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When you are smiling

ocurre que tu sonrisa es la sobreviviente
la estela que en ti dej6 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 estan presentes en todos los sistemas de comunicaciones que utilizamos a
diario. Estos permiten hacer la sincronizacién entre el emisor y receptor de un mensaje.
La calidad de esta sincronizaciéon 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 parametro de referencia. Un oscilador que entrega una sefial con un bajo
ruido de fase es un oscilador de alta pureza espectral.

Los osciladores electronicos presentan un buen desemperio a baja frecuencia. A medida
que la demanda de tasa de transmisién de los sistemas de comunicaciones aumenta, los
osciladores electrénicos logran la generaciéon de sefiales en alta frecuencia utilizando
multiplicadores de frecuencia, los cuales adjuntan elementos adicionales a la cadena de
comunicaciones. Los sistemas hibridos permiten tomar ventaja del buen desempeiio de
los componentes Opticos en alta frecuencia con el fin de integrarlos en los sistemas
electrénicos y de esta maneja mejorar su desempefio.

Este trabajo utiliza la técnica optical injection locking que consiste en la inyeccién de un
haz laser de un laser maestro hacia un laser esclavo. Esta técnica permite mejorar el ancho
de banda en modulacién directa del laser bajo modulacién. El ruido de intensidad relativa
del laser bajo optical injection locking es mejorado, teniendo en cuenta las medidas
realizadas. Al utilizar el laser bajo condicién de optical injection locking en el oscilador
optoelectrénico, es posible implementar osciladores basados optoelectrénicos basados en
VCSEL a mas alta frecuencia y menor ruido de fase.

Palabras clave: Oscilador, inyeccién Optica, ruido de fase, VCSEL, fibra optica,
optoelectrénica.

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 VCSELSs was
developed at standard communication devices operation (1.3 and 1.5 pm).

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 um. 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 um 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

e 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.

e To compare the performance parameters (generated frequency, phase noise and
size) between the implemented VBOs and ILVBOs.

e 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].

Optical
i Photodetector
EOM Fiber
R e
——
Laser /
Diode Ve Vrr(t)

: /\

Microwave
Filter

Coupler

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 Vgp(;) 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:

P 1 /mV, V,
Hyoa = EOM — acos? [— (—DC —RE®

in VTL’D Cc VTL’RF (1)

(2)

Vpc 4 TVre(t)

a
Hypoa = 5 [1 + M * cos( + Opr + BDC)]

nDC VTL’RF

Where, Pgop 1s the output power of the MZM, P;, is the input power of thw MZM, M is the
modulation index that is assumed as 1 in our analysis, a represents the insertion losses of
the modulator, Oz represents the phase mismatch between the optical and microwave
signals, 0y, represents the autopolarization, V,p. and V,gzr represent the half-wave
voltage DC and RF respectively. The modulator is assumed to have an actual

V”ZD ¢ from this, it is possible to say that 8, = % We will use the

autopolarization equal to

following notations:

* R,y load impedance of the photodetector [Ql.

e S =Sel¥s: responsivity of the photodetector [A/W].

e F =Fe/?r: filter transmission [-].

e G, = Guel/P4: Voltage gain of the microwave amplifier [-].
e A= Ae J®Tro: transfer function of the optical fiber [-].

e ;= azel?E: electric losses [-].

e P, is the optical detected power (W].

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

V, V,
[1 +M*cos(£+ O]

nDC TTRF

+ HRF + 6DC):| * opt (8)

IR

Lyp =S % A% Hyoq * Popr =S+ A %
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Eszh*g*Z*Hmod*Popt (4)

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

Voo =Gy * @+ F % Ry # 5 % A % Hyog * Popy
ZG_A*a’_E*F*Rph*E*Z

a nV nV
*—[1+M*cos(¢+ ©
2 nDC nRF

(5)

+ Opr + 906)] * P oy

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(msinwt) = J,(m) + 2 ijp (m) cos(2pwt)

p:l (6)
sin(m sin wt) = 2 ijp_l(m) sin[(2p — 1) wt] )
p=1
cos(mcos wt) = J,(m) + 2 Z —17J,,(m) cos(2pwt) ©
p=1
sin(m cos wt) = 2 Z —17J5,_1(m) cos[(2p — D wt] ©)
p=1
Let us consider a microwave signal at the modulator input as follows,
V(t) = Vo sin(wet + ¢,) (10)
And we define,
o . axp,
Vo =Ga* @« F * Ry + S x A (11)
Then, the voltage at the amplifier output (V,,) is given by,
— Vv iV, sin(wet +
VOL :VC [1+M*COS( DC+ 2 ( ¢ ¢O)+9RF+9DC)] (12)
nDC VTL'RF
—_— J— J— T[VDC VO N
VOL:VC-l-VC*M*COS( +9RF+9DC>*COS< +9RF+9DC)—VC*M
nDC nRF
Vpc vV,
*sin( + Opr +9Dc> *sin( + Ogpr +9Dc)
VrcDC VrrRF

From equations (7) and (8), it is possible to write:
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cos (VT[RF sin(w,t + ¢ )) Jo ( nRF) +2 ijp L ( Vo )cos[(Zp(a)et + o, )]

(13)
[ 2 o 2 1
sin <V7TRF sin(wet + ¢ )) ZJZP L ( )sm[( p—D(wet+¢,)] (14)
Finally,
Voo =Vc+V.xM
(”VDC+ s + ¢ ) (”V")
*
e Vape 70 7P¢ o Virr
- Vv, —
+2 ) oy () cosl@p(@et + do)] [~V + M
p=1 nRF
T[VDC (15)
* sin( + Ogp
nDC

+ 906) 2 Z]wq (‘:Tn_‘j;) cos[(2p — 1) (wet + ¢,)]

To take into account:

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

e If the speed mismatch between the optical and electrical signals is very small, it
can be neglected by setting 6z = 0.

e Ifthe previous condition is satisfied, we consider:

o For the autopolarization 0y, = % and Vpc = 0 (2m), all harmonic even modes

are zero.

o For the autopolarization 6p, = % and Vpe = % (2m), 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 w,) and the DC components will be kept as well.
¢, will be neglected for this analysis. Let us consider t the total delay of the loop.
So, the voltage at the output of the amplifier is given by:

Vpc —
+0RF+0DC>[] ( )]—VC*M
VT[DC TL'RF

. 7TVDC T[Vo . (—jweT)
*sin| + Ogrr + Opc | 1 > Sin w, T * e e (16)
nDC nRF

E=V_C+V_C*M*cos<

After filtering the signal, the DC component is removed. Then, Equation (16) becomes,
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nV

sau ) () mone e
nRF

TL'VDC

E=—2VC*M*sin<
nDC

From the Equation (17) it is possible to compute the actual voltage at the loop output.
From this, we compute the open loop gain Vy, = Gor * V(7),

Gor (Vo) = —2 2% s M xsin (T22C 4 g, + 6 ™o (-jwer)
or(Vo) = — V_a* * sin VnDC+ rF t Opc | /4 Voo *e (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],

4
Jn(2) = (EZ) ;k!f‘(n+k+1) (19)

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

iV, 3 iV, >
] (TCVO ) _ TCVO (ZVT[RF) + (2V7TRF)
! 2Virr 2 12 (20)

VTL’RF

And for third order,
()
o Vo 2Vnrr
Ji ( ) = - (21)
Vrrr 2Vnrr 2
And the small signal gain Gy, _gs is given by,
9GoL nVM
Goiss = —(V =0)=— sin( + Opr + 0 )
OL=ss av Varr Vapc RE be (22)
The open loop small signal gain is expressed as a function of the input voltage is as follows,
Gt V0) = Gop-ss (13 (r) 4 (o)) s etcionn
0) = _ss x| 1—= — * e e
oL 0L-SS 2\2V_p) T 12\2V 4p (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 G, = G,e/?4, and the resonant network transfer function

18 Hypger = @, this network is composed by the EOM, a microwave filter and a photodiode.
Gy

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, V5. (w, t), this is as follows,
jwt

Vioise (w,t) = Vioise (w) xe (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 Viy(t). From
this, it is possible to stablish a closed-loop OEO transfer function,

Ver Gy _ Go /P

=2 = ¢
Vnoise  1=Gor,  1-G,, —2Goy, * cOS(w,T + )

(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.

|GoLl =1

WgpT + ¢, = 2km @7)
Where k is an integer.

1.1.3.2 Oscillation Voltage and Power

Let us consider the term Vir representing the oscillation amplitude. Replacing it into
Equation (18), this leads to:

ZI’HRF 7”/RF>
G = |Gp;— =1
| OL| | OL ss| 7TVRF ]1 <VnRF

(28)

If we consider the situation when Vgzp < V,zr, we are able to develop a first order Bessel
transfer function expressed in Taylor’s series:
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( TV rF )3 ( TV rF )5
J <7TVRF> N 7V gr 2V oRF 2V orF
1

~ — 29
Vrr) S 2Vorr 2 T 12 @9)
We replace Equation (28) in (29) and we have,
(7TVRF )3 (nVRF )5
(Goul = 16op o5l e | ZVer. _ 2Vane | 22Vare! ) _ g
oL OL=SSY tVer \ 2Vpp 2 12 (30)

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

v _ 2V2Vre L1
RE T | Gor-ss | (31)

v _ 2V3Vpe 1 4 . 59
RE n \/_ |GOL ssl 32

For the fifth order,

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

p o VE _ 1 (2V,TRF)2(1_ 1 )
oscillator ZRamp Ramp T |GOL—SS| (33)

For the fifth order the oscillation power is given by:

poo Ve _ 6 (V”RF>2 P L
oscillation 2Rch Ramp T \/§ |GOL—SS| (34)

Where R, 1s 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:

I7ph = HMZM&OPinSRph

(35)

Where,
* R, represents the photodetector resistance load.

e (o represents the optical losses inside the loop, these losses are defined as:

. _ Quzm _
Qo = > Aro
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Where, @ro = apge /% = apye /%o represent the optical fiber losses and ay, the
optical fiber delay.
e S represents the photodetector responsivity.

And the photodetected current is given by,

T,

5=
=
I
=

(36)

~ 4% Vpp(t
L= doPinS{l + Mcos( be , War ()

VnD Cc VrrRF

This expression can be manipulated as previously done to the open loop voltage. From
the manipulation, we obtain,

|Lon| = @oPinS 11 + MJo(Y) cos(X) — 2MJ, (V) sin(X) sin(wyt)| (37)

Where,
V,
X = l + QDC + QRF
VTL’DC
T[VRF

VTL’RF

From Equation (37), it is possible to see two different operation states of the oscillator:
e 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
[Ipn| = @oPinS - 11+ MJo(Y) cos(X)| (38)
e 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,

k¢
fosc,k =———= (39)

T 27T
The frequency space between the modes is given by the free spectral range (FSR). This is
given by,

1
FSR = T T+ (40)

Where 7. represents the time delay due to the electrical system components of the
oscillator and 7 is the time delay due to the optical fiber that is defined as:
npL

Tr =72 (41)

np 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.

A Oscillation Microwave
Mode / Filter

|\ I\ |

Power

>
Frequency

Figure 4 Oscillating mode of the OEQ.

