability linked to the 

optical fiber heating. The test schematic setup is seen in Figure 60. The optical fiber spool 

is introduced into a thermal enclosure (Climats Spiral) with temperature control, as seen 

in Figure 61. 

 

The VBO built for this test is a 1.3 µm VCSEL based oscillator with 1000 m optical fiber 

length tuned at 2.492 GHz (nominal center frequency of the microwave band pass filter) 

with an InP high speed photodetector and a low noise microwave amplifier. 
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Figure 60 VBO thermal test setup. 

 
Figure 61 VBO thermal testbench. 

To analyze the thermal stability of the VBO, the measure of the frequency stability of the 

oscillator in a temperature sweep from 5 to 35 °C, as well as the carrier frequency to 

analyze its drift by heating the optical fiber spool.  
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The VBO frequency drift is evidenced in Figure 62. The total frequency drift for the 

extreme values of this test was 611.4 kHz for a 30ºC temperature range. To compare this 

result with other optoelectronic oscillator technology, Saleh [30] reports a frequency shift 

of 2.5 MHz using a fiber ring resonator for a 35ºK temperature range. 

 

The average frequency drift for each temperature step was 101.9 kHz. This frequency 

reduction is due to the length variation due to temperature change that is expressed as 

follows [30]. 

 

Δ𝐿 = 0.5 ∗ 10−6 ∗ 𝐿 ∗ Δ𝑇 (149) 

Where, Δ𝐿 is the optical fiber length variation, 𝐿 is the ambient optical fiber length and Δ𝑇 

is the temperature variation.  

The optical fiber refractive index variation behaves as temperature function following the 

relation, 

 

Δ𝑛 = 9.2 ∗ 10−6 ∗ Δ𝑇 (150) 

All these factors affect the time delay in the optical fiber leading to a frequency drift in the 

carrier.  

 
Figure 62 VBO with optical fiber under thermal heating spectrum. 

The carrier frequency shift follows a linear trend in the temperature test range, as 

presented in Figure 63. As the temperature of the thermal enclosure rises, the carrier 

frequency decreases in 20.4 kHz/ºC.  
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Figure 63 Carrier frequency as a function of optical fiber temperature. 

Using a thermal stability analysis [30], [69], it is possible to define the relationship 

between the frequency shift of the carrier and the free spectral range of the oscillator, as 

follows, 

 
Δ𝑓𝑅𝐹
𝑓𝑅𝐹

=
Δ𝐹𝑆𝑅

𝐹𝑆𝑅
 

(151) 

 

According to the performed measurements, the thermal stability of the oscillator carrier 

for a Δ𝑇 = 30°𝐶 is, 

 
Δ𝑓𝑅𝐹
𝑓𝑅𝐹

= −8.18⁡𝑝𝑝𝑚/º𝐶 
(152) 

 

This VBO presents a good thermal stability if compared with other oscillator technologies 

[70]. From this result, it is possible to mention that the optical fiber temperature has a 

strong influence in the oscillator performance, taking into account the fact that the 

thermal stability of a fiber ring resonator is 6.8⁡𝑝𝑝𝑚/º𝐶 [30].  Comparing this result to 

other oscillator technologies, Table 14 presents the thermal stability values that places 

the VBO in a high performing place. 

 

Oscillator technology [30], [70] Thermal stability (ppm/ºC) 

Quartz 0.1 

Coaxial cable 100 

Metallic cavity 100 

Dielectric resonant oscillator 0.1 – 10 

Fiber ring optoelectronic oscillator 6.8 

VCSEL based optoelectronic oscillator 

(VBO) 

8.18 

Table 14 Thermal stability comparison of the VBO with respect to other oscillator topologies. 

 

Additionally, the frequency stability of the VBO is also analyzed in this test. The phase 

noise of the VBO was measured for each temperature step, as presented in Figure 64. 

From this figure, it is possible to conclude that, despite the slight carrier frequency drift 
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of the VBO, the carrier quality is not degraded. Table 15 presents the phase noise value 

at 10 kHz offset for each temperature step. 

 
Figure 64 Phase noise curves of the 2.49 GHz VBO for several temperatures. 

 

Temperature 
(ºC) 

Phase 
Noise at 
10 kHz 
Offset 
(dBc/Hz) 

5 -105,01 

10 -105,15 

15 -105,37 

20 -105,64 

25 -105,45 

30 -106,42 

35 -106,45 
Table 15 Phase noise values at 10 kHz offset for the 2.49 GHz VBO at different temperatures. 
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Conclusion 
 

The experimental approach for the VCSEL Based Oscillator (VBO) is presented in 

this Chapter. A performance comparison of two VBO’s operating at the same 

frequency using 1.3 and 1.5 µm was carried out. The optical fiber length was varied 

for both oscillators. From these tests, it is shown that the optical fiber length varies 

the quality factor of the resonant cavity for long wavelength VBO’s and allow to 

reduce the phase noise of the carrier. Under the same operating conditions, the 1.5 

µm VBO presents lower phase noise than the 1.3 µm case. In terms of RIN, the 1.3 

µm VCSEL is noisier than the 1.5 µm one. This confirms the hypothesis of the RIN 

direct relation with the frequency stability. The enhancement of the VCSEL 

manufacturing techniques had led to an important enhancement in the VCSEL RIN 

reduction. When comparing the VBO results of  Varón [63] using long wavelength 

VCSELs with higher RIN and these results, the RIN is dramatically reduced. 

 

The Leeson model to describe the VBO phase noise behavior is taken in order to 

determine the noise sources in the oscillator. By analyzing the phase noise slopes, it 

is possible to define the phase noise processes inside the oscillator. The carrier phase 

noise behaves well according to that predicted by the Leeson model.  

 

A thermal stability test of the VBO has been performed. From this test it is 

important to remark that the VBO presents a good thermal stability compared to 

other OEO topologies. There is a slight frequency drift of the carrier frequency due 

to the optical fiber heating. The thermal effects are observed in the carrier frequency 

but not in the phase noise measurement that remains almost invariable. 

 

From these set of test it is concluded that the VCSEL Based Optoelectronic oscillator 

is a feasible technology to build a stable oscillator. The only drawback of this 

oscillator topology is the relatively low direct modulation bandwidth of the VCSEL. 

In the next chapter, the optical injection locking technique will be addressed in order 

to enhance this weakness of the VCSEL. 
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Chapter 4 

Optical Injection Locking of 
VCSEL Experiments 

Introduction 
 

The basics of the Optical Injection Locking Technique (OIL) are described in this 

Chapter. It has been shown by several authors that the OIL enhance the microwave 

performance and relative intensity noise (RIN) of a laser [71]–[73]. In this Chapter, 

a characterization of the OIL VCSEL is presented. This characterization covers to 

scopes of the OIL VCSEL: the first one corresponds to the optical noise of the 

injection locked VCSEL (RIN) and the second one covers the microwave performance 

direct modulated VCSEL.  

 

The goal of this chapter is to show the suitability of the OIL VCSEL to be directly 

modulated and integrated into the optoelectronic oscillator. 
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4.1 Optical Injection Locking 
  

The Optical Injection Locking (OIL) technique is shown in Figure 65. In this Figure, 

there are two lasers connected through an optical circulator. The beam emitted by 

the master laser is injected through the optical circulator into the slave laser. Then 

the injection-locked output beam (Figure 66) is emitted through the third port of the 

optical circulator. 

 

The Optical Injection Locking technique (OIL) was first suggested by Pantell in 1965 

[74]. In 1972 the optical injection locking technique was demonstrated using to CO2 

lasers [75]. With the arrival of the semiconductor lasers in the 80’s, the OIL 

recovered interest for the researchers. Kobayashi and Kimura made the OIL using 

two AlGaAs 840 nm lasers [76].  

 

In the middle 80’s, the OIL technique was explored to enhance the semiconductor 

laser linewidth to obtain chirp-free transmissions [77]. At this decade, there was a 

milestone progress in the theoretical approach, when Lang proposed a modified set 

of rate equations modelling the semiconductor laser behavior under OIL [78]. These 

rate equations will be presented in the coming sections.  

 

In the 90’s, Meng and Simpson [79], [80] demonstrated the increase of the 

modulation bandwidth of the semiconductor lasers under OIL. Anyway, the external 

modulation technologies and EDFA’s took the interest for long haul communications. 

Nowadays, due to the fast spreading of optical networks, it is necessary to develop 

reliable, low cost and efficient communication devices. This made the OIL a suitable 

technique to be applied in communications, especially when direct modulation is 

used.  

 

 
Figure 65 Optical Injection Locking configuration. 
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Figure 66 Optical Injection Locked VCSEL general structure. 

 

4.1.1 Definition of the Locking Phenomena 
 

When applying injection locking, there is a unidirectional coupling of one laser 

(master laser) to another laser (slave laser). When the light of a master laser is 

injected into the slave laser, the wavelength of the slave laser will be shifted to that 

of the master laser. In other words, the slave laser will be “referenced” to the master 

one. 

 

4.1.2 Advantages of the Optical Injection Locking Technique [81] 
 

The OIL technique results in several advantages for the OIL semiconductor laser 

operation. When a laser is injection locked, is stated that: 

 

 The first effect over the slave laser is the noise reduction in the emission due 

to the light combination inside the laser cavity that will lead to an increase 

in the carrier number in the dominant mode instead of being available for the 

secondary modes. 

 Due to the locking phenomena, the slave laser wavelength will not drift as it 

would do in free running condition because of the non-perfect clamping 

between the carriers to its threshold density. 

 The modulation bandwidth of the laser will be enhanced due to the 

combination of several phenomena inside the laser cavity. The threshold of 

the locked mode is reduced respect to the free running case, the increase of 

the differential gain because of the threshold reduction and the photon 

density is higher for the locked mode that will suppress the spontaneous 

emission. All these factors contribute to increase the resonance frequency of 

the laser and, by that way, the modulation bandwidth. 

 The optical injection locking reduces the linewidth of the slave laser by 

reducing the side mode suppression ratio (SMSR) or suppressing completely 

the lateral modes. 

D
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4.1.3 Optically Injection Locked VCSEL Rate Equations [5], [81], 
[82] 

 

The semiconductor laser cavity can be defined as resonator where the electrons at 

the input and the photons at the output are related according to the cavity 

parameters. During the optical injection locking, the parameters of the cavity are 

changed by photon concentration inside it. The behavior of the injection locking 

condition can be changed by the photon injection and the phase detuning between 

the two lasers.  

The equations defined by Pantell for the semiconductor lasers are as follows: 
𝑑𝑁(𝑡)

𝑑𝑡
=

𝜂𝐼

𝑞𝑉𝑎𝑐𝑡
− (𝐴 + 𝐵𝑁(𝑡) + 𝐶𝑁(𝑡)2) − 𝑣𝑔𝐺𝑆(𝑡) (154) 

𝑑𝑆(𝑡)

𝑑𝑡
= Γ𝑣𝑔𝐺𝑆(𝑡) −

𝑆(𝑡)

𝜏𝑝
+ Γ𝐵𝛽𝑁(𝑡)2 

(155) 

𝑑𝜙(𝑡)

𝑑𝑡
=
𝛼𝐻Γ𝑣𝑔𝑎𝑜

2
(𝑁(𝑡) − 𝑁𝑡𝑟)) (156) 

The Equation (154) is known as the carrier number equation, the Equation (155) is 

the photon number equation and the Equation (156) is the phase equation. The terms 

of this set of equations are described in Table 16. 

 

Parameter Descrition Expression 

𝑵(𝒕) Electron density - 

𝑺(𝒕) Photon density - 

𝑽𝒂𝒄𝒕 Active region volume - 

𝒗𝒈 Group velocity - 

𝜷 Spontaneous emission 
coefficient 

- 

𝚪 Confinement factor - 

𝝉𝒑 Photon lifetime - 

𝑹𝒔𝒑 Spontaneous emission rate - 

A Shockly-Read-Hall non-
radiative recombination 

coefficient 

- 

B Bimolecular recombination 
coefficient 

- 

C Auger non-radiative 
recombination coefficient 

- 

G Gain 
𝐺 = 𝑎𝑜

𝑁(𝑡) − 𝑁𝑡𝑟
1 + 𝜀𝑆(𝑡)

 

𝒂𝒐 Differential gain coefficient - 

𝑵𝒕𝒓 Transparency carrier density - 

𝜺 Gain compression factor - 

𝜶𝑯 Henry Factor - 

L Cavity Length - 
Table 16 VCSEL rate equation terms. 
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This set of equations was modified by Lang [78] to model the effects of the optical 

injection locking. These are redefined as follows, 
𝑑𝑁(𝑡)

𝑑𝑡
=

𝜂𝐼

𝑞𝑉𝑎𝑐𝑡
− (𝐴 + 𝐵𝑁(𝑡) + 𝐶𝑁(𝑡)2) − 𝑣𝑔𝐺𝑆(𝑡) (157) 

𝑑𝑆(𝑡)

𝑑𝑡
= Γ𝑣𝑔𝐺𝑆(𝑡) −

𝑆(𝑡)

𝜏𝑝
+
𝑣𝑔

𝐿
√𝑆(𝑡)𝑆𝑖𝑛𝑗 cos(𝜃) + Γ𝐵𝛽𝑁(𝑡)2 

(158) 

𝑑𝜙(𝑡)

𝑑𝑡
=
𝛼𝐻Γ𝑣𝑔𝑎𝑜

2
(𝑁(𝑡) − 𝑁𝑡𝑟) − Δ𝜔 −

𝑣𝑔

2𝐿
√
𝑆𝑖𝑛𝑗

𝑆(𝑡)
sin⁡(𝜃) 

(159) 

The injection locking terms are defined in Table 17. From this set of equations it is 

possible to infer the following: 

 

 The injected light into the cavity, represented as the photon number change 

the slave VCSEL behavior. 