1.1.35 Oscillation Quality

The noise voltage, V,,,ise, has been described in previous sections. From this, it is possible
to compute the noise power in a given bandwidth Af at frequency w:

|Vnoise (w)lz
Phoise(w) = =282 2 =G o ¥ Af
noise ZRampli noise (42)

Where, Rgmpi 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,

Pre(f)
PoscAf

Purf) _ G2
Pnoise(f) 1+ |GOL|2_2|GOL|COS((UT+7T)

SRF(f) =

(43)

Where f is the fourier frequency defined as w = w,. + 27f.

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

Gc%Snoise/Posc
14 |GoL|? — 2|Gp,| cos(wt + ) (44)

Srr(f) =

Considering the situation when f « 1/7, we can convert the cosine expression as follows,
2
x

cos(x)=1-— 5 (45)

With this, the spectral power density of the oscillating signal is as follows,
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Gc%Snoise/Posc
(1 +1Goul )2 = |Go|2mf1)? (46)

Srr(f) =

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/t

cos(2rfr) =1

1/2t (47)

stRF(f).df [ sw(ar =1

- -1/2t

Now, it is possible to write:
Ggsnoise/Posc -1
(1 +16,1)2 (48)

The open-loop gain at the amplifier output can be written as a function of the Noite to
signal ratio (NSR), as follows,

NSR
|GOL| =1- —T (49)

Where the NSR is defined as,
_ Gg noiseS
NSR —_ 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,

Sgr(f = 0) NSR
SRF(AfHPSL) = 2 = 2(1 _ |GOL|)2 (51)

When integrating the HPSL,

,/NSR/T(1 ~ m)_l/z . JNSR/z

Afypsy, = Y——"—
fHPSL T T

(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= Josc _ TfoscT
 Afupsy /NSR/T (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.

Short Term Stability Long Term Stability

iy Y

fo o~

: > . =
time time

(seconds, <60 minutes) (hours, days, years)

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:
Viey = Vo sin(2mv,t) (54)

In Equation (54) the terms V, and v, 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 (e(t)) and frequency variations (¢ (t)). The Equation (55) represents this
model as follows:

Vi = [V, + €(t)] sinrvyt + @ (t)) (55)
Where, €(t), represents the fluctuation random process around V,, known as amplitude
noise and ¢ (t) represents the random noise process (phase noise) linked to the frequency
random variations. The amplitude variations (e(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).
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Viey = V] sin@rv,t + ¢ (2))

(56)
The instantaneous frequency v(t) is defined as,
_1d B 1 do(t)
v(t) = o dt (27rv0t + ¢ (t)) =, + CT—
(57)

v(t) = v, + Av(t)

From Av(t), it is possible to define the random process that fits the frequency noise as,
Au(p) = L4 ®
v(t) == (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.

1 do(t)
y(®) = 2mv, dt
_o(® (59)
x(t) =
2nv,
Finally, y(t) and x(t) can be related as,
_dx(t)
v == (60)

1.14.2 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, Av(t) is the process that models the frequency
noise. It is possible to define the noise spectral density, Sis (), as the two sided noise power
spectral density,

SIS =f Rp, (t)e /2™ dr [Hz] ©61)

Where,

RAv (T) = (AU(t)AU(t - T)) (62)
The integration limits correspond to the two-sided (T'S) calculation. At experimental level,
the measurement is taken in a single band (SB). This can be expressed as,

Sav(f) = 2855 (f) (63)

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

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

[ee)

Se(f) =2 j R, (1) e™/*"" [Rad?/Hz] 64
0



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

Where,
Ro(D) = (@) (t — 1)) (65)

To define the spectral density functions relative to frequency S, (f) [Hz] and phase S, (f)
[s2/Hz],

() = 2250, 1)

Sav(f) = £25,(f)

Sy(f) = (L)z Se(f)

Vo

Sy(f) = 41?285, (f)

(66)

The frequency noise power spectral density S, (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 S, (f) as a component addition ,

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

5,(F) = Z haf < for0s<f<f. 67
0 for f > f,

Where a represents each noise type contribution and constant h, is the measurement of
the noise level. f, 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 - Pg,) with a
bandwidth of 1 Hz related to the complete signal power.

Pssb (f) (68)
P

o

L) = 55,0 =

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.
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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
T in order to characterize the temporal frequency stability of the oscillator. The average
of v(t) in a period time from t; to t; + 7 is given by,

1 (e n (69)
(A, = vot [ Av(@)I0 =%
' TJe, T
Where n; is the number of cycles of the signal inside the time range t.

The normalized quantity y, is defined as follows,
I B (70)
Yie =~ f y(6)do
T/t

k
From Equations (58) and (59), the Equation (69) becomes,
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(MO, = (1 +50) = = (71)

And from this, it is possible to obtain
oG+ 1) —0(ty)
Ve = 2T V,yT (72)

The upper term of Equation (72) represents the phase error in time range of 7.

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,

1
(1) = 5{F2 = ¥1)*) (73)

1.1.44 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:
2sin* tf

@m=qu>(ﬂzw a0

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
11t is presented the relation between the time and frequency domain for each noise source.

Sw(f)A Uzy(T)A

-1 1
TZ'OT

Figure 8 Phase noise representation in frequency and time domain.
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Noise Sy(f) So(f) Allan’s Variance Slope
a5(1)

Se(f) | &)

Random h_of 72 | VEh_,f~* 2m2h_,t -4 1
Frequency 3
Frequency h_of ™Y | VEh_1f 3 2in(2)h_, -3 0
Flicker
White Noise hy Vihof 2 ho -2 -1
2t
- 25 7-1 A § ~
Flicker Phase hif vohyf L (103843 In(2nf, )} 1 2
4272
White Phase h,f? vih, 3h, fn 0 -2

4272

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 10* at room temperature to 10° at -270 °C.
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 10* to 10°. 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=10*) 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 L.C 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 dBe/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 dBe/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. 2.11 -136.5 @ 10 kHz
[23] offset
De Giovanni and 10 -145 @ 10 kHz
Chomiki. [24]
Dielectric Regis et al. [25] 10.2 -118 @ 10 kHz
Resonator
Oscillator
Electrical Wang [26] 3 -120 @ 1 MHz
Resonator Wang [27] 24 GHz -117 @ 10 MHz
Oscillator 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 10'1. 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



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

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

Mode

Optoelectronic

Oscillator

Fiber Ring Saleh [30] 10 -130 @ 10 kHz

Optoelectronic offset

Oscillator

Delay Line Maleki and Matsko 10 -163 @ 10 kHz

Optoelectronic [31] offset

Oscillator

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 VCSELSs at 1.3 and 1.5 pm are used. The optical spectrum of the
lasers 1s 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.

Electrode
_*/_

Amplifying — /
Medium Active Zone >

Light Emission

/

\
Electrode
Figure 9 Edge Emitting Laser Structure [52].

Anode

Optical
Confinement

Active Zone

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 um?3 0.07 pm3
Active Layer Area S 3*300um? 5*5um?
Active Layer d 100 A°- 0.1um 80A-0.5um
Thickness

Cavity Length Liact 300 pm 1 um
Mirrors Reflectivity Rm 0,3 >0,99
Optical { 3% 4%
Confinement

Longitudinal r 50% 3%
Confinement

Photon Lifetime Tp 1 ps >1 ps
Resonance F: 8 GHz 3 GHz
Frequency at low

bias current

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].

N

InGaAsP/InP

GalnAsP/InP

AlGalnAs/InP

GaAsSb/GaAs

GalnAs/GaAs

AlGaAs/GaAs

GalnAsNSb/GaAs _

800 1000 1200

1400

Wavelength (nm)

Figure 11 VCSEL materials and wavelengths.

2.1.3 Long Wavelength VCSELs

1800

2000

Long wavelength VCSELs were first demonstrated in 1993 with a 1.3 pm 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

S10-Si material, as shown in Figure 12.
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Electric Contact (Au)
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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 Research Group
Process

InGaAsP-InP 1.3 | 8.5 pairs of p-doped | Monolithic Baba et al. 1993

pm MgO-Si with [44]

Au/N/Au metal at
the top and 6 pairs
n-doped SiO/Si at

the bottom
InGaAsP-InP 1.3 | P doped SiO2-Si at | Monolithic Salet et al. 1997
pum the top 50 pairs of [41]

n-doped InGaAsP-
InP at the bottom

GalnAsN-GaAs 1.8 | 21 and 25.5 pairs of | Monolithic Larson et al. 1998
pm p and n-doped [45]

GaAs-AlAs layers

at the top and at the

bottom respectively
InGaAsP-InP 1.5 | 30 pairs of p-doped | Wafer fusion Margalit at. Al
pm GaAs-Alos7Gao.ssAs 1998 [46]

at the top and
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undoped GaAs-
AlAs at the bottom

InGaAsP-InP 1.55
pm

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
pm

30 pairs of p-doped
GaAs-AlossAso.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 pm

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]

AllInGaAs 1.55 um

45 and 35 pairs of n-
doped
Alo.9Gao.ssInossAs-
Alo.asInos2As at the
top and at the
bottom

Monolithic

Hall et al 1999 [49]

AllInGaAs 1.55 um

30 and 23 pairs of n-
doped

AlAs 0.565bo.a4-
Ga0.sAsossShoaz  at
the top and the
bottom respectively

Monolithic

Hall et al 1999 [50]

GaAsSb 1.23 pm

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]

GalnNAs-GaAs
1.18 pym

24 and 35 pairs of p-
doped and n-doped
Alo7GaosAs-GaAs

at the top and
bottom respectively

Monolithic

Kageyama et al
2001 [52]

AlInGaAs 1.55 um

32 and 23 pairs of n-
doped AlAso.565bo.44"
Alo.2Gao.sAso.525bo.48

Monolithic

Hall et al 2001 [53]

BTJ 1.55 pm

CaF /ZnS 5 pairs

Monolitic

Amann et al. 2011
[54]

Table 5 Long wavelength VVCSEL 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,

; _n(gf qV Ny,
tn =T\g) S =TT (75)

Where q represents the electron charge, I/ is the active region volume, Ny, is the threshold
carrier density, n; is the internal quantum efficiency, 7, is the recombination time and D
is the active zone diameter.

Optical Power

The optical output power of a VCSEL is expressed as,
P0=77d.77$pon.:8.hlvlll (ISIth)

(76)

PO = 77dh V'(I_Ith)+ 77d' Usnon'ﬁ'h' V'Ith, (IZIth)

Where, 7, represents the quantum differential efficiency of the output mirror, Nspon

is the spontaneous emission efficiency, 8 is the spontaneous emission factor, h is
the planck constant, v 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,

fgdef;-wll+\/§z1,55-ﬂ 77

Where, f; is the resonance frequency of the VCSEL, given by,

1 |v,a

= [ p(-1
f;' Zn\/qu T’l( th) (78)

Where, v, 1s the group velocity, a is the differential gain, 7; is the laser internal
efficiency, q is the electron charge, V, 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 um 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
1.5um. Figure 14 presents a TO packaged VCSEL. In Annex 3, the datasheet of a Raycan
VCSEL is presented.

Figure 14 Raycan pigtailed VVCSEL.

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:
e 1.5 um RC340541-FFP-1341607 RayCan pigtailed VCSEL.
e 1.3 um RC220101-FFP-11423514 RayCan pigtailed VCSEL.