 The wavelength and phase detuning between the master and slave laser has 

influence inside the cavity properties due to the photons of both lasers using 

the same number of carriers inside the cavity. 

Parameter Descrition Expression 

𝑺𝒊𝒏𝒋  Photon density injected 
inside the follower VCSEL 

- 

𝜽 Phase difference between 
the master and follower 

optical fields 

𝜃 = 𝜙𝑖𝑛𝑗 −𝜙(𝑡) 

𝚫𝝎 Frequency detuning Δ𝜔 = 𝜔𝑚𝑎𝑠𝑡𝑒𝑟 −𝜔𝑓𝑜𝑙𝑙𝑜𝑤𝑒𝑟  

𝜿𝒄 Coupling coefficient 𝜅𝑐 =
𝑣𝑔

2𝐿
 

Table 17  Injection Locked VCSEL rate equation terms. 

 

4.1.4 Locking Range Calculations[5], [83] 
 

By setting Equations (158) and (159) equal to zero, the steady state VCSEL locking 

range can be calculated. Solving Equations them for Δ𝜔, leads to: 

 

Δ𝜔 = 𝜅𝑐√
𝑆𝑖𝑛𝑗

𝑆
[sin(𝜃) − 𝛼𝐻cos⁡(𝜃)] (160) 

The Equation (160) defines the frequency detuning between the master and slave 

laser. For manipulation ease, it can be arranged follows [5], 

Δ𝜔 = 𝜅𝑐√
𝑆𝑖𝑛𝑗

𝑆
[√1 + 𝛼𝐻

2 ] sin⁡(𝜃 − 𝑡𝑎𝑛−1𝛼𝐻) (161) 

This equation is useful to calculate de effective locking bandwidth of the system. Due 

to the sine function inside, the possible solution of this expression is limited by: 
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|Δ𝜔| ≤ 𝜅𝑐√
𝑆𝑖𝑛𝑗

𝑆
[√1 + 𝛼𝐻

2 ] (162) 

According to [84], [85],  the value of 𝜃 is limited between −
𝜋

2
< 𝜃 <

𝜋

2
, and for this 

reason the boundaries of Δ𝜔 are given by: 

 

−𝜅𝑐√
𝑆𝑖𝑛𝑗

𝑆
[√1+ 𝛼𝐻

2 ] ≤ Δ𝜔 ≤ 𝜅𝑐√
𝑆𝑖𝑛𝑗

𝑆
 (163) 

Figure 67 presents the calculation of Δ𝜔 for 𝛼𝐻 = 3.5. From this calculation it is 

possible to conclude that the higher the injected power, the higher wavelength 

detuning between the two lasers. 

 
Figure 67 Calculated Locking range for 𝛼𝐻= 3.5. 

4.1.5 Small Signal Analysis  
 

The small signal analysis of the injection locked VCSEL allows to simplify the 

computation of the VCSEL response by assuming a single tone and small signal 

modulation. Using this analysis, it is no necessary to solve the set of differential 

equations which is time consuming and let us understand in a better way the 

complex dynamics of the injection locked laser. From this analysis, the frequency 

response of the OIL VCSEL is obtained. It is important to remark that for the small 

signal analysis, the modulating current magnitude is smaller than the DC bias 

current (Δ𝐼 ≪ 𝐼𝑏𝑖𝑎𝑠), and the bias point is considered in the linear operation zone of 

the VCSEL P-I curve. 

 

Recalling Equations (157 – 159), we have the set of rate equations. 
𝑑𝑁(𝑡)

𝑑𝑡
=

𝜂𝐼

𝑞𝑉𝑎𝑐𝑡
− (𝐴 + 𝐵𝑁(𝑡) + 𝐶𝑁(𝑡)2) − 𝑣𝑔𝐺𝑆(𝑡) (164) 
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𝑑𝑆(𝑡)

𝑑𝑡
= Γ𝑣𝑔𝐺𝑆(𝑡) −

𝑆(𝑡)

𝜏𝑝
+
𝑣𝑔

𝐿
√𝑆(𝑡)𝑆𝑖𝑛𝑗 cos(𝜃) + Γ𝐵𝛽𝑁(𝑡)2 

(165) 

𝑑𝜙(𝑡)

𝑑𝑡
=
𝛼𝐻Γ𝑣𝑔𝑎𝑜

2
(𝑁(𝑡) − 𝑁𝑡𝑟) − Δ𝜔 −

𝑣𝑔

2𝐿
√
𝑆𝑖𝑛𝑗

𝑆(𝑡)
sin⁡(𝜃) 

(166) 

First, we consider that the laser is modulated by a current signal Δ𝐼𝑒𝑗𝜔𝑡 that is biased 

at⁡𝐼.̅ The same assumption is made for the photon, carrier and phase variations. 

These variables are expressed as, 

 

𝐼(𝑡) = 𝐼̅ + Δ𝐼𝑒𝑗𝜔𝑡 
(167) 

𝑁(𝑡) = 𝑁̅ + Δ𝑁𝑒𝑗𝜔𝑡 
(168) 

𝑆(𝑡) = 𝑆̅ + Δ𝑆𝑒𝑗𝜔𝑡 
(169) 

𝜙(𝑡) = 𝜙̅ + Δ𝜙𝑒𝑗𝜔𝑡 
(170) 

Then, the differential terms of the equations can be written as: 

 

𝑁̇ =
𝑑𝑁

𝑑𝑡
 (171) 

𝑆̇ =
𝑑𝑆

𝑑𝑡
 (172) 

𝜙̇ =
𝑑𝜙

𝑑𝑡
 (173) 

 

Replacing Equations (167-170) into (171-173), we have, 

 

Δ𝑁̇(𝐼, 𝑁, 𝑆) =
𝜕𝑁̇

𝜕𝐼
Δ𝐼 +

𝜕𝑁̇

𝜕𝑁
Δ𝑁 +

𝜕𝑁̇

𝜕𝑆
ΔS (174) 

Δ𝑆̇(𝑁, 𝑆, 𝜙) =
𝜕𝑆̇

𝜕𝑁
ΔN +

𝜕𝑆̇

𝜕𝑆
ΔS +

𝜕𝑁̇

𝜕𝜙
Δϕ 

(175) 

Δ𝜙̇(𝑁, 𝑆, 𝜙) =
𝜕𝜙̇

𝜕𝑁
ΔN +

𝜕𝜙̇

𝜕𝑆
ΔS +

𝜕𝜙̇

𝜕𝜙
Δϕ 

(176) 

 

The gain was defined in Table 16, when it is derived respect to N and S, it is 

necessary to use two variables of interest, they are defined as follows, 

 

𝐺𝑁 =
𝜕𝐺

𝜕𝑁
=

𝑎𝑜
1 + 𝜖𝑆

 (178) 

𝐺𝑁 =
𝜕𝐺

𝜕𝑁
=
𝑎𝑜𝜖(𝑁 − 𝑁𝑡𝑟)

(1 + 𝜖𝑆)2
 

(179) 
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Differentiating Equation (157) with respect to 𝑁, 𝑆, 𝜙 results in the following 

equations, 

 

𝜕𝑁̇

𝜕𝑁
Δ𝑁 = (−(𝐴 + 2𝐵𝑁 + 3𝐶𝑁2) − 𝑣𝑔𝐺𝑁𝑆)Δ𝑁 (180) 

𝜕𝑁̇

𝜕𝑆
ΔS = (−𝑣𝑔𝐺 + 𝑣𝑔𝐺𝑆)ΔS (181) 

𝜕𝑁̇

𝜕𝐼
Δ𝐼 =

𝜂𝑖
𝑞𝑉𝑎𝑐𝑡

Δ𝐼 
(182) 

 

Here, a new variable 𝜌 is defined as: 

 

𝜌 =
𝑣𝑔
2𝐿

√
𝑆𝑖𝑛𝑗
𝑆

 (183) 

Differentiating Equation (158) with respect to results in the following equations, 

 

𝜕𝑆̇

𝜕𝑁
Δ𝑁 = (Γ𝑣𝑔𝐺𝑁𝑆 − 2𝛽𝐵𝑁)Δ𝑁 (184) 

𝜕𝑆̇

𝜕𝑆
ΔS = (−Γ𝑣𝑔𝐺𝑆𝑆 + 𝜌 cos 𝜃)ΔS (185) 

𝜕𝑆̇

𝜕𝜙
Δϕ = (−2𝜌𝑆 sin𝜙)Δ𝜙 

(186) 

 

The differentiation of the Equation (159) with respect to 𝑁, 𝑆, 𝜙 results in the 

following equations,  

 

𝜕𝜙̇

𝜕𝑁
Δ𝑁 =

𝛼𝐻Γ𝑣𝑔𝑎𝑜
2

Δ𝑁 (187) 

𝜕𝜙̇

𝜕𝑆
ΔS =

𝜌 sin 𝜃

2𝑆
Δ𝑆 (188) 

𝜕𝜙̇

𝜕𝜙
Δϕ = (−𝜌 cos 𝜙)Δ𝜙 

(189) 

 

Linearizing the rate equations, we have: 

 

Δ𝑁̇ =
𝜂𝐼

𝑞𝑉𝑎𝑐𝑡
Δ𝐼 − (𝐴 + 𝐵𝑁 + 𝐶𝑁2 + 𝑣𝑔𝐺𝑆(𝑡))Δ𝑁 − (𝑣𝑔𝐺 − 𝑣𝑔𝐺𝑆)Δ𝑆 

(190) 

Δ𝑆̇ = (Γ𝑣𝑔𝐺𝑁𝑆 − 2𝛽𝐵𝑁)Δ𝑁 − (−Γ𝑣𝑔𝐺𝑆𝑆 + 𝜌 cos 𝜃)ΔS − (2𝜌𝑆 sin𝜙)Δ𝜙 
(191) 
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Δ𝜙̇ = (
𝛼𝐻Γ𝑣𝑔𝑎𝑜

2
)Δ𝑁 + (

𝜌 sin 𝜃

2𝑆
)Δ𝑆 − (𝜌 cos 𝜙)Δ𝜙 

(192) 

 

Replacing these partial derivatives by variables to facilitate the manipulation, we 

have: 

 

Δ𝑁̇ =
𝜂
𝑖

𝑞𝑉𝑎𝑐𝑡
Δ𝐼 − 𝛾

𝑁𝑁
Δ𝑁 − 𝛾

𝑁𝑆
Δ𝑆 

(193) 

Δ𝑆̇ = 𝛾𝑆𝑁Δ𝑁 − 𝛾𝑆𝑆ΔS − 𝛾𝑆ΦΔ𝜙 
(194) 

Δ𝜙̇ = 𝛾𝜙𝑁Δ𝑁 + 𝛾𝜙𝑆Δ𝑆 − 𝛾𝜙𝜙Δ𝜙 
(195) 

 

Now, it is possible to arrange the terms in the following equation system, 

 

𝑑

𝑑𝑡
[
Δ𝑆

Δ𝑁

Δ𝜙
] = [

−𝛾
𝑆𝑆

𝛾
𝑆𝑁

𝛾
𝑆Φ

−𝛾
𝑁𝑆

−𝛾
𝑁𝑁

−𝛾
𝑁𝜙

𝛾
𝜙𝑁

𝛾
𝜙𝑆

𝛾
𝜙𝜙

] [
Δ𝑆

Δ𝑁

Δ𝜙
] +

𝜂
𝑖
𝐼

𝑞𝑉𝑎𝑐𝑡
[
0

Δ𝐼

0

] 
(196) 

 

To transform this equation from time domain to frequency domain, we apply the 

Laplace transformation, giving the following equation: 

[

−𝛾
𝑆𝑆
+ 𝑗𝜔 −𝛾

𝑆𝑁
𝛾
𝑆Φ

𝛾
𝑁𝑆

𝛾
𝑁𝑁

+ 𝑗𝜔 0

−𝛾
𝜙𝑁

−𝛾
𝜙𝑆

𝛾
𝜙𝜙

+ 𝑗𝜔
] [
Δ𝑆̃

Δ𝑁̃

Δ𝜙̃

] +
𝜂
𝑖
𝐼̃

𝑞𝑉𝑎𝑐𝑡
[
0

1

0

] 
(197) 

 

To solve Equation (197), it is necessary to calculate the determinant of the matrix 

for the 𝛾 terms, as follows. 

 

Λ = |

𝛾
𝑆𝑆
+ 𝑗𝜔 −𝛾

𝑆𝑁
𝛾
𝑆Φ

𝛾
𝑁𝑆

𝛾
𝑁𝑁

+ 𝑗𝜔 0

−𝛾
𝜙𝑁

−𝛾
𝜙𝑆

𝛾
𝜙𝜙

+ 𝑗𝜔
| 

(198) 

 

Then, using the rule of Kramer, it is possible to solve the system for Δ𝑆, as follows, 

 

Δ𝑆 =
𝜂𝑖𝐼

𝑞𝑉𝑎𝑐𝑡

|

0 −𝛾𝑆𝑁 𝛾𝑆Φ
1 𝛾𝑁𝑁 + 𝑗𝜔 0

0 −𝛾𝜙𝑆 𝛾𝜙𝜙 + 𝑗𝜔
|

Λ
 

(199) 

 

By simplifying the Equation (199) 

 

Δ𝑆 =
𝜂𝑖𝐼

𝑞𝑉𝑎𝑐𝑡

(𝛾𝑆𝑁𝛾𝜙𝜙 − 𝛾𝜙𝑁𝛾𝑁𝜙) + 𝑗𝜔𝛾𝑆𝑁

Λ
 

(200) 
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Equation (197) can be solved to find Δ𝐼. Once Δ𝐼 is found, is it possible to define the 

transfer function of the OIL VCSEL. The transfer function is defined by Equation 

(201). 

H(jω) =
Δ𝑆

Δ𝐼
 (201) 

 

4.1.6 Physical Interpretation of the Optical Injection Locking 
 

The Optical Injection Locking allows to enhance the direct modulation bandwidth of  

the VCSEL. This enhancement is due to the higher photon number inside the VCSEL 

cavity. The properties of the cavity are only changed by varying the bias current of 

the VCSEL or varying the injection conditions. The injection conditions can be 

changed in two ways: 

 

 By varying the injected optical power that will lead to a photon number 

variation inside the cavity of the slave VCSEL. The photon number increase 

inside the cavity will compete for a fixed number of available carriers, this 

modifies the cavity parameters. 

 By varying the frequency (wavelength) frequency between the master and 

slave lasers, this is known as the “frequency detuning”, it is expressed as: 

Δ𝜔 = 𝜔𝑀𝑎𝑠𝑡𝑒𝑟 − 𝜔𝑆𝑙𝑎𝑣𝑒 
(202) 

When the slave VCSEL is under locking condition, the slave laser emits at the 

master frequency. The Figure 68 summarizes the optical injection locking principles. 

 

 
Figure 68 Optical Injection Lockingof VCSEL (OIL) variables. 

The resonance frequency increase of the injection locked laser is caused by the cavity 

mode shift to a lower resonance frequency (𝜔𝑑𝑜𝑤𝑛𝑠ℎ𝑖𝑓𝑡𝑒𝑑) under optical injection 

locking. The difference from the master laser frequency 𝜔𝑀𝑎𝑠𝑡𝑒𝑟 and the downshifted 

frequency (𝜔𝑑𝑜𝑤𝑛𝑠ℎ𝑖𝑓𝑡𝑒𝑑) defines the enhanced resonance frequency, expressed as 

follows. 
𝜔𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑑_𝑅𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒_𝐹𝑟𝑒𝑞 = 𝜔𝑀𝑎𝑠𝑡𝑒𝑟 − 𝜔𝐷𝑜𝑛𝑠ℎ𝑖𝑓𝑡𝑒𝑑  

(203) 

 

Slave VCSEL Cavity

𝜔𝑆𝑙𝑎𝑣𝑒

𝑃𝑜 𝑒𝑟𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑_𝑀𝑎𝑠𝑡𝑒𝑟

Δ𝜔 = 𝜔𝑀𝑎𝑠𝑡𝑒𝑟- 𝜔𝑆𝑙𝑎𝑣𝑒

𝜔𝑂𝐼𝐿−𝑉𝐶𝑆𝐸𝐿 = 𝜔𝑀𝑎𝑠𝑡𝑒𝑟
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4.2 Frequency Response of the Optically Injection 

Locked VCSEL 
 

The optical injection locking experiments performed in this work were performed 

using packaged and pigtailed VCSELs from the Korean manufacturer RayCan. The 

frequency response is obtained using the extraction process described by Hayat [5]. 

 

4.2.1 External Cavity Laser by 1.5 µm VCSEL Optical Injection 
Locking 

 

The first experimental setup built to test the optical injection locking technique is 

shown in Figure 69. A 1.5 µm single mode VCSEL is locked to an external cavity 

tunable laser in the 1.5 µm band. To observe the spectrum of the optically injection-

locked VCSEL an Optical Spectrum Analyzer (OSA) is used. In Figure 70 the 

optically injection-locked VCSEL spectrum is shown when biased at 7 mA in free 

running condition with a frequency detuning of 10 GHz and 3 mW of power injection 

into the slave laser cavity. 

 

 
Figure 69 Optical injection locking testbench. 

Master Laser

Slave VCSEL

Optical 
Spectrum 
Analyzer

Polarization
Maintaining

Optical Circulator
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Figure 70 Optical spectrum for a VCSEL in free-running and injection-locked conditions. 

To achieve the optical injection-locked state it is relatively simple using an OSA to 

confirm the locked state. The slave VCSEL is optically injection-locked when the 

dominant mode towards that one of the master laser, in this case, the lateral mode 

of the free-running VCSEL disappears completely, and the lasing mode is reinforced.  

 

Once the VCSEL is under injection-locked state, the frequency response test is 

performed following the setup described in Figure 71. The injection-locked VCSEL 

is directly modulated through a bias tee with a signal injected from the RF port of 

the Vector Network Analyzer (VNA). From the output/input relation computed in a 

frequency sweep by the VNA. The bandwidth of the direct modulated VCSEL is 

defined according to the -3 dB criteria, a decrease of 3 dB on the frequency response 

magnitude defines the cut-off frequency of the laser. 

 

 
Figure 71 Optical injection-locked VCSEL frequency response test bench setup. 

 

The frequency response of the external cavity laser by VCSEL OIL is presented in 

Figure 72. The direct modulation frequency response of the OIL laser is enhanced 

with respect to the free running frequency response of the VCSEL in 6 GHz. The 
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conditions for this measurement were a fixed optical injection of 7.5 dB with a 

frequency detuning of 5 GHz. The slave VCSEL bias current is swept from 3 to 8 mA.  

 

To validate these results, a comparison with OIL VCSEL circuit model is 

implemented in ADS (Advanced Design Systems) software and the rate equations 

small signal  model implemented using Matlab. The predictive models approaches 

to the measured frequency response of the laser. A frequency peak disparity is 

observed in the rate equation based curve, this can be attributed to the non modelling 

of the impedance matching in the Matlab model. The circuit model of the OIL VCSEL 

is based in the design of a low pass microwave filter of third order, it is shown in 

Figure 73. Each model parameters are summarized in Table 18 and 19.  

 

 
a) 

 
b) 

Figure 72 External cavity laser by VCSEL 1.5 um optical injection locking frequency response a) measured b) simulated. 
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Figure 73 Optical injection locked VCSEL circuit based model. 

 

 

4.2.2 DFB and 1.3 µm VCSEL Optical Injection Locking  
 

The direct modulation frequency response for a 1.3 µm Raycan VCSEL under optical 

injection locking is characterized. A 1.3 µm DFB is used as a master laser, the optical 

injection locking conditions are set as follows: the VCSEL was biased at 3, 5 and 7 

mA with a constant injection locking of 10 dB. The frequency detuning between the 

master and slave lasers is 6 GHz. The direct modulation bandwidth measurement 

setup is as in Figure 71.  The frequency response of the DFB by VCSEL OIL is shown 

in Figure 74. The injection locked VCSEL bandwidth is enlarged respect to the free 

running VCSEL frequency response presented in Chapter 2 in 5 GHz. The measured 

frequency responses are compared with the rate equations and circuit model. These 

parameters are summarized in Table 18 and 19.  
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a) 

 
b) 

 
Figure 74 DFB by VCSEL optically injection locked laser frequency response a) Measure b) Simulated. 

 

4.2.3 1.3 µm VCSEL by VCSEL Optical Injection Locking 
 

The OIL technique was implemented using 1.3 µm VCSELs as master and slave. 

These are both manufactured by Raycan in pigtailed TO package configuration. To 

lock the slave VCSEL, it is necessary to use a semiconductor optical amplifier (SOA) 
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to boost the power injection, this is presented in Figure 75. The use of the SOA is 

required to locate the injection locked slave VCSEL inside the locking area, as 

presented in Figure 67.  

 
Figure 75 VCSEL by VCSEL OIL with SOA schematic configuration. 

The VCSEL by VCSEL OIL is implemented by tuning the VCSELs at closed 

wavelengths. This is done by varying the bias current of the VCSELs. In this test, 

the slave VCSEL is biased at 7.7 mA and the injected power from the master laser 

is 0.7 dBm. The frequency response is presented in Figure 76. At this bias current, 

the cut-off frequency of the free running VCSEL is 4.4 GHz and for the OIL  VCSEL 

is 10.1 GHz, with a negative frequency detuning between the lasers of 0.6 GHz. It is 

important to remark that when using the SOA, the optical spectrum profile  of the 

master VCSEL is distorted due to the nonlinear effect of the SOA gain medium 

(Fabry-Perot structure inside), Figure 77 presents the VCSEL by VCSEL OIL 

spectrum. 
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a) 

 
b) 

Figure 76 VCSEL by VCSEL OIL frequency response without SOA. 
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Figure 77 Optical spectrum of a 1.3 µm injection locked VCSEL using SOA and VCSEL as master laser. 

 

4.2.4 Predictive model parameter summary 
 

The circuit model parameters of the OIL VCSEL are presented in Table 18. For the 

OIL VCSEL small signal model, Table 19 summarizes its variables. 

 

OIL 

Master/Slave 

Configuration 

𝑪𝟏 𝑳𝟐 𝑪𝟐 𝑳𝟐 

External 

cavity – 1.5 µm 

VCSEL 

1.094 pF 0.595 nH 1.3837 pF 0.4711 nH 

DFB – 1.3 µm 

VCSEL 

0.8460 pF 1.4545 nH 0.8460 pF - 

VCSEL – 1.3 

µm VCSEL 

0.7817 pF 1.3427 nH 0.7810 nH - 

Table 18 OIL VCSEL circuit model parameters. 
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Parameter Units Value 

𝜼𝒊 - 0.8 

𝝉𝒆 Ns 0.61 

𝑵𝒕𝒉 𝑐𝑚−3 5.33 ∗ 1018 

𝑵𝒕𝒓 𝑐𝑚−3 1.8 ∗ 1018  

A 𝑠−1 7 ∗ 107 

B 𝑐𝑚3

𝑠⁄  0.8 ∗ 1010  

C 𝑐𝑚6

𝑠⁄  3.5 ∗ 10−29 

𝒂𝒐 𝑐𝑚2 2 ∗ 10−16 
𝒗𝒈 𝑐𝑚

𝑠⁄  0.8 ∗ 1010  

𝜺 𝑐𝑚3 0.7 ∗ 10−17 
𝝉𝒑 ps 4 

S 𝑐𝑚−3 7.93 ∗ 1014 
𝚪 - 0.04 
𝜷 - 1 ∗ 10−4 
𝑽𝒂𝒄𝒕 𝑐𝑚3 1 ∗ 10−12 
𝝉𝒆 𝑠−1 0.67 ∗ 10−9 

Table 19 OIL small signal model simulation intrinsic VCSEL parameters. 
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4.3 Relative Intensity Noise in Long Wavelength 

Optically Injection-Locked VCSELs 
 

The Relative Intensity Noise (RIN) basics are presented in Chapter 2. In this section, 

the RIN of OIL VCSELs is measured at different locking conditions. In this section 

the OIL VCSELs RIN is measured for the following Master Laser / Slave Laser 

configuration: 

 

 External cavity tunable laser (master) – 1.5 µm VCSEL (slave) 

 DFB Laser (master) – 1.3 µm VCSEL (slave) 

 1.3 µm VCSEL (master) – 1.3 µm VCSEL (slave) 

 

The RIN measurement setup schematic is presented in Figure 78. This consists in 

the OIL VCSEL module connected to a high speed photodetector to measure the 

photodetected current and the RF power. Using the RIN definition described in 

Chapter 2 the RIN is found. 

 

 
Figure 78 OIL VCSEL RIN measurement setup. 

 

4.3.1 Relative Intensity Noise of the Optical Injection Locking using 
External Cavity Tunable Laser by 1.5 µm VCSEL 

 

A RIN measurement comparison is performed between a free running 1.5 µm VCSEL 

and an OIL 1.5 µm VCSEL. It is important to remark the resonance peak of the RIN 

is shifted due to the injection into the VCSEL cavity. This is explained from the fact 

that when the OIL is applied, most of the carriers are available for the stimulated 

emission, leaving less for the spontaneous process and reducing by this way the laser 

noise. The OIL VCSEL RIN for a 1.5 µm VCSEL is presented in Figure 79.  

 

When OIL is applied, it is said that the RIN is reduced, but saying this in a more 

detailed way, it is important to take into account that the resonance peak is just 

moved forward other frequency, this mechanism permits the reduction of the VCSEL 
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RIN at an specific frequency range that is useful when the RIN peak is placed at the 

modulating frequency.  

 

In this measure, the injected power into the slave VCSEL is 3.6 mW and the 

frequency detuning is -3GHz. The resonance peak is moved from 3.86 GHz in free 

running (RIN=-139.40 dB/Hz) condition to 5.57 GHz under OIL (RIN=148.84 dB/Hz). 

If the free running resonance peak is considered, the enhancement of the RIN using 

OIL is 9.44 dB. 