The VCSELs are temperature controlled at 20°C. The threshold current for each one is:
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Ithreshold = 0.954 mA fOT 1.3 um VCSEL
Ithreshold = 1.192 mA fOT 1.5 um VCSEL

(Output Power(mW)
o o o o = =
N H o)) [ole] o N

o
=)

0 2 4 6 8 10
Injected Current (mA)

—13um =—15um
Figure 15 Output power vs injected current for 1.3 and 1.5 um 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 pm VCSEL and Figure 17 for a 1.5 um 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.
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-40
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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).

‘ .
VCSEL : Thermal Optical Spectrum

1

: ; Controlled Analizer
1 1 i

1

1

I

1

1

I Enclosure
¥}

I

I

I

Figure 18 VCSEL Wavelength vs temperature setup.

DC Current
Source

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 (ay) [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,

4 dn/dN
= — %k
TH = dg/dN

(79)

Where, n is the refractive index, g is the gain and A 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:
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E = \Pelo® (80)

Where P corresponds to the optical emitted power and ¢ (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,

AP
Ap() = %7 (81)

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

I =1,(1 +m *cos(2mft)) (82)

Where, I, 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 = eijt z Apejzn-pft (83)

—o<p< o

Where, w, 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:

Ay = JTm (<L) (84)
Ao =1, (85)
Ao = /Tom (1 +41'“H) (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:

2npf mA*Dp?f?
vy c

(87)

ﬁip =B,

Where, v, 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 = glwot Z A, e CTprt=ppL)
—oco<p< o
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,

(88)

1 ,
Iy =% Z ApA el PotBal
p+q=1

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

Ip =I,m |1+ af |cos

2 22
<@ + arctan(aﬂ)‘ (90)

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

[ = C
Y

2
<1 - ;arctan(aH)) (91)
The expression for the Henry factor is given by,

<TL’ n)lZDpzf2>
ay =tan| - — ————

2 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 um laser. The chromatic dispersion can be found using the following relation,

_ 500c
- fozL)LZ (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).
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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.

-50
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-100 ; i
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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,

gy = 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.

<|P(v)|2>

Optical Power (Po)

o

Wavelength
Figure 23 Relative intensity noise graphical explanation.

sy __ 4P (8@l

RIN =27 =27y =27 ()2 93)

Where the angular bracket terms correspond to averaged terms measured in an specific
period of time. The term AS(v) corresponds to the photon density, AP(v) is the output
power and Alpp (v) is the photodetected current. Their mean values are (S), (P}, and (Ipp).
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:

4By o 4A?p? + y*2

Topw(S) 16m*(v7 —v2)? + 4n2y2v? (94)

RIN(v) =

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

&S 1
— S A + 4m2vit?
Tp(l + &(S)) ATsp,w (95)

*

y =Y

The term B, represents the spontaneous emission factor, I' is the confinement factor, v,1s

the resonance frequency, x is the transport factor, 1, is the quantum well efficiency, and
Tsp, Spontaneous emission time constant.

To observe experimentally the behavior of the RIN for 1.3 and 1.5 um 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 RINin 1.3 pm VCSEL

The RIN curves for a 1.3 um 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,

i e A (96)

21 qVy

Where, 7; is the VCSEL efficiency, v, is the group velocity, a is differential gain factor, q
is the electron charge, V, is the photon volume, I, is the threshold current, and I is the
biasing current. From Equation (24) it is possible to conclude that v, « 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.

6
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w
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0 1 2 3 4 5 6 7 8
Bias Current (mA)

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.



-100
-105
-110
~ -115
<
% -120
2— -125
e -130
-135
-140
-145
0 5
Frequency (GHz)
15°C 20°C
—30°C—35°C
a)
-125
__-130
N
T 35
[+2]
)
z -140
o
-145
-150
0 5
Frequency (GHz)
15°C 20°C
= 30°C = 35°C
c)
-136
-138
?E -140
o -142
Z 44
=
= -146
-148
-150
0 5
Frequency (GHz)
15°C 20°C
—30°C —35°C
e

25°C

25°C

25°C

b)

d)

f)

Chapter 2
Long Wavelength VCSEL Characterization

-120
-125
z
T -130
[=2]
z
= -135
3
-140
-145
0 5 10
Frequency (GHz)
20°C 25°C 30°C 35°C
-130
+ 135
T
)
S -140
=
& -145
-150
0 5 10
Frequency (GHz)
15°C 20°C 25°C
—30°C——35°C
-138
-140
T -142
N
S 144
Z 146
o
-148
-150
0 5 10
Frequency (GHz)
15°C 20°C 25°C
—30°C—35°C

Figure 27 RIN curves for 1.3 um VCSEL at several temperatures biased at : a) 2mA b) 3 mAc) 4mAd)5mAe) 6 mAf) 7mA

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.
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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 RINin 1.5 pym VCSEL

The 1.5 pum 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 um 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 um VCSEL. The resonance peak varies from 0.62 GHz up
to 3.45 GHz.
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Figure 30 RIN resonance peak vs bias current for 1.5 um 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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Figure 31 1.5 um VICSEL RIN for different temperatures. a) 2 mA b) 3 mAc) 4 mAd) 5mAe) 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 1is
also observed but the slope is smaller than in the low bias current case. Those values are
shown in Table 7.
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Figure 32 1.5 um 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 um 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 um VICSEL RIN measurement varying the optical fiber length.

-138
-140
-142
-144
-146
-148
-150
-152
-154
-156
-158

RIN (dB/Hz)

Frequency (GHz)

No Fiber

100m =——200m 300 m 500 m

—700m =——1000m =——10km =——25km

Figure 34 1.5 um VICSEL RIN while varying the optical fiber length measure results.

2.3.4 RIN comparison between 1.3 and 1.5 um 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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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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i nlvgrrra

fr= \/I_Itthr\/I_Ith

2 qVy

Where, 7, is the injection efficiency, v,, is the group velocity, I. is the confinement factor,

q is the electron charge, Vp is the cavity volume and M, 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

VI—In
Where f,345 is the frequency 3 dB below the RIN peak. According to Iga [33], the factors
M, and MCEF are related as,
MCEF ~ 1.55M,
Generally, the MCEF value is used instead of M, due to the ease of measure the f.345

directly from the RIN curve. These values are shown in Figure 36. The MCEF enhances
as the current increases.
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Figure 36 MICEF for 1300 and 1500 nm V/CSELs.

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 V/CSELs.

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.
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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, Pycgg., 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, Hycsg;,
that is expressed as:
2
WR
w3 — w? + jwy 97)

Hycsgr, =

Where, w? is the resonance frequency and y is the damping factor.
Additionally, it is possible to express the VCSEL power, Py.sz, at the optical fiber input
as follows,

Pycsgr = Po + Prp (98)
Where P, is given by,
P, = ng * h * v * (Ipias — Ithreshota) + Na * Nspontaneous * B * h* v * Irpreshota (99)
Prr 1s obtained from,
Prr
— =1ng*h*v*Hycsg ()
LRF (100)

Where, 14 represents the quantum efficiency, Nspontancous represents the spontaneous
emission efficiency, B 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,

_ Vrr(w)
Irp = R,

(101)

Where, R, is the dynamic resistance of the VCSEL.

To measure the frequency response of the VCSEL (transfer function), Hy sz, (w), 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.



Chapter 2
Long Wavelength VCSEL Characterization

VNA
Photodetector
Port 2 Port 1
i& Rl;i;]: ¢ RF Bias
Slave DC Bias
VCSEL Bias Tee

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 Sa21 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 R; corresponding to the junction
resistance and C; corresponding to the junction capacitance. The photons reservoir and
resonance damping are modelled through C, and L,, 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.

High Bragg Mirror f

Chm Rhm

Lower Bragg
Mirror

Electric Contact

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.

Wire Bonding .

- L2 €1
_ L=1.6 nH C=1.35pF
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i——
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éR:EEOhm o o

|Gk e
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ci L.
e L3 R.
C=40 R &
T PP Co03nH Roponm  SRES
R= V_Noise=2.209 py

o . . out .
- |-Reting - Crmint . G=1296 . .
R=1.40Ohm C=100pF
VCSEL

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 Rpm Q) | Crim Ry, Q) | Ci R; Q) |C;®F) R, Q) |C,(F)
Current (pF (pF)

(mA)

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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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 VCSELSs 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 um VCSEL exhibits lower
RIN than the 1.3 pm 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 VCSELSs 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 VCOSEL 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.

Optical Fiber ~ Photodetector

VCSEL i;v' @ §A$

TSN splitter  icrowave Microwave
Spectrum Analyzer Filter

Amplifier
Figure 44 VVCSEL 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,

Vrr () = Vysin(wpt + ¢) (102)

It 1s possible to compute the photodetected current Vp hs

Vph = @0 Pycser | Hyese, (o) ISR, (103)
- s V4 sin(wpt + @)
Vo = @S Ry, <Po + nqghv R, |Hycspr (wo)l (104)

e R, is the dynamic resistance of the VCSEL

® Ry is the photodetector load resistance

e @, represents the optical losses inside the loop (&, = a,e/®%d) where 1, is
the optical delay time.

e §=Se7%? that represents the photodetector responsivity.

Once the electrical signal is recovered by the photodetector, this signal is filtered and
amplified, so the signal V,; at the open loop output is given by:

s - V, sin(wgt + @)
Vor = TG ampti@oSRpnF hv Ry Hycsz. (@)l (105)

Where,
o @y = age/?r represents the electrical losses inside the system.
o 5amp,i = Gamp,iej %c represents the voltage gain of the amplifier taking into account

its phase shift.
e F = Fel%r represents the voltage gain of the microwave filter.

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

Voo = GoVrr(t) (106)
And G, is given by,



Chapter 3
Long Wavelength VCSEL Based Optoelectronic Oscillator

P |
GoL(w,) = aEGampliaOSRphFth_d |Hy cse (wo)l (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 100p = 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.

Microwave Filter

Delay Line Photodetector
<] .
—_—
e BPF_Chebyshev
imeDelay BPF1
. F . C | ez . Feenter=2{492 GHz
Num=1 _1 Delay=6.67 usec BWpass=5 MHz
Co : * ZRef=50. Ohm Ripple=1 d5
’ BWstop=50MHz
Astop=30 B
icrowave Amplifier
.. P2 . . N R2 .
_ Num=2 _ ) Amplifier2 R=_500hm )
AMP1
S21=38 "
$11=0 —
S§22=100 -
S$12=500 .

Figure 46 VVCSEL 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

us).
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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.

Ver |2 G?

ampli

T1- |Gorl? = 21Go1 | * cos(w,T + 1) (108)

Vnoise

Power and Frequency of the Oscillation

From the gain oscillation condition, the gain condition for the VBO is given by Equation
(107).