 

 
Figure 79 RIN measurement for free running and OIL 1.5 µm VCSEL. 

 

4.3.2 Relative Intensity Noise of the Optical Injection Locking using 
DFB and 1.3 µm VCSEL 

 

A 1.3 µm OIL VCSEL RIN is measured using a DFB laser as master. This 

configuration measurement is performed by biasing the VCSEL at three different 

currents in the linear operation regime of the semiconductor laser (3, 5 and 7 mA). 

The RIN is measured for two injected power values, 5 and 12 mW. These results are 

shown in Figure 80. For these set of measurements, it is interesting to observe the 

RIN trends. In the first case, for the OIL VCSEL biased a 3 mA, there is an evident 

RIN enhancement of 10 dB of RIN respect to the free running VCSEL resonance 

peak, the resonance peak is moved to 4.95 GHz and 6 GHz for the injection power at 

5 and 12 mW, respectively. The trend is not the same for the OIL of VCSEL when 

biasing at 5 and 7 mA, in these cases to lock the VCSEL it is necessary to increase 

the temperature of the DFB master laser to match the VCSEL wavelength – taking 

into account that the VCSEL wavelength increases when increasing the bias current 

– The heating of the DFB derives out a RIN degradation and by the way, degrading 

the OIL VCSEL RIN, see Figures 80 b and c.  When increasing the injected power, 

the resonance peak is moved toward higher frequencies, this keeps the same trend 

than in the 1.5 µm case.  These results are summarized in Table 20. 
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c) 

Figure 80 OIL 1.3 µm VCSEL RIN measurement with the VCSEL biased at a) 3 mA b) 5 mA c) 7 mA. 

The relevant RIN values for the purpose of this project are summarized in Table 20. 

The resonance frequency increase for the rising of the bias current has been already 

shown for free running VCSELs, the resonance frequency of the RIN increases as 

√𝐼𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 − 𝐼𝑏𝑖𝑎𝑠 does. Furthermore, the resonance frequency increase of the OIL 

VCSEL RIN is observed for each bias step, they are higher than the free running 

VCSEL RIN. We take advantage of this phenomenon by shifting the RIN peak 

towards higher frequencies when it is necessary to apply direct modulation to the 

laser at frequencies that are usually perturbed by high RIN values. Regarding to the 

application goal where the OIL VCSELs are going to be used, the RIN value of the 

VCSELs at 2.49 and 10 GHz are shown in this Table. There is an evident reduction 

of RIN at those frequencies when the OIL technique is applied. These values will be 

use for the phase noise predictive model in Chapter 5. 

 

Configuration VCSEL 

bias 

current 

(mA) 

Injected 

power 

(mW) 

RIN 

resonance 

peak 

(GHz) 

RIN at 

peak 

(dB/Hz) 

RIN at 

2.49 

GHz 

(dB/Hz) 

RIN at 

10  GHz 

(dB/Hz) 

Free running 

VCSEL 

3 - 2.25 -134.6 -134.9 -143.7 

5 - 3.53 -142.5 -135.3 -148.8 

7 - 4.83 -146.5 -149.8 -151.2 

OIL VCSEL 

(DFB/VCSEL) 

3 5 4.91 -120.9 -143.4 -142.6 

12 5.92 -130.4 -142.3 -142.0 

5 5 5.31 -132.5 -146.5 -145.7 

12 6.32 -133.5 -145.7 -143.6 

7 5 6.06 -132.4 -148.8 -146.9 

12 6.78 -133.4 -147.7 -144.4 
Table 20 RIN summary for the 1.3 um DFB by VCSEL optical injection locked laser. 
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4.3.3 Relative Intensity Noise of the 1.3 µm VCSEL by VCSEL Optical 
Injection Locking 

 

The VCSEL by VCSEL OIL RIN measurement is carried out using 1.3 µm 

wavelength lasers. Both lasers are pigtailed and TO packaged. Due to the non-

tunable nature of these VCSELs, to get to the OIL condition, the master VCSEL 

wavelength is locked to the slave one by setting the master VCSEL bias current and 

temperature in the right values to make the master VCSEL emission shift to the 

slave VCSEL, this is done by monitoring the optical spectrum with the OSA. The 

measurements are taken with the slave VCSEL biased at 3, 5 and 7 mA. To boost 

the master VCSEL power, a semiconductor optical amplifier is placed at the master 

output, as shown in Figure 81. The use of the SOA assures the locking condition of 

the slave laser. 

 

 
Figure 81 VCSEL by VCSEL OIL RIN measurement schematic using SOA. 

The RIN curves obtained from these measurements are shown in Figure 82. The 

optical injected power into the slave VCSEL cavity is 1.25 mW. It is observed from 

this figure that RIN suffers a dramatic degradation when the VCSEL by VCSEL OIL 

technique is implemented (average of 30 dB in the frequency range). This is 

explained by the noise introduction from the semiconductor optical amplifier (SOA), 

the SOA is susceptible to high frequency noise, a carrier  life time of 1 ns permits a 

good frequency response up to 1 GHz from the pump source, beyond this frequency 

it becomes nonlinear and noisier [86], [87]. The RIN measurement is performed from 

100 MHz to 10 GHz. The RIN curves for the VCSEL by VCSEL OIL at 3 and 5 mA 

show the resonance peak shift with respect to the free running case. For the 7 mA 

VCSEL by VCSEL OIL curve, this trend is not follow due to the SOA low saturation 

power. These results are summarized in Table 21. 
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Figure 82 1.3 µm VCSEL by VCSEL OIL RIN curves a) 3 mA b) 5 mA c) 7 mA. 

Configuration VCSEL 

bias 

current 

(mA) 

Injected 

power 

(mW) 

RIN 

resonance 

peak 

(GHz) 

RIN at 

peak 

(dB/Hz) 

RIN at 

2.49 

GHz 

(dB/Hz) 

RIN at 

10  GHz 

(dB/Hz) 

Free running 

VCSEL 

3 - 2.25 -134.4 -135.2 -146.1 

5 - 3.53 -142.8 -145.6 -148.8 

7 - 4.88 -146.8 -149.6 -151.2 

OIL VCSEL 

(VCSEL/VCSEL) 

3 1.25 5.82 -103.1 -111.9 -118.8 

5 1.25 6.81 -108.7 -113.7 -114.8 

7 1.25 - - -114.8 -110.0 
Table 21 RIN summary for the 1.3 um VCSEL by VCSEL optical injection locked laser. 
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Conclusion 
 

Along this Chapter, the OIL technique has been applied to long wavelength VCSELs. 

From the experiences performed it is seen that the OIL enhances the bandwidth of 

the VCSELs. From the frequency response curves of the OIL VCSEL, it is observed 

that parasitic effects of the VCSEL TO package dwindles the microwave performance 

of the laser, especially at the VCSEL input impedance mismatch. For this reason, 

when the injection locked VCSEL rate equations are modeled, they do not track the 

same values than the actual measurement, anyway, the OIL TO packaged VCSEL 

frequency response follows well the rate equations trend. A circuit based model of 

the OIL VCSEL frequency response is proposed inspired in the low pass filter 

characteristic behavior of the VCSEL dynamic response. 

 

The RIN measurements performed along this chapter permit to conclude that if an 

OIL VCSEL RIN enhancement is desired, the master laser must have lower RIN 

than the slave laser. If the previous condition is not satisfied, there will be a 

degradation of the OIL VCSEL RIN compared to that one of the VCSEL in free 

running condition. 

 

When the VCSEL by VCSEL OIL is implemented, it is necessary to assure the 

VCSEL wavelengths proximity and power in pursuance of the OIL state. From the 

experiments performed for the RIN measurement of the VCSEL by VCSEL OIL it is 

observed that is necessary to boost the master laser beam to arrive at the OIL 

VCSEL locking range. The drawback under this configuration is that, due to the high 

RIN nature of the SOA, the VCSEL by VCSEL OIL output RIN is highly degraded. 
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Chapter 5 

Optically Injection Locked 
VCSEL Based Optoelectronic 

Oscillator Experiments 
Introduction 
 

This Chapter presents the experimental results of the Optically Injection Locked 

VCSEL application into the optoelectronic oscillator. Several Master/Slave laser 

configuration of the Optical Injection Locking technique are introduced into the 

optoelectronic oscillator.  

 

These experiments are carried out using long wavelength VCSELs at 1.3 and 1.5 µm. 

The implemented Optically Injection Locked VCSEL Based Optoelectronic 

(OILVBO) oscillator configurations are as follows: 

 

 1.5 µm external cavity tunable laser/VCSEL 2.49 GHz OILVBO 

 1.5 µm external cavity tunable laser/VCSEL 10 GHz OILVBO 

 1.3 µm DFB/VCSEL 10 GHz OILVBO. 

 1.3 µm VCSEL/VCSEL 10 GHz OILVBO. 

 1.3 µm OEO with external modulation at 2.49, 10 and 12 GHz. 

 

The implemented VCSEL based optoelectronic oscillators are characterized in terms 

of frequency stability in order to study the spectral purity of the oscillator when the 

optical injection locking technique is applied. The performance of the OILVBO is 

compared to that one of an optoelectronic oscillator using external modulation. 
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5.1 Optically Injection Locked VCSEL Based 

Optoelectronic Oscillators 
 

5.1.1 External Cavity Tunable Laser-by-VCSEL Optically Injection Locked 1.5 µm 
VCSEL Based Optoelectronic Oscillator at 2.49 GHz 

 

A 2.49 GHz OILVBO is implemented according to the setup described in Figure 83. 

For the optical injection locking stage it is used a 1.5 µm external cavity tunable 

laser, and a Raycan pigtailed and TO packaged VCSEL at the same wavelength.  A 

2000 m optical fiber spool is used as delay line connected to a high-speed 

photodetector. A microwave bandpass cavity filter tuned at 2.49 GHz is used. A low 

noise microwave amplifier is used to assure the loop threshold gain.  

 

It is important to remark that for this measurement, the OIL conditions (bias point 

in linear zone, injected power and frequency detuning) to assure the VCSEL locking 

are set to be those ones of Chapter 4 bandwidth  measurement in order to assure a 

good microwave performance of the OIL under direct modulation. For this test the 

OIL conditions are as described in Table 22. 

 

Parameter Value 

VCSEL bias current 3 mA 

Frequency detuning (𝚫𝒇) 6 GHz 

OIL VCSEL Wavelength 1536.33 nm 

VCSEL temperature 20 ºC 
Table 22 OIL conditions for the 2.49 GHz OILVBO. 

The OIL is under dynamic conditions when implemented in the OLVBO due to the 

fact that it is being directly modulated when the oscillator is operating. Figure 84 

presents the optical spectrum for the 1.5 µm VCSEL in steady state (Figure 84a) and 

the spectrum when the oscillator is operating (Figure 84b). In steady state condition, 

the cavity mode suppression ratio (CMSR) is 40 dB, as shown in Figure 84a. For the 

modulated optical spectrum, the CMSR is 7 dB. Despite the modulation, the slave 

VCSEL does not go to unlocked condition. It is important to keep an adequate 

modulation power in the oscillator loop in order to not move the locking condition to 

an unstable state.  
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Figure 83 OIVBO using 1.5 µm VCSEL at 2.49 GHz scheme. 

 
a) 

 
b) 

Figure 84 OIL VCSEL optical spectrum a) steady state b) under modulation. 

The output signal spectrum is seen in Figure 85.  

 

Figure 85 OILVBO using 1.5 µm VCSEL at 2.49 GHz output spectrum. 
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The phase noise measurement is performed using direct measurement method. 

Figure 86 presents the phase noise measurement for this oscillator. From this figure, 

it is possible to infer the following conclusions taking into account the Leeson model 

for a better understanding of this measurement: 

 A -50 dB/decade slope up to 6 kHz offset. This slope is due to the optical 

interferometric noise conversion into close-in RF phase noise, which is caused 

by several factors in the photonics system such as the reflections in the optical 

fiber, connectors, optical circulator and the optical interference between the 

two beams of the master and slave lasers. The close-in phase noise due to 

optical interference in RF systems is described by Shieh and Maleki [69]. In 

this test the main close-in phase noise contribution is the beam interference 

between the slave and master laser. 

 A -4.5 dB/decade slope due to flicker and white phase noise up to 12 kHz 

offset. 

 Beyond 12 kHz offset, 0 dB/decade, it is the white phase noise that dominates 

the measurement. 

 

 
Figure 86 Phase noise measurement result for a 1.5 µm OILVBO at 2.49 GHz. 

The phase noise measured at 10 kHz offset is -135.58 dBc/Hz. This phase noise value 

is the lowest obtained in the laboratory for a 2.49 GHz VCSEL based optoelectronic 

oscillator. This is the lowest reported value according to the state-of-the-art for 

VCSEL based oscillators for the 2.5 GHz band. 

 

The optical power injected into the OIL VCSEL does not reduce the phase noise of 

the oscillator beyond the previous value as long as the VCSEL is injection-locked. 

The injected power from the master laser is increased while the phase noise of the 

oscillator is measured. Table 23 presents the phase noise value measured at 10 kHz 

offset for several injected power values. This can be explained by the fact that the 

power injected into the slave VCSEL cavity increases the bandwidth of the laser but 

it does not increases the frequency response amplitude of the laser with respect to 

another OIL VCSEL at different power injection. This is supported as well by the 

fact that the RIN is the same for different injected power values as long as the 

VCSEL is injection locked, the RIN changes when the frequency detuning between 

-50 dB/dec

Optical
Interferomet
ric Noise

-140

-130

-120

-110

-100

-90

-80

1 10 100

P
h

as
e

 N
o

is
e

 (
d

B
c/

H
z)

Frequency (kHz)

2.49 GHz OILV-PLL PN Measure

Fl
ic

ke
r

p
h

as
e 

n
o

is
e

W
h

it
e 

´h
as

e 
n

o
is

e

-4,5 dB/dec



 

 

127 Chapter 5 

Optical Injection Locked VCSEL Based Optoelectronic Oscillator 

the lasers is varied. Figure 87 presents the phase noise measurement for each case. 

It is observed from Figure 87 that all the phase noise curve slopes are kept, there is 

an increase of the phase noise value in the optical interferometric noise area, this is 

supported on the fact that the injection ratio is increased for each measurement and 

the optical interferometric phenomenon becomes more important at higher injection 

rates (4, 6, 8.4 and 11.6 times the VCSEL emission power).  

 

Injected Power (mW) Phase Noise at 10 kHz Offset (dBc/Hz) 

2.00 -134.98 

3.00 -134.23 

4.23 -134.01 

5.85 -133.94 
Table 23 2.49 GHz OILVBO phase noise values for several injected power values. 

 

Figure 87 Phase noise curves for a 1.5 µm OILVBO at 2.49 GHz for several injected power values. 

 

5.1.2 External Cavity Tunable Laser-by-VCSEL Optically Injection Locked 1.5 µm 
VCSEL Based Optoelectronic Oscillator at 10 GHz 

 

A 10 GHz OILVBO is implemented. As shown in Chapter 4, the OIL technique 

permits the enhancement of the VCSEL direct modulation bandwidth. The OIL 

VCSEL is modulated at 10 GHz taking into account that this frequency is part of the 

enhanced bandwidth range. The OIL is implemented according to the scheme 

presented in Figure 88. With respect to the previous implementation, it is changed 

the microwave bandpass filter and amplifier (reference MPA 90501050) for those at 

the right frequency for this case. 
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Figure 88 OILVBO using 1.5 µm VCSEL at 10 GHz setup scheme. 

The OIL conditions are the same as described in Table 22. The oscillator output 

spectrum at 10 GHz is shown in figure 89. 

 

 

Figure 89 Output spectrum for the 1.5 µm OILVBO at 10 GHz. 

The phase noise measurement is carried out through the direct measurement 

method. Figure 90 presents the phase noise curve. The phase noise is computed using 

the Leeson model equations for a delay line oscillator presented in Chapter 3, the 

computation parameters are summarized in Table 24.  Analyzing the slopes along 

the curve, it is possible to infer that: 

 

 A -57.3 dB/decade slope up to 10 kHz offset is due to the optical 

interferometric noise result of the OIL of VCSEL as explained before. This 
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noise source is not modelled by the Leeson model. This noise component is 

caused by the linewidth of the external cavity tunable laser used to lock the 

VCSEL. 

 A -29 dB/decade slope that correspond to the contribution of the microwave 

amplifier frequency noise to the oscillator phase noise. 

 A 0 dB/decade slope that correspond to the system white phase noise. 

 

The phase noise value measured at 10 kHz offset is -93.07 dBc/Hz and the predicted 

value is -92.08 dBc/Hz. 

 
Figure 90 Phase noise measurement result for a 1.5 µm OILVBO at 10 GHz. 

5.1.3 DFB-by-VCSEL Optically Injection Locked 1.3 µm VCSEL Based 
Optoelectronic Oscillator at 10 GHz 

 

A DFB-by-VCSEL OILVBO at 10 GHz is implemented. This oscillator is built using 

1.3 µm lasers. The oscillator configuration is the same as shown in Figure 88. The 

frequency detuning between the lasers is 25 GHz with a power injection of 14 mW. 

For this oscillator the frequency and long term stability are measured. The long term 

stability is measured through the Allan standard deviation [88]. The output 

spectrum is shown in Figure 91. 
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Figure 91 DFB-by-VCSEL 1.3 µm OILVBO at 10 GHz spectrum. 

 

The phase noise curve for the 10 GHz OILVBO is shown in Figure 92. The phase 

noise value at 10 kHz offset is -105.7 dBc/Hz and its prediction is -105.72 dBc/Hz. 

Looking at this Figure, from left to right side, it is possible to infer that from 1 kHz 

to 8 kHz offset the phase noise curve has -30 dB/decade slope due to flicker frequency 

noise of the microwave amplifier; from 8 kHz to 22 kHz offset, the phase noise curve 

is dominated by the flicker phase noise due to the microwave amplifier topology 

(several stages) with a slope of -10 dB/decade; from 22 kHz offset, the phase noise 

curve presents a 0 dB/decade slope linked to white noise in the oscillator loop. 

 

 
Figure 92 Phase noise measurement for a 1.3 µm DFB-VCSEL OILVBO at 10 GHz. 

 

The time domain stability measurement of the oscillator is performed. The Allan 

standard deviation is measured for a 500 s time interval. This curve is shown in 
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Figure 93. From the five noise processes described in the Leeson model of the 

oscillator [17], three of them are observed in the measurement, from left to right: 

 

 The white frequency noise curve that is proportional to 𝜏−0.5 slope. This noise 

process is observed in the phase noise measurement as the -10 dB/decade 

slope area. 

 The flicker frequency noise area correspond to that with slope proportional 

to 𝜏0. This process is seen as well in the phase noise curve, corresponding to 

that area with -30 dB/decade. 

 The random walk frequency noise process is observed in the right side of the 

curve. This area of the curve has a slope proportional to 𝜏0.5. The random 

walk frequency noise process is not seen in the phase noise curve, this 

appears at an offset frequency closed to the carrier in frequency domain. The 

phase noise measurement is performed from 1000 Hz and this process 

appears at lower frequencies.  

 
Figure 93 Allan standard deviation for the 10 GHz 1.3um OILVBO. 

It is important to remark that the Optical interferometric noise observed (can be 

considered as random walk frequency noise) is not observed in the phase noise curve 

for the 1.3 µm OILVBO this can be explained by the lower linewidth of the 1.3 µm 

DFB master laser compared to the linewidth of the 1.5 µm of the tunable laser. 

 

5.1.4 DFB-by-VCSEL Optically Injection Locked 1.3 µm VCSEL Based 
Optoelectronic Oscillator at 12 GHz 

 

A DFB-by-VCSEL OILVBO at 12 GHz is implemented. The oscillator configuration 

is the same as shown in Figure 88. The frequency detuning between the lasers is 25 

GHz with a power injection of 14 mW. For this oscillator the frequency and long term 

stability are measured. The long term stability is measured through the Allan 

standard deviation [88]. The output spectrum is shown in Figure 94. 
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Figure 94 DFB-by-VCSEL 1.3 µm OILVBO at 12 GHz spectrum. 

The phase noise curve is shown in Figure 13. The phase noise at 10 kHz offset is -

96.5 dBc/Hz and the predicted value -97.93 dB/Hz. The phase noise contribution of 

the delay line and microwave amplifier are shown in Figure 95. The phase noise 

curve is led by the white frequency noise process with a characteristic slope of -20 

dB/decade, typical from the Leeson effect in the oscillator. With respect to the 

previous implemented OILVBO at 10 GHz, it is seen that using a 12 GHz amplifier, 

the flicker phase noise process is not identified in this curve neither the optical 

interferometric noise process. 

 

 
Figure 95 Phase noise measurement for a 1.3 µm DFB-VCSEL OILVBO at 12 GHz. 
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The Allan standard deviation is measured for this oscillator. The Figure 96 presents 

the measurement curve. Three areas are defined in this measurement, from them it 

is possible to infer that: 

 

 There is a white frequency noise process in the oscillator from 0.2 to 10 s, this 

is observed in the phase noise measurement curve in the -20 dB/decade area.  

 The flicker frequency noise process in the oscillator is not observed in the 

phase noise curve, but it is clearly evidenced in the time domain stability 

measurement. This means that the flicker frequency noise process occurs 

closer to carrier in frequency domain. This is a natural phenomenon in all 

oscillator due to the electronic nature of the amplifier transistors. 

 From 20 to 500 s, the Allan standard deviation trend describes a random walk 

frequency noise process in the oscillator. This noise process is not observed in 

the phase noise curve due to the frequency range used for the measurement 

(1 kHz to 1 MHz). 

 
Figure 96 Allan standard deviation for the 12 GHz 1.3um OILVBO. 

5.1.5 VCSEL-by-VCSEL Optically Injection Locked 1.3 µm VCSEL Based 
Optoelectronic Oscillator at 10 GHz 

 

The VCSEL-by-VCSEL OIL technique is implemented in the VCSEL based 

optoelectronic oscillator. Two 1.3 µm VCSELs are used in master/slave 

configuration. The oscillator frequency choice is made based on the VCSEL-by-

VCSEL OIL direct modulation bandwidth tests performed in Chapter 4. The 

experimental setup for the VCSEL-by-VCSEL OILVBO is presented in Figure 97. 

The OIL is implemented using a temperature controlled slave VCSEL at 18ºC and 

biased at 7.7 mA. The master laser is not directly temperature controlled but the 

implementation is performed inside a clean room with temperature stabilized at 22 

ºC and biased at 6.82 mA. To boost the master laser emission, a Semiconductor 

Optical Amplifier is used to increase the injection ratio into the slave laser cavity. 

The injected power into the slave laser cavity is 10 mW with a frequency detuning of 

12 GHz between the VCSELs.  
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Figure 97 1.3 µm VCSEL-by-VCSEL 10 GHz OILVBO scheme. 

The spectrum for this oscillator is shown in Figure 98. The oscillation power is 14 

dBm. The frequency stability of the oscillator is measured, the phase noise value at 

10 kHz offset is -92 dBc/Hz and the prediction is -92.91 dBc/Hz. The phase noise 

curve noise floor is higher than in the precedent oscillators due to the RIN increase 

of the OIL VCSEL due to the integration of the SOA into the system, as shown in 

Chapter 4, this increases the oscillation noise.  

 

 
Figure 98 1.3 µm VCSEL-by-VCSEL 10 GHz OILVBO phase noise curve. 

The Allan standard deviation is measured for this oscillator. The time domain 

stability curve is shown in Figure 99. From this curve it is evident that the noise 

process that most affects the oscillator stability in long term is the random walk 

frequency noise (from 1.4 to 500 s). This noise process is linked to the optical 

interferometric noise that is enforced by the use of a SOA to boost the master laser 

power.  
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Figure 99 Allan standard deviation for the 10 GHz 1.3um VCSEL-by-VCSEL OILVBO. 

 

5.1.6 Optically Injection Locked VCSEL Based Optoelectronic Oscillator 
Parameter Summary 

 

From the previous results, the phase noise power spectral density is computed 

according to the Leeson model prediction [17], [68] and taking into account the 

equations for the delay line optoelectronic oscillator. As input values for the model 

are summarized in Table 24, the measured and predicted phase noise values for each 

optoelectronic oscillator are shown in Table 25. 

 
OILVBO 

Configuration 

Oscillation 

Frequency 

(GHz) 

Optical 

Fiber Time 

Delay (µs) 

RIN OIL 

VCSEL at 

Oscillation 

Frequency 

(dB/Hz) 

Amplifier 

Gain 

𝒃𝒐 𝒃𝟏 

1.5 µm external 

cavity 

laser/VCSEL 

OILVBO 

10 9.67 -145 35 1.58
∗ 10−13 

1.99
∗ 10−6 

1.3 µm 

DFB/VCSEL 

OILVBO 

10 9.67 -142.6 50 3.16
∗ 10−12 

1
∗ 10−8 

1.3 µm 

DFB/VCSEL 

OILVBO 

12 9.67 -143.5 50 3.16
∗ 10−12 

1.2
∗ 10−7 

1.3 µm 

VCSEL/VCSEL 

OILVBO 

10 9.67 -110 40 6.3
∗ 10−11 

1.7
∗ 10−8 

Table 24 Phase noise model computation parameters input. 
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OILVBO 

Configuration 

 

Phase Noise 

Measured at 10 kHz 

offset (dBc/Hz) 

Phase Noise 

Predicted at 10 kHz 

offset (dBc/Hz) 

Allan’s Standard 

Deviation (𝝈) 

1.5 µm external 

cavity 

laser/VCSEL 

OILVBO at 10 GHz 

 

-93.2 -92.7 - 

1.3 µm 

DFB/VCSEL 

OILVBO at 10 GHz 

 

-105.7 -105.7 10−8 < 𝜎 < 10−7 

1.3 µm 

DFB/VCSEL 

OILVBO at 12 GHz 

 

-95.4 -97.9 10−9 < 𝜎 < 10−7 

1.3 µm 

VCSEL/VCSEL 

OILVBO at 10 GHz 

-92.0 -92.9 10−8 < 𝜎 < 10−7 

Table 25 Phase noise and Allan standard deviation values measured and simulated for the implemented optically 
injection locked VCSEL based optoelectronic oscillators. 
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5.2 Optoelectronic Oscillators Using External 

Modulation 
 

Three optoelectronic oscillators using external modulation are implemented at 

different frequencies in order to make a comparison with respect the OILVBOs 

implemented along this research. For these OEOs, the external modulation is done 

through a LiNbO3 Mach-Zender modulator. The setup for these tests is shown in 

Figure 100. The laser source is a 1.3 m DFB laser, see datasheet in Annex 6. An 

optical fiber spool of 2 km is used as delay line and the microwave filters and 

amplifiers are the same used in the OILVBOs for each frequency.  