L = 1
“EGampzi%SRphFhUR— |Hycser ()| =1 (109)
d
For the phase oscillation condition, the oscillation frequency is given by:
_ k¢
fose = T (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:




Chapter 3
Long Wavelength VCSEL Based Optoelectronic Oscillator

1 1 1
FSRZ;ZT Yt. nglL
PRI ==t
1
FSRgiectrical = T_
¢ (111)
1 c
FSRoptical = E = m

Where 75 1s the optical fiber delay, 7. is the delay related to electronic components,
ngp 1s 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:

e 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.

e 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:

¢ =phL (112)

Where £ 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,
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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LAB=L ap A L ap AD
B=La,Antlop (114)

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

Ad AL df

7 P T ahn (115)

The modulated optical signal (at f,s.) 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, S,, given by:

27Tfoscn
e =" . (116)
And,
dB. B
dn  n 117

So, the electrical phase shift can be described as,

A AL An
7 =b(T+ ) (118)
It is possible to express the phase shift as a function of the temperature effects as follows,
Ap (1 dL 1 dn)
ATL "°\LdT ' ndT (119)
And the phase variation related to temperature variation is given by,
Ap 1dL 4 1dn
GAT  LdT  ndT (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 7, from this, it is
possible to obtain the optical phase shift as a function of the temperature. This relation is

as follows,
Afosc _ k _ Josc

At 12 T (121)

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

Af-OSC — c %
AT ~ 2mLn AT (122)

Replacing Equation (117) into (119), this leads to,
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Afyoe 1dL 1 dn)

AT - JoscBe (m*m (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,

Ln(®) = 1o + isnor (t) (124)

Where I, = S * Pypricar (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 = 241, (125)
Where q is the electron charge.

The squared mean shot noisecurrent in a Af bandwidth is given by,
(Ishotz) = 2q,Af (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
1s 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, Irnerma;r represents the thermal noise current contribution. Irpermar 18
modeled as a stationary Gaussian random process with a power spectral density
Sr(f) given by,
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ksT
S1(f) =% (128)

L

Where, kg 1s the Boltzman constant, T is the absolute temperature, and R, is the
photodetector amplifier load resistance.

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

noise variance, defined as,
, 4kgT

of = (it() = —o—Af

L

(129)

Where, Af is the effective noise bandwidth. To take into account effects linked to
the amplifier topology and components, the quantity F, is included, this is called,
amplifier noise figure, and Equation (35) presents the new noise variance
expression as follows,

4kgT
2 _ (2 _
or = {ir () = 7 —Fbf (130)
The total variance current noise added by shot and thermal noise is expressed as,
4kgT
o? = ((AD)?) = 2qU, + Lo )Af + R, E,Af (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 P.., 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,

P.L 2211+£3fkﬁ
crleff = Avg) gg (132)

Where, gp is the stimulated Brillouin diffusion (5.1 * 10‘11%for silica optical fibers),
Aepr = mw? is the effective area of the fiber core and w is the spot size (typical Agpr =

70um?), Avg is the Brillouin spectral linewidth (typical value around 10 to 100 MHz), Av
is the laser spectral linewidth and L is the interaction effective length given by:
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1-— e—aL
Lepp=—— (133)
Where, a 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.
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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, P, as,

Aerr
Perlegy = 16= (134)

Where gy is the Stimulated Raman Diffusion (SRD) (= 6.5 * 10*m/W for 1.55 um).
Agsr 1s 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.
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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 (RINpgp) in the fiber output. This RIN can be expressed as,

- 4SgiffasLeffDRD 1

RINpzp =
mhvo (AL)Z (135)
v

Where, for a monomode optical fiber at 1550 nm, Sy;rr = 1073 is the light part that is

diffused and received by the photodetector, a; = 3.2 * 1072km™1 is the Rayleigh coefficient,
the effective length is expressed as

1—e 9
Lepp=—— (136)

And Av 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
(RINggp) at the optical fiber output. This noise can be expressed as:

4Rp55iffasLeffRRD 1

mhv 1+ (Af_v)z (137)

RINggp =

Where R,, corresponds to the reflection coefficient at the fiber input, L.sfrpp 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 S, at the oscillator
output from the phase spectral density fluctuations at the oscillator input, Syg. To find
this, the relation presented in Equation (138) is presented [12].

f;; 2

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:

iriper due to optical fiber RIN

iLaser due to laser RIN

isnhor due to photodetector shot noise

ithermar due to thermal noise inside the system

Figure 51 presents the noise sources and their loads (th for the photodetector output
impedance and Z, for the amplifier output impedance).

==

ltot

IiperrIN L aserRIN Lspot Lihermal Z ph ZA VA

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,
itor @8,

itot = iFiberRIN + iLaserRIN + ishot + ithermal (139)
In Figure 51, the output voltage, V,, is given by,

thZA

Va = ltor Zont2Z (140)

The input power at the amplifier, is expressed as,
2

2
V; Zpn
A noise 7, <ltot> A <th+ZA> (141)

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

Proise = SnoiseAf (142)

From Equation (142) and including Equations (127 — 132); the noise power spectral density
is found.

Snoise (f) = [(RINygser + RINpgp + RINggp)iZy + 2qlpn + 4kpTF|Zeq

(143)
Where, the equivalent impedance is given as:
Zon )2
Zoqg=Zn| —2—
eq — 24 <th +Z, (144)
And I, is the photodetected current.
Then, the power spectral density of the phase noise is expressed as [12]:
Gémpli * Snoise fe
Spp = —mpllTHoRe (1 + —)
y, Poscilltion f (145)
Finally, the power spectral density of the phase noise at the oscillator output is given by,
2
Gémpli * Snoise fc f
S(f)z—(1+—) 1+ X
@ Poscillation f fo (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 VCSELSs (850, 1100 nm). With the appearance of
the long wavelength VCSELSs, 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 VCSEL Optical Phase Noise Year

(GH2) Wavelength Fiber at 10 kHz

(nm) Length offset

(m) (dBc/Hz)
Hasegawal[66] 10 | 850 200 -80 2007
Varén [3] 2.49 850 120 -100 2008
Varén [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 pm). The VBOs implemented in this project are tuned at S-band.

Optical Fiber ~ Photodetector

VCSEL ifv @ Q:i

- A

—— - Splitter Microwave Microwave
Spectrum Analyzer Filter

Amplifier
Figure 52 VVCSEL 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. TheVVClS-E.L temperature is controlled at 20°C.

[ =

m < =

S

-u 3

Figure 53 VBO test bench.
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The first VBO configuration is a 1.3 pm 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 ym VCSEL with the same optical fiber lengths.

32.1.1 1.3 um VCSEL Based Optoelectronic Oscillator at 2.49 GHz

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

TFiber (147)
Where, Triper 18 the optical fiber time delay. This is defined as follows:

[ (148)
Fiber — c

Where, n; is the refractive index of the optical fiber. From this set of equations, the FSR
and Qf;per are found for each optical fiber length, as shown in Table 10. Qf;per = 2mf74.

Optical
Fiber FSR inber
Length (MHz)
(m)
100 2,069  3.78x10°
200 1,035 7.56 x 103
300 069  1.13x10*
500 0,414 1.89 * 10*
700 029  2.65x10*
1000 0,207 3.78 x 10*
2000 0103 7.6 10*
10000 0,021 3.78 * 10°

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.
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Figure 55 Phase noise for a 2.49 GHz VBO with 1.3 um VCSEL and different optical fiber lengths.
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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 um VCSEL, Table
11 is presented. From this table it is possible to interpret that:

e The frequency stability is enhanced by enlarging the optical fiber because of the
increase in the resonant element quality factor.
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e 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 Phase Noise at 10
(m) 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 um VCSEL Based Optoelectronic Oscillator at 2.49 GHz

The VBO configuration using a 1.5 pm 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.
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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 Phase Noise at 10

(m) 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.
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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 pm VCSEL are shown in Figure 59.
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Parameter 1.3 pm VBO 1.5 um 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
by -125 dB/Hz -125 dB/Hz
b_4 (assumed from literature) \ -120 -120
Qudelay line 7.57 * 10* 7.57 * 10*
Optical fiber time delay \ 9.67 us 9.67 s

Table 13 Parameters used to predict the VBO phase noise.

For the 1.3 um VBO (Figure 59 a) the phase noise spectrum is characterized by a f~* (red
line) trend that agress well with the phase noise of the optical fiber delay line. At the left
side of the Leeson frequency (f; = 16.5 kHz), the microwave amplifier f~2 phase noise is
dominant in the VBO phase noise curve.

The 1.5 pm VBO (Figure 59 b) phase noise spectrum presents an electronic noise
dominated by the resonator phase noise (f~!) 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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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 um 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.
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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 30°C 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 35°K 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].

AL =05%1070 % L « AT (149)

Where, AL is the optical fiber length variation, L is the ambient optical fiber length and AT
is the temperature variation.

The optical fiber refractive index variation behaves as temperature function following the
relation,

An =9.2%107¢ « AT (150)

All these factors affect the time delay in the optical fiber leading to a frequency drift in the
carrier.
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Figure 62 VVBO 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/°C.
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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,

Afgr _ AFSR (151)

fre  FSR

According to the performed measurements, the thermal stability of the oscillator carrier
for a AT = 30°C is,

A
JRF _ _g 1 ppmyec (152)
fRF

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/2C [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/°C)
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 8.18

(VBO)

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.
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Figure 64 Phase noise curves of the 2.49 GHz VBO for several temperatures.

Temperature Phase

(eC) 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  -10645

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 um 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
um VBO presents lower phase noise than the 1.3 pm case. In terms of RIN, the 1.3
pm VCSEL is noisier than the 1.5 pm 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 Varén [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.

Master Optical Fiber Photodetector

VCSEL Circulator
A () N
i/‘ m— i\li @ Ay t

Slave if’ — Injected Field
VCSEL =  Locked Field

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:

e 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.

e 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.

e 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.

e 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.
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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) _ i
TRl (A+BN() + CN()?) — v,GS(¢) (154)
ds(t) S(t)
— = I, GS (@) - =t TBBN(t)? (155)
dp(t) aylyga,

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 -
B Spontaneous emission -
coefficient
r Confinement factor -
Ty Photon lifetime -
R, Spontaneous emission rate -
A Shockly-Read-Hall non- -
radiative recombination
coefficient
B Bimolecular recombination -
coefficient
C Auger non-radiative -
recombination coefficient
G Gain ¢ = N(t) — Ny
~ Y s
a, Differential gain coefficient -
N¢p Transparency carrier density -
& Gain compression factor -
ay 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) 7l
At qVae (A+BN() + CN(£)?) — v,GS(t) (157)
ds(t) 5@ | v
—dt = FngS(t) - ? + T S(t)Sinj cos(0) + FBﬁN(t)z (158)
de(t) aylya, Vg |Sinj
= 29 (N(t) — Ng) — Aw — Zi S(t]) sin(6) (159)

The injection locking terms are defined in Table 17. From this set of equations it is
possible to infer the following:

e The injected light into the cavity, represented as the photon number change
the slave VCSEL behavior.

e 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
(7] Phase difference between 0 = dinj — P(t)
the master and follower
optical fields
Aw Frequency detuning Aw = Wmgster — Wfollower
K. Coupling coefficient o = Yo
¢ 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 Aw, leads to:

Sin'
Aw = Kk, ’TJ [sin(8) — aycos()] (160)

The Equation (160) defines the frequency detuning between the master and slave
laser. For manipulation ease, it can be arranged follows [5],

S .
Aw = K, ’ Z‘U [ /1 + af,] sin(8 — tan™lay) (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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ol <x, 22| [14 a2
wl=ke I7g A (162)

According to [84], [85], the value of @ is limited between —g <6< g, and for this
reason the boundaries of Aw are given by:

S . S .
—K, ’%[ /1 + af,] < Aw < K, ?1 (163)

Figure 67 presents the calculation of Aw for ay = 3.5. From this calculation it is
possible to conclude that the higher the injected power, the higher wavelength
detuning between the two lasers.
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Figure 67 Calculated Locking range for ay= 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 (Al < Ip;qs), 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)  nl
TR (A+BN@®) + CN()?) — v,GS(¢)

(164)
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102

ds(e) _ 5@ | v
2t = SO =2 SOy cos(0) + TBANG (165)
dp(t) _ anlvya, Sinj

S Hzg (N = Nyy) — Aw — S(’)sm(G) (166)

First, we consider that the laser is modulated by a current signal Ale/®t that is biased
atl. The same assumption is made for the photon, carrier and phase variations.
These variables are expressed as,

I1(t) =1+ Ale/“t

(167)
- N Jjwt
N(t) = N + ANe (168)
—C Jjwt
S(t) =S+ ASe (169)
— % jwt
¢(t) - ¢ + A¢ej (170)
Then, the differential terms of the equations can be written as:
_ dN
T dt (171)
_ ds
T dt (172)
. do
=3 (173)
Replacing Equations (167-170) into (171-173), we have,
B aN aN ON
_ aS aS N
AS(N, S, ¢) = an AN +3g88 452 Ad (175)
09 d¢p d¢p
AG(N, S, p) = Sy AN+ oCAS+ %Aq) (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,

aG a,

V=N T T+es (178)

0G _ a,e(N—Ng)

NN T(res? (179)
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Differentiating Equation (157) with respect to N,S,¢ results in the following
equations,

oN ,
Sy AN = (—(A+2BN + 3CN?) — v,GyS)AN (180)
oN
5548 = (156 + v, GS)AS (181)
oN n;
— Al =——Al
1" " qVac (182)

Here, a new variable p is defined as:

_ %

P =51

(183)

Differentiating Equation (158) with respect to results in the following equations,

9S
S AN = (TvgGyS — 2BBN)AN (184)
as
5588 = (-TvgGsS + p cos 0)AS (185)
9 pp = (<208 sin$)a
% CI)—(— p Sll‘l(l)) ¢ (186)

The differentiation of the Equation (159) with respect to N,S,¢ results in the
following equations,

¢ ayl'vya,
e :Tg N (187)
¢ psin@
SgAS =4S (188)
o
3 Ap = (—p cos p)Ap (189)

Linearizing the rate equations, we have:

. I
AN = Z Al - (A + BN + CN? + ngS(t)) AN — (v,G — v,GS)AS
avace

(190)

AS = (TvyGnS — 2BBN)AN — (=T, GsS + p cos §)AS — (2pS sin p)A¢p (191)



Chapter 4
Optical Injection Locked VCSEL Based Optoelectronic Oscillator Experiments

104

. I'vya, ing
Ad = <%> AN + (p 521; )As — (pcos p)A (192)

Replacing these partial derivatives by variables to facilitate the manipulation, we
have:

AN = Al =y, AN —y, AS
W T Vs (193)
AS = YsnAN — ¥ssAS — YsoAd (194)
Ad = YynAN + ypsAS — Yy A (195)
Now, it is possible to arrange the terms in the following equation system,
AS Vss Ven Yso 1[AS 0
d _ _ _ n,
—|AN| = |"Yns Vv TVng||AN| + ——|AI
dt qV et (196)
Ag Yon  Yos Vg 1140 0

To transform this equation from time domain to frequency domain, we apply the
Laplace transformation, giving the following equation:

Vg Hi@ “Vsn Yso AS 7 [0
Vns Yyy TJ@ 0 Alf\{ + Vl 1 (197)
_yd)N _yd)S y¢¢ + jCU Ad) q act 0

To solve Equation (197), it is necessary to calculate the determinant of the matrix
for the y terms, as follows.

Yss Tjw “Vsn Vso
= +jw 0
ol . (198)
yd’N _yd,g y¢¢ + Jw

Then, using the rule of Kramer, it is possible to solve the system for AS, as follows,

0 —VsN Vso
1 ywwtjw 0
AS = nl [0 —Yes Ve Tiw (199)
qVact A

By simplifying the Equation (199)

mil (VSNY¢>¢> - Y¢NVN¢) + jwysy

AS=v A (200)




Chapter 4
Optical Injection Locked VCSEL Based Optoelectronic Oscillator Experiments

Equation (197) can be solved to find Al. Once Al is found, is it possible to define the
transfer function of the OIL VCSEL. The transfer function is defined by Equation
(201).

AS
H(w) = 57 (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:

e 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:

Aw = Wpygster — Wsiave (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.

Poweriyjected_master

Slave VCSEL Cavity WoIL-VCSEL = ®Master

Wslave

Aw = Wygster- Wsiave

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 (Wgownsni fted) under optical injection
locking. The difference from the master laser frequency wyuster and the downshifted
frequency (Wgownshi fted) defines the enhanced resonance frequency, expressed as

follows.
a)Enhanced_Resonance_Freq = Wmaster — wDonshifted (203)
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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 um VCSEL Optical Injection
Locking

The first experimental setup built to test the optical injection locking technique is
shown in Figure 69. A 1.5 pm single mode VCSEL is locked to an external cavity
tunable laser in the 1.5 um 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.

Polarization

Master Laser Maintaining
Optical Circulator

Optical

if’ J\} Spectrum
\l/ Analyzer
¥

x

Slave VCSEL

Figure 69 Optical injection locking testbench.
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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.

Ve

Photodetector

\

Master
Laser

Ve

RF +DC
Bias

Slave
VCSEL

Optical Injection Locking Stage

A

VNA

Port 2

RF Bias

Port 1

| E——

Bias Tee

DC Bias

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 wvalidate 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.

Relative Frequency Response (dB)

'80 T T T T T T T
0 2 4 6 8 10 12 14
Frequency GHz)
o3 mA 4 mA 5mA e——=6mA =——7mA =——8mA
a)
-20

Relative Frequency Response (dB)

'80 T T T T T
0 2 4 6 8 10 12 14
Frequency (GHz)

e Free Running == Rate Equations == Circuit Model

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 DFBand 1.3 pm VCSEL Optical Injection Locking

The direct modulation frequency response for a 1.3 pm Raycan VCSEL under optical
injection locking is characterized. A 1.3 pm DFBis 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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Figure 74 DFB by VCSEL optically injection locked laser frequency response a) Measure b) Simulated.

4.2.3 1.3 pm VCSEL by VCSEL Optical Injection Locking

The OIL technique was implemented using 1.3 um 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.

=\

Master VCSEL @
Slave VCSEL

Bias T

DC Bias

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
1s 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
1s 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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Figure 76 VCSEL by VCSEL OIL frequency response without SOA.
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Figure 77 Optical spectrum of a 1.3 um 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 Cq L, C, L,
Master/Slave
Configuration
External 1.094 pF 0.595 nH 1.3837 pF 0.4711 nH
cavity — 1.5 um
VCSEL
DFB-1.3 um 0.8460 pF 1.4545 nH 0.8460 pF
VCSEL
VCSEL -1.3 0.7817 pF 1.3427 nH 0.7810 nH

pum VCSEL
Table 18 OIL VCSEL circuit model parameters.
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Parameter i Value

0.61
1.8 x 108

0.8 x 1010

210716
0.7 x 10~
7.93 x 1014

1107

0.67 * 107°

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:

e External cavity tunable laser (master) — 1.5 um VCSEL (slave)
e DFB Laser (master) — 1.3 pm VCSEL (slave)
e 1.3 um VCSEL (master) — 1.3 um 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.

ltmeter
""""""""" " Photodetector Voltmete

A B

Master
Laser

Slave
VCSEL

Electrical Spectrum
Analyzer

2R

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 um VCSEL

A RIN measurement comparison is performed between a free running 1.5 um VCSEL
and an OIL 1.5 um 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 pm 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.

-90
-100
-110
-120

-130

RIN (dB/Hz)

-140

-150 o Py

-160
0 2 4 6 8 10

Frequency (GHz)

Free Running === OIL VCSEL

Figure 79 RIN measurement for free running and OIL 1.5 um VCSEL.

4.3.2 Relative Intensity Noise of the Optical Injection Locking using
DFB and 1.3 um VCSEL

A 1.3 pm 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 pm case. These results are summarized in Table 20.
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Figure 80 OIL 1.3 um VICSEL 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
\/ Iinreshola — Ipias 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 Injected RIN RIN at RIN at RIN at
bias power resonance peak 2.49 10 GHz
current (mW) peak (dB/Hz) GHz (dB/Hz)
(mA) (GHz) (dB/Hz)

Free running 3 - 2.25 -134.9  -143.7

VCSEL 5 - 3.53 -142.5  -135.3  -148.8
7 -  4.83 -149.8  -151.2

OIL VCSEL 3 5 4.91 -120.9  -1434  -142.6

(DFB/VCSEL) 12 ' 5.92 -142.3  -142.0
5 5 5.31 -132.5  -146.5  -145.7

12 ' 6.32 -145.7  -143.6
7 5 6.06 -132.4  -148.8  -146.9
12 6.78 -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 um VCSEL by VCSEL Optical
Injection Locking

The VCSEL by VCSEL OIL RIN measurement is carried out using 1.3 pum
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.
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NA L B

i
1

1

1

1

1

:

1 Master
{ VCSEL
1

1

1

1

1

1

1

1

1

1

Slave
VCSEL

Electrical Spectrum
N SN S S N SN . . . - L] Analyzer
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 um VICSEL by VCSEL OIL RIN curves a) 3 mA b) 5 mA c) 7 mA.

Configuration VCSEL Injected RIN RINat RINat RINat

bias power resonance peak 2.49 10 GHz
current (mW) peak (dB/Hz) GHz (dB/H2
(mA) (GHz2) (dB/Hz)

Free  running 3 - 295 1344  -135.2  -146.1
VCSEL 5 - 3.53 -142.8  -145.6 = -148.8
7 - 488 -146.8  -149.6  -151.2
OIL VCSEL 3 1.25 5.82 -103.1 = -111.9 = -118.8
(VCSEL/VCSEL) 5 = 125  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.



Chapter 4
Optical Injection Locked VCSEL Based Optoelectronic Oscillator Experiments

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 6

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 um.
The implemented Optically Injection Locked VCSEL Based Optoelectronic
(OILVBO) oscillator configurations are as follows:

1.5 um external cavity tunable laser/VCSEL 2.49 GHz OILVBO
1.5 um external cavity tunable laser/VCSEL 10 GHz OILVBO
1.3 um DFB/VCSEL 10 GHz OILVBO.

1.3 um VCSEL/VCSEL 10 GHz OILVBO.

1.3 um 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 pm
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 um 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 (Af) 6 GHz

OIL VCSEL Wavelength 1536.33 nm
VCSEL temperature 20 °C

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 pm 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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The output signal spectrum is seen in Figure 85.
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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 1s possible to infer the following conclusions taking into account the Leeson model
for a better understanding of this measurement:

e 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.

e 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.
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Figure 86 Phase noise measurement result for a 1.5 um 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
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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.
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Figure 87 Phase noise curves for a 1.5 um OILVBO at 2.49 GHz for several injected power values.

5.1.2 External Cavity Tunable Laser-by-VCSEL Optically Injection Locked 1.5 pm
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 um 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.
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Figure 89 Output spectrum for the 1.5 um 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:

e 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.

e 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.
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Figure 90 Phase noise measurement result for a 1.5 um OILVBO at 10 GHz.

5.1.3 DFB-by-VCSEL Optically Injection Locked 1.3 um VCSEL Based
Optoelectronic Oscillator at 10 GHz

A DFB-by-VCSEL OILVBO at 10 GHz is implemented. This oscillator is built using
1.3 um 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 um 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.
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Figure 92 Phase noise measurement for a 1.3 um 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:

e The white frequency noise curve that is proportional to 7=%% slope. This noise
process is observed in the phase noise measurement as the -10 dB/decade
slope area.

e The flicker frequency noise area correspond to that with slope proportional
to 7°. This process is seen as well in the phase noise curve, corresponding to
that area with -30 dB/decade.

e 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 %>. 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.

1,00E-06

U\VI\VAVAV"‘\J \M

1,00E-07 |_\—\_-'

\

0,5

~05 "_‘——\‘_‘ 2 oXT
o oOXT [~ 2
>
2 g 2
o = [
=4 5 3
1,00E-08 z S E g
0,1 S1 g < 10 w100 1000
S B g =
o ©
g : 2
w &
P s S
= E E:
i E g
1,00E-09

Time (s)

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 um OILVBO this can be explained by the lower linewidth of the 1.3 um
DFB master laser compared to the linewidth of the 1.5 pm of the tunable laser.

5.1.4 DFB-by-VCSEL Optically Injection Locked 1.3 um VCSEL Based
Optoelectronic Oscillator at 12 GHz

A DFB-by-VCSEL OILVBO at 12 GHz is implemented. The oscillator configuration
1s 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 um 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 1s 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.
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Figure 95 Phase noise measurement for a 1.3 um 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
1s possible to infer that:

e 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.

e 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.

e From 20to 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).
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Figure 96 Allan standard deviation for the 12 GHz 1.3um OILVBO.

5.1.5 VCSEL-by-VCSEL Optically Injection Locked 1.3 um VCSEL Based
Optoelectronic Oscillator at 10 GHz

The VCSEL-by-VCSEL OIL technique is implemented in the VCSEL based
optoelectronic oscillator. Two 1.3 pm 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 18°C 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
°C 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 um 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.
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Figure 98 1.3 um VICSEL-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 Oscillation Optical RIN OIL Amplifier b, b,
Configuration Frequency Fiber Time VCSEL at Gain

(GH2) Delay (us)  Oscillation

Frequency
(dB/Hz)

1.5 pm external 10 9.67 -145 35 1.58 1.99
cavity * 10713 x107°
laser/VCSEL
OILVBO
1.3 pum 10 9.67 -142.6 50 3.16 1
DFB/VCSEL * 10712 %1078
OILVBO
1.3 pm 12 9.67 -143.5 50 3.16 1.2
DFB/VCSEL * 10712 %1077
OILVBO
1.3 pum 10 9.67 -110 40 6.3 1.7
VCSEL/VCSEL * 10711 %1078
OILVBO

Table 24 Phase noise model computation parameters input.
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OILVBO Phase Noise Phase Noise Allan’s Standard

Configuration Measured at 10 kHz Predicted at 10 kHz Deviation (o)
offset (dBc/Hz) offset (dBc/Hz)

1.5 pm external -93.2 -92.7

cavity

laser/VCSEL

OILVBO at 10 GHz

1.3 pm -105.7 -105.7 1078 <o <1077

DFB/VCSEL

OILVBO at 10 GHz

1.3 pm -95.4 -97.9 107° <o <1077

DFB/VCSEL

OILVBO at 12 GHz

1.3 pm -92.0 -92.9 1078 <o <1077

VCSEL/VCSEL

OILVBO at 10 GHz

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 LiNbO3s 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.

Optical
i Photodetector
EOM Fiber
—r—

Laser /

Diode Ve Vrr(t)

. Microwave
Coupler
ESA P Filter

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 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.
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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.
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Figure 106 12 GHz OEO spectrum.
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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 pm Tunable Laser- 1.3 pm OEO with

VCSEL OILVBO at 2.49 External Modulation at
GHz 2.49 GHz

Laser Optical Power 7.8 11.5

(dBm)

Laser RIN (dB/Hz) -146.9 -145.2

Phase Noise at 10 kHz -133.9 -124.9

offset (dBc/Hz)

Oscillation Power (dBm) -6 10.9

Optical Fiber Length 2 2

(km)

Master Laser Bias 100 35

Current (mA)

Slave Laser Bias Current 5 5

(mA)

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 um DFB-by-VCSEL OILVBO at 10 GHz

1.3 pum VCSEL-by-VCSEL OILVBO at 10 GHz

1.5 um external cavity tunable laser-by-VCSEL OILVBO at 10 GHz
1.3 um DFB OEO with external modulation at 10 GHz
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Parameter 1.3 pm DFB- 1.3 pm 1.5 um 1.3 um OEO
by-VCSEL VCSEL-by- Tunable with External
OILVBO at VCSEL laser-by- Modulation at
10 GHz OILVBO at VCSEL 10 GHz
10 GHz OILVBO at
10 GHz
Optical Power 11.4 10 7.8 11.4
(dBm)
Laser RIN -143.5 -118.5 -145 -142.6
(dB/Hz)
Phase Noise at -105.7 -92 -93.2 -110.5
10 kHz offset
(dBc/Hz)
Oscillation 18 14 10 8.5
Power (dBm)
Optical Fiber 2 2 2 2
Length (km)
Master Laser 35 6.82 100 35
Bias Current
(mA)
Slave Laser 5 7.7 5
Bias Current
(mA)

Table 27 Performance comparison of the 10 GHz OEO and OILVBO.

The highest oscillation power is achieved when the 1.3 um 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 um 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
1s 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
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OILVBOs using 1.5 pm 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 pm DFB-by-VCSEL 1.3 pm OEO with
OILVBO at 12 GHz External Modulation at

12 GHz

Laser Optical Power 11.4 11.4

(dBm)

Laser RIN (dB/Hz) -143.5 -147

Phase Noise at 10 kHz -95.4 -123.72

offset (dBc/Hz)

Oscillation Power (dBm) 10 12

Optical Fiber Length 2 2

(km)

Master Laser Bias 35 35

Current (mA)

Slave Laser Bias Current 5

(mA)

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 um 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.

145




Conclusions and Future Work

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 I’Aéronautique et de I’Espace, specially from
the research groups Grupo de Investigacion en Telecomunicaciones y Electronica de
Alta Frecuencia (CMUN) and Micro-ondes et Optronique pour Systémes 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 um VCSELSs. 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 Varén 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 um 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 um
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 um Optically Injection Locked VCSEL (VCSEL by VCSEL OIL
configuration) and 12 GHz for the 1.5 um 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 um 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 um OILVBO at 2.5 GHz a phase noise record value
of -134 dBc/Hz at 10 kHz offset is measured. 1.3 pm 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 um 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 (¢). From this characterization it is that the time domain stability of the
implemented OILVBOs is lower than 1077 in a time window of 500 s. The OILVBO
with better time stability was DFB/VCSEL 12 GHz configuration with ¢ < 1078,
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 ¢ 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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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 (P,,.) and the power offset (Poffset), from this the phase noise power spectral
density is given by:

L(f) = 1010g(Pys.) — 1010g(P,ffser) — 1010g(C) + k [dBc/Hzl 204

There are two correction coefficients:

e The Resolution Bandwith Filter (RBW) of the ESA is not squared but
loretzian shaped ant it must be corrected as C=1.2RBW.

e 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.

Source
Under Test

Reference
Source

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.

Power

Splitter Dy
\-) Line

Oscillator ;)}E?tseer

Under Test

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 (Af) in phase fluctuations (A¢)
between the two inputs mixer, by this the relation S4(f) = 2mtSAf(f), where 7

represents the delay of the line. The sensibility of the discriminator is given by, D =
2wkt which is expressed in [V/Hz].
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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.

Electrode
_*/_
Light Emission
Amp!lfylng Active Zone >
Medium —
AN
Electrode
Figure 111 Edge Emitting Laser Structure [33].
Anode
Optical

Confinement

Active Zone
Cathode

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:

¢ = 2—nnd

A (205)

Where n represents diffraction index of each layer. The thickness of each layer is
related to the wavelength by the following expression:
A
d=—

in (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.

1

GaAs/ AlGaAs

AlGaAsSb / AlAsSb

Power Reflectivity
|

AllnGaAs / AlInAs

InGaAsP / InP

0.98

! [ [ [ [ [ [
10 15 20 25 30 35 40 45 50

DBR Periods
Figure 113 Maximun reflectivity vs DBR pair number for several 1.55 um VCSEL[60].
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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.

e

3|
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 al, the semiconductor must
be an al 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.
—> Emitted Light

Electric Contact <

j Proton
P-doped Bragg — Implantation
reflector

Active zone

N-doped Bragg
reflector

N-doped substrate

Electric Contact

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.

Electric Contact

P-doped Bragg
reflector

—— .
Blocking L
ocking Layer

Active zone

N-doped Bragg

—
reflector

Electric Contact —

T Emitted Light
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.

—> Emitted Light

Electric Contact <

P-doped Bragg
reflector | > Emitted Light

Active zone /

N-doped Bragg
reflector

N-doped substrate

Electric Contact

Figure 118 VCSEL oxide diaphragm structure.

In order to avoid undesired transversal modes due to refractive index guided it is
necessary to reduce guide diameter, less than 5 pm, with this increases electrical
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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.
—> Emitted Light

Electric Contact <

,”” / Photonic
crystals
P-doped Bragg y
reflector > _Oxide
diaphragm

Active zone /

N-doped Bragg
reflector

N-doped substrate

Electric Contact

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.



Annex 2

VCSEL Structure

First Active Region
Injected current

Conduction band / j/ \

Second Active
Region

A

Tunnel effect

Valence Band

Figure 120 MAR-VCSEL quantum well structure.
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Figure 121 MAR-VCSEL structure.
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1550 nm Vertical-Cavity Surface-Emitting Laser
RC33xxxI-F

RayCan

Description
The RayCan 1550 nm single mode VCSEL is designed for high-speed, high-performance communication

applications.

Features

« Low dependence of electrical and optical characteristics over temperature
« Data rates up to 4.25 Gbps

+ Cylindrical TO package with single mode fiber pigtail

Applications
* Access network for long distance (=2 km)
* Metro area network

* Gigabit Ethernet

Electrical and optical characteristics
(T = 25°C unless otherwise stated)

Parameter Symbol Min. Typ Max Unit Notes

Threshold current 1y 2 Bl mA

Forward voltage Iy 3 [

Series resistance R, 100 200 n

Output power f o 04 0.3 mil’

Wavelength A 1530 1550 1570 nm

Side mode suppression SMSR 30 35 dB

Rise and fall time ir : ;g:) psec (20%-80%)
Operating temperature ’ T 0~T0 4

Absolute maximum ratings
(T = 25°C unless otherwise stated)

Parameter Symbol Rating Unit Notes
Forward current & I5 mA
Reverse voltage v, 5 V
Operating temperature Tw 70 o
Storage Temperature Tux 0-100 °<
Reflow Temperature Tret . 260 © 2 mn:l:'r:: ik

(090115 Rev 4.0
RayCanisimae
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1550 nm Vertical-Cavity Surface-Emitting Laser

RC33xxxI-F

Notice

Conditions exceeding those listed may cause permanent damage to the device, Devices subjected to conditions beyond the
Jimits specified for extended periods of time may adversely affect reliability.