 

 
Figure 100 OEO with external modulation schematic setup. 

5.2.1 2.49 GHz Optoelectronic Oscillator 
 

The output spectrum of this OEO is shown in Figure 101. The output power of the 

oscillator is 10.9 dBm. The phase noise curve is shown in Figure 102. The phase noise 

value at 10 kHz offset is -124.9 dBc/Hz. In this phase noise curve there is evidence 

of three noise processes inside the oscillator: Random walk frequency noise at 

frequencies less than 1 kHz, the white frequency noise due to the amplifier 

transistors and the white phase noise inside the oscillator between 2 and 20 kHz. 

The Allan standard deviation curve is shown in Figure 102. 
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Figure 101 2.49 GHz OEO spectrum. 

 

 

 

 
Figure 102 2.49 GHz phase noise curve. 

-100

-80

-60

-40

-20

0

20

2,4918 2,4919 2,492 2,4921 2,4922 2,4923 2,4924 2,4925

O
u

tp
u

t 
P

o
w

er
 (d

B
m

)

Frequency (GHz)

-140

-130

-120

-110

-100

-90

-80

1 10 100

P
h

as
e

 N
o

is
e

 (
d

B
c/

H
z)

Frequency (kHz)

Phase Noise

-20 dB/decade

W
h

it
e 

 F
re

q
u

en
cy

N
o

is
e

0 dB/decade

W
h

it
e 

 P
h

as
e

N
o

is
e

R
an

d
o

m
w

al
k

Fr
eq

u
en

cy
N

o
is

e

-4
0

 d
B

/d
ec

ad
e



 

 

139 Chapter 5 

Optical Injection Locked VCSEL Based Optoelectronic Oscillator 

 
Figure 103 Allan standard deviation for the 2.49 GHz OEO. 

5.2.2 10 GHz Optoelectronic Oscillator 
 

The spectrum of this oscillator is shown in Figure 104. The output power of this 

oscillator is 8.5 dBm. The phase noise of this oscillator at 10 kHz offset is -110.5 

dBc/Hz. The phase noise curve is shown in Figure 104, in this Figure it is possible to 

define the flicker frequency noise process area from 1 kHz to 10.8 kHz offset.  The 

Allan standard deviation is measured and shown in Figure 105. 

 
Figure 104 10 GHz phase noise curve. 
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Figure 105 10 GHz OEO Allan standard deviation curve. 

5.2.3 12 GHz externally modulated OEO 
 

The 12 GHz OEO output spectrum is shown in Figure 106. The output power of this 

oscillator is 12 dBm. The phase noise value at 10 kHz offset is -123.72 dBc/Hz. The 

phase noise curve is shown in Figure 107. The Allan standard deviation curve is 

shown in Figure 108. 

 

 
Figure 106 12 GHz OEO spectrum. 
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Figure 107 12 GHz OEO phase noise curve. 

 
Figure 108 12 GHz OEO Allan standard deviation curve. 
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5.3 Performance Analysis of the OEOs and OILVBOs 
 

From the measurements performed for OEOs with external modulation and 

OILVBOs at different frequencies, it is possible to provide a performance comparison 

between them. These oscillators are implemented by keeping the same experimental 

conditions for each frequency. The goal of this section is to balance the benefits and 

constraints of each topology. Table 26 presents the main performance parameter for 

each oscillator at 2.49 GHz. 

 

Parameter 1.5 µm Tunable Laser-

VCSEL OILVBO at 2.49 

GHz 

1.3 µm OEO with 

External Modulation at 

2.49 GHz 

Laser Optical Power 

(dBm) 

7.8 11.5 

Laser RIN (dB/Hz) -146.9 -145.2 

Phase Noise at 10 kHz 

offset (dBc/Hz) 

-133.9 -124.9 

Oscillation Power (dBm) -6 10.9 

Optical Fiber Length 

(km) 

2 2 

Master Laser Bias 

Current (mA) 

100 35 

Slave Laser Bias Current 

(mA) 

5 5 

Table 26 Performance comparison of the 2.49 GHz OEO and OILVBO. 

 

From these parameters it is possible to infer that the OILVBO requires less optical 

power that the OEO using external modulation. The OIL VCSEL exhibits lower RIN 

value than the laser used for the OEO with external modulation. Regarding to the 

frequency stability, the phase noise value at 10 kHz offset for the OILVBO is 9 dB 

lower than the OEO using external modulation. Despite the lower phase noise of the 

OILVBO, it is important to remark that the OEO oscillation power is 17 dB higher 

than the OILVBO. The higher oscillation power of the OEO is explained from the 

fact that the laser source of the OEO (DFB Laser, Datasheet in Annex 5) has higher 

power than the slave VCSEL, for this reason the photodetected current is higher for 

the OEO. The lower phase noise value of the OILVBO can be explained from the RIN 

reduction of the VCSEL when is under OIL and the lower power of the carrier that 

leads to lower difference between the frequency peak and the noise floor of the 

measurement.  

 

For the 10 GHz oscillators, this comparison is presented. Table 27 presents the 

performance parameters comparing the following oscillators: 

 

 1.3 µm DFB-by-VCSEL OILVBO at 10 GHz 

 1.3 µm VCSEL-by-VCSEL OILVBO at 10 GHz 

 1.5 µm external cavity tunable laser-by-VCSEL OILVBO at 10 GHz  

 1.3 µm DFB OEO with external modulation at 10 GHz 
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Parameter 1.3 µm DFB-

by-VCSEL 

OILVBO at 

10 GHz 

1.3 µm 

VCSEL-by-

VCSEL 

OILVBO at 

10 GHz 

1.5 µm 

Tunable 

laser-by-

VCSEL 

OILVBO at 

10 GHz 

1.3 µm OEO 

with External 

Modulation at 

10 GHz 

Optical Power 

(dBm) 

11.4 10 7.8 11.4 

Laser RIN 

(dB/Hz) 

-143.5 -118.5 -145 -142.6 

Phase Noise at 

10 kHz offset 

(dBc/Hz) 

-105.7 -92 -93.2 -110.5 

Oscillation 

Power (dBm) 

18 14 10 8.5 

Optical Fiber 

Length (km) 

2 2 2 2 

Master Laser 

Bias Current 

(mA) 

35 6.82 100 35 

Slave Laser 

Bias Current 

(mA) 

5 7.7 5 - 

Table 27 Performance comparison of  the 10 GHz OEO and OILVBO. 

The highest oscillation power is achieved when the 1.3 µm DFB is used directly 

modulated and as master laser to lock the slave VCSEL. This is explained because 

of the high power of this laser that leads to a higher photodetected current. In terms 

of RIN, the 1.3 µm DFB has the lowest RIN value of all lasers used in these tests.  

 

From these tests it is possible to infer that the highest oscillation power is achieved 

when the DFB-by-VCSEL OILVBO at 10 GHz is implemented. This supports the 

hypothesis of the direct modulation bandwidth enhancement of the VCSEL when is 

under OIL condition. The enhanced frequency response of the OIL VCSEL leads to 

a higher optical power that arrives at the oscillator photodetector and, by the way, 

delivers a higher photodetected current. 

 

The lowest phase noise value for the 10 GHz oscillators is measured for the OEO 

with external modulation. For the OILVBOs it is seen that a low RIN master laser 

is essential to get an injection-locked slave laser with low RIN. Regarding to the 

DFB-by-VCSEL and the VCSEL-by-VCSEL RIN, it is remarked that the RIN of the 

VCSEL-by-VCSEL is 26.7 dB worst that the DFB-by-VCSEL OIL laser. From 

measurements performed in Chapter 4, the use of a SOA is required to boost the 

master VCSEL power. The optical noisy behavior of the SOA degrades the RIN of 

the slave laser. In consequence, the high RIN value of the directly modulated 

VCSEL-by-VCSEL laser deteriorates the phase noise of the VCSEL-by-VCSEL 

OILVBO. 

 

The phase noise process inside the OILVBO is governed by the white frequency noise 

and flicker frequency noise, this depending on the amplifier used in the oscillator. 

The presence of the optical interferometric noise in the OILVBO phase noise for the 



 

 

144 Chapter 5 

Optical Injection Locked VCSEL Based Optoelectronic Oscillator 

OILVBOs using 1.5 µm lasers seems to be linked to a high linewidth of the master 

tunable laser used for these oscillators at 2.49 and 10 GHz using this wavelength. 

 

For the 12 GHz frequency, the implemented OILVBO and OEO with external 

modulation are: 

 

Parameter 1.3 µm DFB-by-VCSEL 

OILVBO at 12 GHz 

1.3 µm OEO with 

External Modulation at 

12 GHz 

Laser Optical Power 

(dBm) 

11.4 11.4 

Laser RIN (dB/Hz) -143.5 -147 

Phase Noise at 10 kHz 

offset (dBc/Hz) 

-95.4 -123.72 

Oscillation Power (dBm) 10 12 

Optical Fiber Length 

(km) 

2 2 

Master Laser Bias 

Current (mA) 

35 35 

Slave Laser Bias Current 

(mA) 

5 - 

Table 28 Performance comparison of the 12 GHz OEO and OILVBO. 

The optical power for both 12 GHz oscillators is the same. Both of them use the same 

1.3 µm DFB laser. The frequency response of the OIL VCSEL reach its limit at this 

frequency, for this reason there is a 27.2 dB degradation of the phase noise compared 

with the external modulated OEO. 

 

The VCSEL-by-VCSEL OILVBO is not implemented at this frequency because the 

master VCSEL power injection is not high enough to satisfy the OIL condition at this 

frequency. 
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Conclusion 

 
The OILVBOs are implemented along this Chapter. From the evidence of the direct 

modulation bandwidth enhancement shown in Chapter 4, the OILVBOs are 

implemented close to the OIL VCSEL cut-off frequency (10 and 12 GHz) and 2.49 

GHz as well to evidence the frequency stabilization for a frequency inside the free 

running direct modulation bandwidth. 

 

From the tests performed along this Chapter it is concluded that the OIL technique 

applied to VCSELs is feasible to increase the oscillator frequency. Nevertheless, to 

assure a low RIN, the RIN of the master laser must be lower than that one of the 

free running VCSEL. If this condition is not satisfied, the oscillation is going to be 

reached but with lower frequency stability. 

 

The optical fiber length phase noise reduction has been already shown by previous 

results [3], [10], [12]. It is necessary to explore the noise reduction in RF components 

in order to enhance the electronic components performance as well. The VCSEL TO 

package limits the direct modulation VCSEL bandwidth, for this reason it is 

suggested to explore the implementation of the OILVBO using on-chip VCSEL and 

VCSEL matrix OIL. 

 

The RIN of the laser has a direct influence in the oscillator phase noise, for this 

reason a complete modeling of RIN is required to predict the phase noise behavior of 

the oscillator. 

 

The time domain oscillator stability measurement is performed, from this, it is 

concluded that OILVBO presents in long term a random walk frequency process 

linked quantic nature of lasers and a flickering noise process coming from the 

microwave amplifier and optical model competition inside the slave laser cavity. 
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Conclusions and Future Work 
 

The results presented in this Thesis Report are the fruit of the research effort inside 

the international academic framework between the Universidad Nacional de 
Colombia and The Institut Supérieur de l’Aéronautique et de l’Espace, specially from 

the research groups Grupo de Investigacion en Telecomunicaciones y Electrónica de 
Alta Frecuencia (CMUN) and Micro-ondes et Optronique pour Systèmes Embarqués 
(MOSE). 
 

Along this research work, the optical generation of microwave signal technique is 

explored. At the beginning of this document, the basic concepts of the optoelectronic 

oscillator theory and their figures-of-merit as the phase noise and the Allan standard 

deviation were recalled. 

 

The VCSEL Based Optoelectronic Oscillator (VBO) was implemented at 2.49 GHz 

using 1.3 and 1.5 µm VCSELs. For these VCSELs, the Relative Intensity Noise (RIN) 

was measured, from thischaracterization, it is concluded that manufacturing 

techniques for VCSELs had improved taking into account that the RIN of these 

VCSELs is lower than those ones used for the VCSEL Based Optoelectronic 

Oscillator proposed by Varón in 2008 [3].  

 

The implemented VCSEL Based Optoelectronic Oscillators at 2.49 GHz exhibited a 

phase noise of -115.3 and -119.5 dBc/Hz at 10 kHz offset for 1.3 and 1.5 µm VCSELs, 

respectively. It was shown that the drawback of the VCSEL Based Optoelectronic 

Oscillator is the relative low modulation bandwidth of the laser source, but despite 

of this, the spectral purity of the VCSEL Based Optoelectronic Oscillator is as good 

as that one of electronic oscillators at the same operation frequency. 

 

The Optical Injection Locking of VCSEL was implemented for 1.3 and 1.5 µm 

VCSELs. Several Master/Slave VCSEL configurations were characterized. The 

direct modulation frequency response of the VCSEL is dramatically enhanced up to 

10.1 GHz for the 1.3 µm Optically Injection Locked VCSEL (VCSEL by VCSEL OIL 

configuration) and 12 GHz for the 1.5 µm Optically Injection Locked VCSEL 

(Tunable Laser/VCSEL configuration).  