TO-56 pigtail VCSEL

Dimensions  unit : mm

s/

Bottom side view
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s e =
pin configuration
Number Function
1 VCSEL Anode
2 VCSEL Cathode
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. Case
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Warning

The VCSEL is a class 111b laser. Laser beams emitted from this product are
hazardous 1o the naked eye. Avoid eye or skin exposure to direct or scattered
radiation. Dug to the size of the component, the applicable waming logotype,
aperture label, and identification label can not be placed on the component.

Caution

This product is sensitive to the electrostatic discharge(ESD). To prevent
ESD-induced damage andlor degradation to equipment, take normal ESD
precautions when handling this product.

RayCan

KT Center 2F, 138 Gajeong-dong, Vusong-gu, Dagjon 303.350,
Korea  Tel: +82-42-867-1550  Fax : +82-42-867-1551
E-mall | raycpr@ravean.com W FUVCCHE COll

(90115 Rev4.0
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RayCan

PN : RC33xxxI1-FSA

VCSEL1

Description : 1550nm 4.25G VCSEL Pigtailed

Serial no :

RC33022]-FSA-05541206
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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.
25

20

15 3dB

BW=12,5 GHz \N\'

$21 (dB)

N

10

0,0 5,0 10,0 15,0
Frequency (GHz)

——NF 1544B S21
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 1is carried out
to verify the responsivity of the device. The responsivity values are these:

R@1300nm = 0.649 W

A
R@1500nm = 0.698 W

The detected optical power is plot in Figure 124.

Detected Optical Power (mW)
o o o 9o =
N ~ [e)] [o0] = N

o

1 2 3 4 5 6 7 8 9 10
Bias Current (mA)

—0— 1300 nm —@—1500nm

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 igf‘igure 126.

_—— .

Figure 125 Band pass microwave cavity filter.

$21 FORWARD TRANSMISSION

FILTER
PARAMETERS

LOG MAGNITUDE »REF=0.000 dB 20.088 dB/DIV

CENTER FREQ
2.492424792 GHz

N D e L e GonngiRGond s S s e BANDHIDTH

3 : : e : g : : 30.060 db
MARIHUM VALUE
#.815683898 GHz

LOSS AT REF
-1.887 dB

=1

159.23

SHAPE FACTOR
4.42

TRACKING L]
»FILTER SETUP
MARKER READOUT

FUNCTIONS
: : PRESS <ENTER>
; : : : : : : - : T0 SELECT
2.467000000 GHz 2.517000000 OR TURN ON/OFF

Figure 126 Microwave cavity filter bandwidth measurement.
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10 GHz Microwave Filter (Reactel FTC-998109-BPS1-A)

pin: FTC-998109-BPS1-A

Test condition min typ max Unit
Center Frequency 9.995 10.000 10.005 GHz
Insert Loss 8 dB
Pass Band Ripple dB
VSWR 15:1 dB
_— 9.985 GHz 30
Rejection @ 10.015 GHz aD ds
Power Handling Watts
Impedance S0 Ohms
Operating Temperature -10 +50 T
Connector (In/Out) SMA-Female
Outline drawing (Unit: mm)
521 FORWARD TRAMSMISSION SET HARKERS
LOG HAGHITUDE »REF=0.008 dB 18.888 dB/DIV #HARKER 1 AREF (N
' : : : : : : : 9.999A25000 GHz
HARKER 2 0N
9.999677311 GHz
HARKER 3 0N
9.992725287 GHz
HARKER 4 0N
e e B 18.886629335 GHz
HARKER 3 OFF
HARKER & OFF
DISPLAY 0N
HARKERS
AREF MODE 0N
1 P SELEET
~REF MARKER

ol

9.95BARRARA

GHz

18.p500000680

HARKER READOUT
FUMCTIONS
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12 GHz Microwave Filter (Reactel FTC-1291-29-BPS1-A)

321 FORWARD TRANSMISSION SET HARKERS

LOG HAGHITUDE vREF=0.008 dB 18.88@ dB/DIV pHARKER 1 2REF (N
: : : : : : : : : 12.0ARRABERAA GHz
HMARKER 2 0N
12.8@1333336 GHz
HARKER 3 0N
11.993786221 GHz
HARKER 4 0N
12.88949@4491 GHz
HMARKER 3 OFF
HARKER B OFF
DISPLAY 0N

HARKERS
AREF HODE |

SELECT

AREF HARKER

: : : - : - : : : HARKER READOUT
11.33000RA800 GHz 12.858000084 FUNCTIONS




2.49 GHz Microwave Amplifier (Stealth Microwave SM2040-37H)
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Parameter -

- Specification

Frequency Range

2.0-4.0 GHz

Pout (P1dB)

+37 dBm (min)

Qutput Third Order
Intercept Point (OIP3)

+47 dBm (typ.)

Linear Gain 37+£1.0dB
Gain Flatness +.75dB
(over full band)

Input/Output Return -83dB/-8dB
Loss

DC Input Veltage +12 Volts
DC Input Current 2.9 Amperes

Mechanical Dimensions
(Without Heatsink)

5.0x 2.5 x .563 inches

RF Connectors SMA Female
Operating Temperature | 0°C to +55°C
(Baseplate)

Operating Humidity

95% Non-condensing

Operating Altitude

Up to 10,000 feet above
Sea Level

Pin Description Values

RE IN Input Connector (SMA Female) + 19 dBm (max.)

RF OUT Qutput Connector (SMA Female) + 37 dBm @ P1dB

GND Ground Turret —

+12 VDC DC Input Voltage + 12 Volts @ 2.9 Amps.
ON/OFF T'TL Logic On/Off 0 Volts = Off, +5 Volts = On

specifications subjeet to change withaut notice.
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7 to 10 GHz Microwave Amplifier (Liconn LNA700012000A)

Symbol Parameters/Conditions Unit Min Typical Max

G Gain dB 28 34

AG Gain Flatness dB 2.5

Iy Device Current (Vyq=+9V) mA 220

NF Noise Figure (10M-30MHz) dB 2.0 4.0

Pigs Qutput 1dB Gain Compression dBm 22 24

VSWR, Input VSWR Ratio 2:1

VSWR,> Qutput VSWR Ratio 2:1

S0 Reverse Isolation dB 40

Vg Positive Power Supply Voltage V +8.5 +9.0 +9.5

Pin. max Maximum Average RF Input Power dBm 20
50 . Passband Performance @ 21 C

40 [
30 |

—821 ——812

20 [
F $11 822

10 [

dB
o

40 L

k- . \
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£ W

40 |
50 “\nMMW/WJJ\M
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30 MHz to 10 GHz Microwave Amplifier (Liconn LNA003012000A)
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Photodetector, Microwave Filter and Amplifier Description

Symbol Parameters/Conditions Unit Min Typical Max
G Gain dB 28 38
AG Gain Flatness (Every 100 MHz) dB +0.2
lg Device Current (Vyg=+9V) mA 220

NF Noise Figure (10M-30MHz) dB 1.5 4.0
Py Qutput 1dB Gain Compression dBm 22 24

VSWR, Input VSWR Ratio 2:1
VSWR; Qutput VSWR Ratio 2:1
Sz Reverse |solation dB 40

Vg Positive Power Supply Voltage \4 +8.5 +9.0 +9.5
Pin max Maximum Average RF Input Power  dBm 20
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Photodetector, Microwave Filter and Amplifier Description

11.5 to 12.5 GHz Microwave Amplifier (PA2083P-25)

Model No. PA2083P-25
Freguency 11.51t012.5 GHz
Gain 30 dB min
Flatness +1.0dB
Output P1dB +33 dBm min
Noise Figure 3.5dB @ 25°C
VSWR input 2.0:1
Qutput 2.5:1
DC Supply +12 + 5V 2.0A max
Operating Case Temperaturet -30 to +65°C
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Photodetector, Microwave Filter and Amplifier Description

9.5 to 10.5 GHz Microwave Amplifier (MPA-09501050-35-23)

* * * % % % * *

Référence Amplificateur
Bande passante

Gain

P1dB

NF

TOS IN/OUT
Connecteur
Alimentation

SMP_MPA_09501050_35_23
9.5410.5 GHz

35 dB min.

>23 dBm

<2dB

2

SMA femelle

15V -350 mA max.
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Vector Network Analyzer Agilent HP8510C

The  technical  specifications of this device are available at

http://cp.literature.agilent.com/litweb/pdf/5091-8484 K. pdf

System capabilities!

Measurement

Number of display channels: Two display channels are
available.

Number of display parameters: The four basic param-
eters, 311, 821, 512, 822, can be displayed for either
selected channel in either a “four quadrant™ or an “over-
lay” format.

Measurement parameters: 511, 521, 512, 522,
Parameters may be redefined by the user for special
applications. Conversion to Z1 (input impedance), Z2
(output impedance), Y1 (input admittance), Y2 (output
admittance), and 1/5 is also provided.

Domains available: Frequency, time (Option 0107, pulse
profile? (Option 008), auxiliary voltage (rear panel output
acting as device stimulus, range is £10 VDC), and power3
(sweep power level at a CW frequency).

Formats

Cariesian: log/linear magnitude, phase, group delay,
SWR, real part of complex parameter, imaginary part of
complex parameter.

Smith chart: Marker format can be selected as log magni-
tude, linear magnitude, R + jX, or G + jB.

Polar: Marker format can be selected as log magnitude,
linear magnitude, phase, or real and imaginary.

Data markers: Five independent data markers read out
and display the value of the formatted parameter and
stimulus (frequency, time, or auxiliary voltage).

Marker functions

Marker search: Specific trace values can be located, such
as MAX, MIN, and target (for example—3.00 dB point)
Driscrete/continuous: Markers can indicate data at actual
data points or they can interpolate between data points to
allow the setting of a marker at an exact stimulus value.
Delta marksr: Marker readout shows difference between
active marker and the reference marker (any marker can
be used as the reference).

Group delay characteristics
Group delay is computed by measuring the phase change
within a specified step (determined by the frequency
span and the number of points per sweep).
Aperture: Determined by the frequency span, the num-
ber of steps per sweep, and the amount of smoothing
applied.
Minimum aperture = (frequency span)/{# points 1)
Maximum aperture = 20% of the frequency span
Range: The maximum delay iz limited to measuring
no more than +180 degrees of phase change within the
minimum aperture.

Range = 1/(2 x minimum aperture)
For example, with a minimum aperture of 200 kHz,
the maximum delay that can be measured is 2.5 pusec.
Accuracy: The following graph shows group delay accu-
racy at 20 GHz with an 8514RB test set and an
83621 A operating in stepped sweep mode. [nzertion loss
is assumed to be zero.

Pulse profile domain i= not availabla in the SSlO)LFsysL&ms

Boge g

Ramp sweap modea is not avatlable in the 8510XF systems.