 

The direct modulation bandwidth of the VCSELs used in this work in free running 

and Optical Injection Locking condition is limited due to the TO package that is not 

designed for high frequency operation. Anyway, the modulation frequency applied to 

the VCSELs in the oscillator loop was always chosen to be inside the VCSEL direct 

modulation bandwidth. It is necessary to work in the design of a high frequency 

packaging for the laser. 

 

The Relative Intensity Noise (RIN) of the Optically Injection Locked VCSEL is 

measured and it is observed that it is possible to reduce the slave laser RIN thanks 

to the RIN resonance peak shift toward higher frequencies. It is concluded that the 

Optically Injection Locked VCSEL RIN is reduced just if the Master Laser RIN is 

lower than that one of the slave VCSEL. 

 

The Optically Injection Locked VCSEL Based Optoelectronic Oscillator (OILVBO) is 

implemented with 1.3 and 1.5 µm VCSELs using as Master Laser a tunable laser, a 

Distributed Feedback laser (DFB) and a VCSEL. The OILVBO was implemented at 
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2.5, 10 and 12 GHz. For the 1.5 µm OILVBO at 2.5 GHz a phase noise record value 

of -134 dBc/Hz at 10 kHz offset is measured. 1.3 µm OILVBO at 10 and 12 GHz using 

DFB/VCSEL OIL are built and the phase noise values measured at 10 kHz offset 

were -105.7 dBc/Hz and -95.4 dBc/Hz, respectively. It was implemented for first time 

a 1.3 µm VCSEL by VCSEL Optically Injection Locked Optoelectronic Oscillator at 

10 GHz with a phase noise value of -92 dBc/Hz at 10 kHz offset. The phase noise of 

these oscillators is modelled according to the additive noise model of Leeson taking 

into account the considerations for a delay line optoelectronic oscillator. It has been 

found a good agreement between the measurements and simulations.  

 

The time domain stability of the OILVBO is studied through the Allan’s standard 

deviation (𝜎). From this characterization it is that the time domain stability of the 

implemented OILVBOs is lower than 10−7 in a time window of 500 s. The OILVBO 

with better time stability was DFB/VCSEL 12 GHz configuration with 𝜎 < 10−8. 

When comparing the OILVBO time domain stability to that one of the externally 

modulated OEO using a Mach-Zender intensity modulator, it is observed that the 

magnitude order of 𝜎 is the same for both topologies.  

 

The use of the optical signal generation techniques for space applications has been 

considered to be implemented by industrials and researchers thanks to the low 

power consumption of optical sources. The use of VCSEL for aerospace applications 

is a feasible option thanks to its low power consumption (10 mW) when compared to 

other laser technologies. The VCSEL connections are very simple and the direct 

modulation of the laser allows the suppression of the Mach-Zender intensity 

modulator from the oscillator chain.  

 

To enhance the optoelectronic oscillator stability, it is concluded that a thermal 

control for the VCSEL and the optical fiber delay line is required to avoid the laser 

wavelength drift and the time delay variations of the optical fiber due to the thermal 

lensing effect. 

 

From this work it is concluded that it is feasible to implement an Optical Injection 

Locked VCSEL Based Optoelectronic Oscillator thanks to the microwave 

performance enhancement of the VCSEL through the Optical Injection Locking 

technique. 

 

As future considerations, a zero dispersion optical fiber delay line should be used in 

order to optimize the propagation of the laser beam. Regarding to electronics, it 

should be considered the use of a low noise microwave amplifier instead of using 

discrete components as it was done for this project. Additionally, the use of an optical 

filter should be considered as a strategy to enhance the resonator frequency 

selectivity. 

 

Finally, a next step towards the integration of the Optically Injection Locked 

Optoelectronic Oscillator could be done if an on-chip VCSEL by VCSEL Optically 

Injection Locked source is developed. 
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Annex 1 

Phase Noise Meaurement 
Techniques 

 

1. Phase Noise Measurement Techniques [89]–[92] 
 

To measure the phase noise it is possible to use several techniques. The direct 

measurement using an electrical spectrum analyzer (ESA), the source comparison 

mehod, and the frequency discriminator method. To select a measurement method 

it is necessary to take into account the sensibility of the measurement device and the 

oscillator’s stability as well. 

 

2. Direct Measurement 
 

This technique is the easiest to implement. The oscillator is directly connected to the 

electrical spectrum analyzer. The RF display of the ESA permits to read the carrier 

power (𝑃𝑜𝑠𝑐) and the power offset (𝑃𝑜𝑓𝑓𝑠𝑒𝑡), from this the phase noise power spectral 

density is given by: 

 

ℒ(𝑓) = 10 log(𝑃𝑜𝑠𝑐) − 10 log(𝑃𝑜𝑓𝑓𝑠𝑒𝑡) − 10 log(𝐶) + 𝑘 [dBc/Hz] 
(204) 

There are two correction coefficients: 

 

 The Resolution Bandwith Filter (RBW) of the ESA is not squared but 

loretzian shaped ant it must be corrected as C=1.2RBW. 

 The detection circuit consists of a logarithmic amplifier followed by a peak 

detector. Generally, k is 2.5 dB. 

Using this method, it is important to take into account some factors that may reduce 

the coherence of the results. For this, it is necessary to follow these rules: 

1. The source under test must have an amplitude modulation lower than the 

phase modulation. 

2. The local oscillator of the ESA must has a noise level at least ten times lower 

that the measured source. 

3. The phase noise measurements for offset lower than some kHz are not 

possible to be measured due to the source frequency drift. 

3. Method Using Source Comparison 
 

With this method it is possible to convert the phase difference between the source 

under test and a reference source at the same frequency. The two sources at same 

frequency and in quadrature are injected inside a mixer that acts as a phase detector, 
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as seen in Figure 109. At the mixer output there is one signal with frequency equal 

to the difference of the two signals and another one that corresponds to the double 

of the frequency, this one is filtered by a low pass filter. 

 
Figure 109 Phase noise measurement using two sources method. 

Over signal at frequency equal to the difference of both (with zero average value) 

there is a signal that overlaps whose amplitude is proportional to the phase noise of 

both signals. This signal is then amplified and measured with an ESA at base band. 

Using the transfer function of the detector it is possible to obtain the phase noise by 

subtracting the frequency response from the measurement.  

 

4. Residual Modulation Method (Frequency 

Discriminator) 
 

This technique proposes the use of a frequency discriminator followed by a filter, see 

Figure 110. The bandwidth is fixed at a specific value, usually between 300 Hz to 3 

kHz. The output voltage of the filter is proportional to the frequency fluctuation in 

Hz. 

 
Figure 110 Frequency discriminator phase noise measurement method. 

The operation principle of this method is the use of a delay line and a phase detector. 

The delay line transforms the frequency variations (Δ𝑓) in phase fluctuations (Δ𝜙) 

between the two inputs mixer, by this the relation 𝑆𝜙(𝑓) = 2𝜋𝜏𝑆Δ𝑓(𝑓), where 𝜏 

represents the delay of the line. The sensibility of the discriminator is given by, 𝐷 =
2𝜋𝑘𝜏 which is expressed in [V/Hz]. 
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Annex 2 

VCSEL Structure  
1. Vertical Cavity Surface Emitting Laser (VCSEL) Description [32] 

 

The Vertical Cavity Surface Emitting Laser (VCSEL) differs from other laser 

structures due to the fact that this is a surface emitting device instead of an edge 

emitting device. Usually common semiconductor lasers, known as Edge Emitting 

Lasers (EELs), emit their energy in a transverse direction compared with the 

junction, as seen in Figure 111. VCSELs emit their energy perpendicular to 

semiconductor layers, as seen in Figure 112. 

 
Figure 111 Edge Emitting Laser Structure [33]. 

 

Figure 112 VCSEL Structure [52]. 

The first VCSEL was implemented in 1979 [33] as the need to design a laser that 

could emit its energy perpendicular to semiconductor junction. It was not until the 

end of 80’s decade when Koyama [34] and Jewell [35] developed techniques that led 

to wide spread VCSELs use. 

 
2. Distributed Bragg Reflectors (DRBs) 

 

The Distributed Bragg Reflectors (DBR’s) play an important role inside VCSELs. 

This is due to the fact that they are in charge of electron circulation inside the cavity. 

It is important to mention that DBRs reflects the generated wave inside the cavity 

in order to create an oscillation.  Due to the VCSEL reduced cavity size, it is 

mandatory for DBRs to have high reflectivity in order to achieve oscillation condition 

in such cavity [93].  
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The principle that makes DBR work is a series of layers arranged one over the other, 

the key resides in the fact that their refractive index is slightly different each other. 

This make possible to guide and reflect light achieving with not too much layer high 

reflectivity close to 99%. The thickness of each layer is quarter of desired wavelength. 

The wave phase that goes through a DBR pair is given by: 

𝜙 =
2𝜋

𝜆
𝑛𝑑 

 

 

(205) 

Where n represents diffraction index of each layer. The thickness of each layer is 

related to the wavelength by the following expression: 

𝑑 =
𝜆

4𝑛
 

 

 

(206) 

Depending of the selected material the number of layer varies. For instance, Figure 

113 presents the number of layers required to achieve high reflectivity according to 

selected material. Figure 114 presents a DBR detailed structure. 

 
Figure 113 Maximun reflectivity vs DBR pair number for several 1.55 um VCSEL[60]. 

 
Figure 114 Bragg reflector operation principle. 

3. Active Zone 
 

The active zone is the place where lasing phenomena takes place. Basically this 

happens in the quantum wells [33]. In the quantum wells the electrons confinement 
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and material gain produces energy interchange among quantum levels as seen in 

Figure 115. In VCSELs the confinement is enhance due to the lasing configuration, 

the structures in active zone are known as SCH (Separate Confinement 

Heterostructure) which leads to reduced bias current and high carrier confinement. 

 
Figure 115 a)Quantum well b) Indium phoshide lattice. 

Manufacturing process depends of material used. Each material has different lattice 

structure. Each one is characterized by its lattice constant a as seen in Figure 115b. 

To develop a device using a subtract with lattice constant a1, the semiconductor must 

be an a1 lattice constant as well. For instance, Indium Phosphide is widely used in 

VCSEL manufacturing as substrate. 

 

4. VCSEL Structures [95]–[99] 

 
Depending on the manufacturer, the wavelength and power of the VCSEL, different 

VCSEL structures have been proposed.  

4.1 Photon Implantation 

 

This technique is used to enhance carrier guidance through the active zone. This 

structure is presented in Figure 116. 

 
Figure 116 VCSEL with photon implantations. 
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4.2 Buried Structure 

 

This structure has performed well in 850 nm band. It emits single mode with a 

reduced threshold current. This structure presents degradation due to thermal 

effects. Optic beam is guided and confined through a column. This “column” is buried 

in a lower conductivity and refractive index material. 

 

 
Figure 117 VCSEL buried structure. 

4.3 VCSEL Oxide Diaphragm 

 

A thin oxide layer (AlOx) is deposed over the circular area around the active zone in 

order to enhance carrier confinement. Some structures have oxide layer over the 

active zone in order to increase the confinement. This method has been successfully 

applied in commercial production. Figure 118 presents VCSEL oxide diaphragm 

structure. 

 
Figure 118 VCSEL oxide diaphragm structure. 
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resistance of DBRs having as consequence thermal effects and by this, reducing 

VCSEL bandwidth. 

 

4.4 Photonic Crystal VCSEL (PC-VCSEL) 

 

This type of structure is designed to single mode VCSELs.  Some “crystal holes” are 

located in semiconductor material, in the upper mirror, as shown in Figure 119. 

 
Figure 119 PC-VCSEL structure. 

 

 

4.5 Multiple Active Region VCSELs (MAR-VCSELs) or Bipolar Cascade VCSELs (BC-

VCSELs) 

 

This kind of structures uses several active regions. The first active region produces 

a cascade effect to the second active region through a junction tunnel and so on. 

Figure 120 presents MAR VCSEL quantum well scheme. Figure 121 presents MAR 

VCSEL structure, in this two active region can be seen. This concept was proposed 

by K. Iga  in 1984 and it was implemented by L. Coldren in 2000. 
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Figure 120 MAR-VCSEL quantum well structure. 

 
Figure 121 MAR-VCSEL structure. 
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Annex 4 Photodetector, 
Microwave Filter and Amplifier 

Information  
 

New Focus 1544 B Photodetector 
A New Focus 1544B InGaAs high speed photodetector is used in the VBO, see Figure 

122.  According to the datasheet, the manufacturer certifies that the photodetector 

works up to 12.5 GHz, this was verified in the laboratory by measuring its frequency 

response. According to our measurement, the bandwidth of the photodetector agrees 

to that described in the datasheet. 

 
Figure 122 New Focus 1544B bandwidth measurement. 

The Figure 123 presents the schematic schematic connection photodetector 

bandwidth measurement. This was performed using and electrical/optical HP8510C 

vector network analyzer. An optical laser is modulated using a frequency sweep at 

the photodetector input. The RF output of the photodetector is connected to the RF 

port of the HP8510C. 

 
Figure 123  Photodector bandwidth measurement setup. 
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Photodetected Current 
To characterize the photodetector performance, a 1300 and 1500 nm VCSELs are 

connected to the photodetector. A bias current sweep from 2 to 7 mA is carried out 

to verify the responsivity of the device. The responsivity values are these: 

𝑅@1300𝑛𝑚 = 0.649
𝐴

𝑊
 

𝑅@1500𝑛𝑚 = 0.698
𝐴

𝑊
 

The detected optical power is plot in Figure 124. 

 

 
Figure 124 Detected optical power for 1300 and 1500 nm VCSELs. 
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2.49 GHz Microwave Filter (Reactel 4W8-2492-3) 
For the 2.49 GHz VBO, a Reactel cavity filter was used, see Figure 125. This band 

pass filter has a bandwidth of 3 MHz. Its band pass profile can be seen in Figure 126. 

 
Figure 125 Band pass microwave cavity filter. 

 
Figure 126 Microwave cavity filter bandwidth measurement. 
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10 GHz Microwave Filter (Reactel FTC-998109-BPS1-A) 

 

 

 



 

 

171 
Annex 4 

Photodetector, Microwave Filter and Amplifier Description 

12 GHz Microwave Filter (Reactel FTC-1291-29-BPS1-A) 
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2.49 GHz Microwave Amplifier (Stealth Microwave SM2040-37H) 

 

 

 
  



 

 

173 
Annex 4 

Photodetector, Microwave Filter and Amplifier Description 

7 to 10 GHz Microwave Amplifier (Liconn LNA700012000A) 
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30 MHz  to 10 GHz Microwave Amplifier (Liconn LNA003012000A) 
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11.5  to 12.5 GHz Microwave Amplifier (PA2083P-25) 
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9.5  to 10.5 GHz Microwave Amplifier (MPA-09501050-35-23) 
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Annex 5 Microwave and Optical 
Measurement Equipment  

Vector Network Analyzer Agilent HP8510C 
 

The technical specifications of this device are available at 

http://cp.literature.agilent.com/litweb/pdf/5091-8484E.pdf  

 
 

http://cp.literature.agilent.com/litweb/pdf/5091-8484E.pdf
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Vector Network Analyzer Anritsu 37000D 
 

The technical information about this device is available at 

http://www.testequipmentdatasheets.com/index_cards/A/Anritsu/37000D_Series.pd

f  

 
 

http://www.testequipmentdatasheets.com/index_cards/A/Anritsu/37000D_Series.pdf
http://www.testequipmentdatasheets.com/index_cards/A/Anritsu/37000D_Series.pdf
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Rohde and Schwarz Electrical Spectrum Analyzer FSW50 
 

Thetechnical specifications of this device are available at http://www.rohde-

schwarz.de/file_20078/FSW_dat-sw_en_5214-5984-22_v0700.pdf  

 
 

 

 

http://www.rohde-schwarz.de/file_20078/FSW_dat-sw_en_5214-5984-22_v0700.pdf
http://www.rohde-schwarz.de/file_20078/FSW_dat-sw_en_5214-5984-22_v0700.pdf
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Optical Spectrum Analyzer Yokogawa AQ6370 
 

The technical specifications of this product are available at 

https://www.yokogawa.com/pdf/provide/E/GW/Bulletin/0000028273/0/BUAQ6370S

R-20EN.pdf  

 

https://www.yokogawa.com/pdf/provide/E/GW/Bulletin/0000028273/0/BUAQ6370SR-20EN.pdf
https://www.yokogawa.com/pdf/provide/E/GW/Bulletin/0000028273/0/BUAQ6370SR-20EN.pdf
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Annex 6 Laser Datasheet 
1.5 𝝁m External Cavity Tunable Laser (Yenista Optics - Tunics T100S) 
The technical information about this device is available at 

http://yenista.com/IMG/pdf/TUNICS-T100S_DS_201204-2.pdf  

 
 

http://yenista.com/IMG/pdf/TUNICS-T100S_DS_201204-2.pdf
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1.3 𝝁m Distributed Feedback (DFB) Laser NEL (NEL NLK1B5EAAA) 
The Technical information about this device is available at http://www.ntt-

electronics.com/en/products/photonics/pdf/NLK1B5EAAA.pdf  

 

http://www.ntt-electronics.com/en/products/photonics/pdf/NLK1B5EAAA.pdf
http://www.ntt-electronics.com/en/products/photonics/pdf/NLK1B5EAAA.pdf
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1.3 𝝁m Semiconductor Optical Amplifier SOA NEL (INPhenix IPS AD1305) 
The technical information about this device is available at 

http://www.inphenix.com/pro/Semiconductor%20Optical%20Amplifier/IPSAD1305.

pdf  

 
  

http://www.inphenix.com/pro/Semiconductor%20Optical%20Amplifier/IPSAD1305.pdf
http://www.inphenix.com/pro/Semiconductor%20Optical%20Amplifier/IPSAD1305.pdf
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Annex 7 Phase Noise Model 
 

1.1 Phase Noise Definition [68] 
 

Assuming a quasi-sinusoidal signal of angular frequency 𝜔𝑜 of  amplitude fluctuation 

𝛼(𝑡), and random phase fluctuation 𝜑(𝑡). The mathematical representation of this 

signal is: 

𝑣(𝑡) = [1 + 𝛼(𝑡)] cos(𝜔𝑜𝑡 + 𝜑(𝑡))  

(207) 
It is assumed that |𝛼(𝑡)| ≪ 1 and |𝜑(𝑡)| ≪ 1 at the measurement. The phase noise is 

measured through the power spectral density of the phase noise, this is expressed 

as, 
𝑆𝜑 = 〈|Φ(𝑗𝑓)|2〉  

(208) 
It has been already shown that the power law describes accurately the oscillator 

phase noise as follows, 

𝑆𝜑(𝑓) =∑ 𝑏𝑛𝑓
𝑛

0

𝑛=−4
  

(209) 

Where, 

 

Coefficient Noise type 

𝒃−𝟒 Frequency random walk 

𝒃−𝟑 Flicker of frequency 

𝒃−𝟐 White frequency noise, or phase random 

walk 

𝒃−𝟏 Flicker of phase 

𝒃𝟎 White Phase Noise 

 

The power law considers the presence of the white (𝑓0) and flicker (𝑓−1) are present 

in the oscillator, the other components of the phase noise are the multiplication of 

those noise components. 

1.2 Oscillator Fundamentals 
 

The most basic oscillator representation is a resonator  with an amplifier of gain A 

in a closed loop that compensate the resonator losses (1 𝛽⁄ ) when the Barkhausen 

condition is satisfied (𝐴𝛽 = 1), as shown in Figure 127.  

 
Figure 127 Feedback oscillator model. 

A𝑣𝑛𝑜𝑖𝑠𝑒



Signal

3dB
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The feedback oscillator resonator narrow bandwidth eliminates the harmonic 

oscillation modes generated by the amplifier non linearities. 

Assuming that the resonator relaxation time 𝜏 is larger than 1/𝜔𝑜 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. 

  

 
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(𝑡) = 𝑥(𝑡) ∗ 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, ↔⁡ is the Laplace transform-inverse pair, and 𝑠 = 𝜎 + 𝑗𝜔 is the 

Laplace complex variable. Using this formalism, the output power spectral density 

is given by, 

𝑆𝑦 = |𝐻(𝑗𝑓)|2𝑆𝑥  

(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 + 𝑅𝐼𝑁𝐷𝑅𝐷 + 𝑅𝐼𝑁𝑅𝑅𝐷)𝑖𝑝ℎ
2 + 2𝑞𝐼𝑝ℎ + 4𝑘𝐵𝑇𝐹]𝑍𝑒𝑞 

  (212) 

 
 

Where, 

 

𝑹𝑰𝑵𝑳𝒂𝒔𝒆𝒓 Represents de laser relative intensity 

noise 

𝑹𝑰𝑵𝑫𝑹𝑫 Represents the double diffusion 

Rayleigh scattering 

𝑹𝑰𝑵𝑹𝑹𝑫 Represents the reflected Rayleigh 

scattering 

𝑰𝒑𝒉 Represents the photodetected current 

1

𝑏(𝑡)
𝑙𝑜𝑤𝑝𝑎𝑠𝑠

𝐵(𝑠)

𝑁𝑜𝑖𝑠𝑒

𝜑(𝑡) ↔ Φ(𝑡)

 (𝑡) ↔  (𝑡)
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𝒒 Represents the fundamental charge 

𝒌𝑩 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   

𝑆𝜑(𝑓) = 𝑏0 =
𝐹𝑘𝑏𝑇

𝑃
 

(213) 

The noise factor (F) for cascaded amplifier is computed through the Friis formula, 

for N cascaded amplifiers it is expressed as, 

𝐹 = 𝐹1 +
𝐹21

𝐺1
2 +

𝐹31

𝐺1
2𝐺2

2 +⋯ 
(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 𝜏𝑑 as a resonator, so the 

oscillation frequency is an integer multiple of 1/𝜏𝑑. Extending the Leeson effect for 

this oscillator, the delay line equivalent quality factor (𝑄) is, 
𝑄 = 𝜋𝜏𝑑𝑓𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛 

(215) 

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 𝜏𝑑𝑒𝑙𝑎𝑦 and 

𝜏𝑓𝑖𝑙𝑡𝑒𝑟. Using the Laplace-Heavyside formalism, both transfer functions of the 

feedback path are as follow, 
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𝑏𝑓𝑖𝑙𝑡𝑒𝑟(𝑡) =
1

𝜏𝑓𝑖𝑙𝑡𝑒𝑟
𝑒
−

𝑡
𝜏𝑓𝑖𝑙𝑡𝑒𝑟 ⁡⁡↔⁡⁡𝐵𝑓𝑖𝑙𝑡𝑒𝑟(𝑠) =

1/𝜏𝑓𝑖𝑙𝑡𝑒𝑟

𝑠 + 1/𝜏𝑓𝑖𝑙𝑡𝑒𝑟
 

(216) 

𝑏𝑑𝑒𝑙𝑎𝑦(𝑡) = 𝛿(𝑡 − 𝜏𝑑𝑒𝑙𝑎𝑦) ⁡↔⁡⁡𝐵𝑑𝑒𝑙𝑎𝑦(𝑠) = 𝑒−𝑠𝜏𝑑𝑒𝑙𝑎𝑦  (217) 

𝑏(𝑡) = 𝑏𝑓𝑖𝑙𝑡𝑒𝑟(𝑡) ∗ 𝑏𝑑𝑒𝑙𝑎𝑦(𝑡) ⁡⁡⁡↔ ⁡⁡𝐵(𝑠) = 𝐵𝑓𝑖𝑙𝑡𝑒𝑟(𝑠)𝐵𝑑𝑒𝑙𝑎𝑦(𝑠) (218) 

From this,  

𝐵(𝑠) =
1/𝜏𝑓𝑖𝑙𝑡𝑒𝑟

𝑠 + 1/𝜏𝑓𝑖𝑙𝑡𝑒𝑟
𝑒−𝑠𝜏𝑑𝑒𝑙𝑎𝑦  

(219) 

 

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

 

𝐻(𝑠) =
1

1 − 𝐵(𝑠)
=

𝑠 + 1/𝜏𝑓𝑖𝑙𝑡𝑒𝑟

𝑠 + (1 − 𝑒−𝑠𝜏𝑑𝑒𝑙𝑎𝑦)/𝜏𝑓𝑖𝑙𝑡𝑒𝑟
 

(220) 

1.5 Close in Noise Spectra 
 

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

as, 
𝑆φ = |𝐻(𝑗𝑓)|2𝑆𝜓 

(221) 

At low frequencies, it holds that [103], 

 
𝑺𝝋(𝒇) Remark 

≈
𝟏

𝟒𝝅𝟐𝝉𝒅𝒆𝒍𝒂𝒚

𝟏

𝒇𝟐
𝑺𝝍(𝒇) 𝜔 ≪

2𝜋

𝜏𝑑𝑒𝑙𝑎𝑦
 

=
𝒇𝒐𝒔𝒄𝒊𝒍𝒍𝒂𝒕𝒊𝒐𝒏
𝟐

𝟒𝝅𝟐𝒎𝟐
𝑺𝝍(𝒇) 

𝑓𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑚

𝜏𝑑𝑒𝑙𝑎𝑦
 

Where 𝑚 is a integer multiple of the 

oscillation frequency 

=
𝒇𝒐𝒔𝒄𝒊𝒍𝒍𝒂𝒕𝒊𝒐𝒏
𝟐 𝒃𝟎
𝟒𝝅𝟐𝒎𝟐

𝟏

𝒇𝟐
+
𝒇𝒐𝒔𝒄𝒊𝒍𝒍𝒂𝒕𝒊𝒐𝒏
𝟐 𝒃−𝟏
𝟒𝝅𝟐𝒎𝟐

𝟏

𝒇𝟑
 

Amplifier noise 

 

 

 

 

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 𝑓𝐿 >

𝑓𝑐 (𝑓𝐿 =
1

2𝜋𝜏
). This oscillator type presents the 1 𝑓3⁄ , 1 𝑓2⁄  and 𝑓0. If a high 𝑄 resonator 

is used, 𝑓𝐿 < 𝑓𝑐, a type 2 spectrum is observed. This is characterized by the presence 

of  1 𝑓3⁄ , 1
𝑓⁄

 and 𝑓0 slopes, as observed in Figure 129c. 
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Figure 129 Oscillator phase noise spectra. 
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