Typisnl Group Dalay Aesurasy

Accuracy [(ns)

@ RU] (] 12,0

Feerture [MHz)

In general, the following formula can be used to deter-
mine the accuracy, in seconds, of a specific group delay
measurement.

0.003 x Phase accuracy (deg) + delay |sec) x linearity (Hz

Aperture (Hz)

Depending on the aperture and the device length, the
phase accuracy used is either incremental phase accuracy
or worst case phase accuracy. The above graph shows this
transition.

Source control

All source control is provided from the 8510 front panel.
Compatible sources

8360 series synthesized sweeper

83404/ synthesized sweeperd

B3 1AB synthesized sweeperd

83508 sweep oscillator with 835xx RF plug-in?

(ramp sweep mode only)

Sweep limits: Set start/stop or center/span of the stimulus
parameter (frequency, time, or auxiliary voltage).
Measured # points per sweep: Selectable as 51, 101,
201, 401, or 801 points. In frequency list mode, the
number of points can range from 1 to T92.

Sweep modes

Ramp sweep® (analog)

Stepped sweep (available with all sources except the

Agilent 83508): A faster version of step sweep, called “quick
step”, is selectable when using an 8360 series synthesized
EWEEPET.

Frequency list swweep: Define up to 30 different arbitrary
sub-zsweep frequency ranges by specifying start/stop,
center/span, or CW sweeps. Define the number of points
or step size for each range. Display all segments or a
zingle segment on-screen. All frequencies are synthesized
if using the 8340/41 or 8360 series synthezized sweepers.
Frequency domain only.

Single point (single frequency’)

Fast CW mode (GPIB only): Raw data (real and imagi-
nary) is sent immediately to GPIB as soon as it is taken.
Display iz blanked in this mode. The source is phasze-
locked once when entering this mode, but is not re-phase-
locked at each point. Must be triggered externally (TTL).
Dhata is available approximately 500 psec after the trigger
pulse is received.

The symbaol - denotes a new feature or capability due to the 85100 firmware revision 7.0.

Power domain requires 8380 ssrles sources. Sources with irmware revisions prior to 01 Oct B3 require updating.
The 8340, £341 and 8350 serles sources are not compatible with the 85 10XF

systems.


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

m NETWORK ANALYZERS

/inritsu

MICROWAVE VECTOR NETWORK ANALYZERS

37000D Series

40 MHz to 65 GHz

Ethernet ( € GPIB

For Fast and Accurate S-Parameter Measurements

L4 E g
A I

NEW

o E6e

The Lightning D-Series Vector Network Analyzer (VNAs) are high
performance test tools designed to satisfy the growing needs of de-
fense, satellite, radar, broadband communication, and high speed
component markets. The new 37000D VNAs improve upon perfor-
mance while providing a wider set of standard application features to
better suit the needs of R&D engineers working on next generation
designs. These new features, when combined with the ease of pro-
gramming through helpful software utiliies and faster data transfer over
Ethernet, make it an equally valuable tool for manufacturing as well.
The Lightning D-Series consists of two primary configurations built
for R&D and Production applications:

Premium Models (37300D)

The Premium series are designed for active and passive device appli-
cations, where versatility is the main priority. These are high performance
two-port VNAs that include step attenuators, internal bias tees, a gain
compression application and wider power range as standard features.
They are available in four different frequency ranges; 20 (37347D),
40 (37369D), 50 (37377D) and 65 (37397D) GHz. Each one of them
can be configured as an ME7808B millimeter wave VNA by simply
adding a broadband test set, two synthesizers and the desired mil-
limeter wave modules. The 37397D is also directly upgradeable to an
ME7808B Broadband VNA with single sweep coverage from 40 MHz
to 110 GHz.

Economy Models (37200D)

The Economy series are basic two-port VNAs designed for passive
applications. They are available in four different frequency ranges; 20
(37247D), 40 (37269D), 50 (37277D) and 65 (37297D) GHz. Each one
of them can be configured as an Economy millimeter wave VNA by
simply adding a broadband test set two synthesizers and the de-
sired mmW modules.

The 37300D Premium models include:

* Muiltiple Source Control and Frequency Offset

® E/O and O/E Application

® Gain Compression Application

© intemal Bias Tees

* Extended Power Range (Source Step Attenuator and Receiver Step
Attenuator)

© Rear Panel IF Inputs (for upgrade to Millimeter Wave)

o NxN calibration Utility for Mixer Measurements

* Embed/De-Embed application

e High Stability Frequency Reference

* 1 Hz Frequency Resolution

The 372000 Economy models include:

* Muitiple Source Control and Frequency Offset

* E/O and O/E Application

© Rear Panel IF Inputs (for upgrade to Millimeter Wave)
o NxN calibration Utility for Mixer Measurements

o Embed/De-Embed application

o High Stability Frequency Reference

o 1 Hz Freguency Resolution

Features

* High speed data transfer and control

For maximum efficiency, an Ethernet connection and dual GPIB ports
are standard on every 37000D VNA. Ethemet connection provides
high speed data transfers and remote data exiraction from the VNA.
The same can also be achieved via the standard GPIB interface. The
second GPIB port is dedicated to control of peripheral devices such
as plotters, power meters, and frequency synthesizers. The 37000D
series maximize throughput by combining fast, error-comrected
sweeps with high-speed data transfers.

* Time domain analysis (Option 2A)

Analyze impedance discontinuities as a function of time or distance
with the 37000D’s high-speed time domain. Isolate individual reflec-
tions in time and evaluate their effects in the frequency domain.
Remove the effects of device packages and fixturing with time do-
main gating to see the actual performance of your designs. Use the
independent display channels to view the response of your designs
before, during, and after ime domain processing.

The software provides four different windowing functions to optimize
dynamic range and resolution. The exclusive phasor impulse mode
will show you the true impedance characteristics of mismatches in
waveguide, microstrip, and other band-limited media.

* Multiple source control and set-on receiver mode

The frequency of two sources and a receiver can be controlled with-
out the need for an external controller using this function.
Independently specify the sweep ranges and ouftput powers of the
sources and the sweep range of the receiver to accommodate mixer,
swept IMD, TOI, and harmonic measurements. The 37000D's set-on
receiver mode allows it to operate as a tuned receiver by phase lock-
ing all of its local oscillators to its intemal crystal reference oscillator.

http/wvav.anritsu.com 399



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

R&S®FSW
Signal and
Spectrum Analyzer
Specifications

Test &Measurement

S DR & 3C N wang

ROHDE&SCHWARZ



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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Specifications
Frequency
Frequency range RESPFSWB
DC coupled |2Hzto B GHz
AC coupled | 10 MHz to 8 GHz
SW13
DC coupled |2 Hz to 13.6 GHz
AC coupled | 10 MHz to 136 GHz
R&S*FSW26
DC coupled | 2 Hz to 26.5 GHz
AC coupled | 10 MHz to 26.5 GHz.
SW43
DC coupled | 2 Hz to 43.5 GHz
AC coupled | 10 MHz to 43.5 GHz.
SWS0
DC coupled 2Hzto 50 GHz
AC coupled 10 MHz to 50 GHz
Frequency resolution 0.01 Hz
Reference internal
Accuracy {timie since last adjustrment = aging rate
+ temperature drift + calibrafion accuracy)
Aging per year standard +1 =107
with R&S*FSW-B4 OCXO precision 32 107
frequency reference option
Temperature drift (0 °C to +50 *C) standard =107
with R&S*FSW-B4 OCXO precision #1 =107
frequency reference option
Achievable initial calibration accuracy standard 1 =107
with R&S"FSW-B4 OCXO precision 5% 107
frequency reference option
| Frequency readout
Marker resolution 1Hz
Uncertainty +{marker frequency = reference accuracy
+ 10 % = resolution bandwidth +
2 (span/{swesp points — 1)) + 1 Hz)
Murnber of sweep (frace) points default value 1001
range 101 to 32001
Marker tuning frequency step size rmarker step size = sweep points span/{sweep points — 1)
marker step size = standard span/{default sweep points — 1)
Freguency counter resclution 0.001 Hz
Count accuracy ifrequency = reference accuracy +
4 (last digit))
for frequency axis 0 Hz, 10 Hz to max_ frequency
Resolution 0.1 Hz
Max. span deviation +0.1 %

Spectral purity

556 phase noise

frequency = 1000 MHz, carrier offset

10 Hz, without RES*FSW-B4 option

—50 dBe (1 Hz) (nom.}

10 Hz, with R&S"FSW-B4 option

—80 dBc (1 Hz) jnom.)

100 Hz

=—100 dBc (1 Hz)

1kHz =—125 dBc (1 Hz)
10 kHz =134 dBc (1 Hz)
100 kHz =—136 dBc (1 Hz)
1 MHz =—145 dBc (1 Hz)
10 MHz —155 dBe (1 Hz) (nom.}
Residual FM frequency = 1000 MHz, RBW = 1 kHz, < 0.1 Hz (nom.)
sweep time = 100 ms
4 Rohde & Schwarz R&S‘FSWSig‘IﬁJ and Spectrum Analyzer
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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

Test Measurement YOKOGAWA

YOKDGAWA @ AQSI700 S s

The world’s
most trusted
OSAs

AQ6370 Series
Optical Spectrum Analyzer

Bulletin AQB370SR-20EN



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 um External Cavity Tunable Laser (Yenista Optics - Tunics T100S)

The technical information

about

this device 1S available at

http://venista.com/IMG/pdf/TUNICS-T100S DS 201204-2.pdf

TUNICS T100S — Tunable Laser Source
High Power with Ultra-Low SSE

YENISTA presents a general-purpose benchtop
“work-horse™  tunable laser, combining large
wavelength range and high output power with SSE
suppression. This laser is a must for all optical labs
looking for an affordable every day use laser. With
TUNICS T100S, the laser is not anymore the limiting
factor of your measurement set-up.

Key Parameters

* High and SSE-free Output Power: a unigue
combination ideal for Component Testing

With T100 technology, there is no more trade-off
between high output power and SSE suppression. A
single laser can be used for all applications from
amplifiersWDM testing to high resolution insertion loss
characterization.

= 110/ 150 nm Tuning Range with 1 pm Resolution
In one single instrument, the TUNICS guarantees a
tuning range of up to 150 nm at 0 dBm (1 mW).

* Fast Operation from the Start

The TUNICS laser can be used a minute after turm-up.
Scanning time between two wavelengths is around 1
second and sweeping speed is adjustable from 1 nm/fs
to up to 100 nm/s.

* Active Control for Mode-Hop-Free Operation

For ultimate performance, TUNICS T100S features a
proprietary active control that ensures perfect mode-
hop-free operation and accurate wavelength sweep
over its entire tuning range.

* Fine Scanning Mode: down to 0.1 pm resolution
and frequency modulation

Fine Scanning Mode allows the user to accurately
modify the wavelength over 2 GHz range using the
rotary knob on instrument front panel. An extemnal
modulation could also be applied to modulate this fine
scanning.

» Step-by-Step and Sweeping Mode

The TUNICS T100S combines two operating modes.
The sweeping ability delivers a continuous wvariation of
the wavelength at a constant rate to enable a fast and
uninterrupted measurement. In step-by-step application,
the laser exhibits a high wavelength stability suitable for
long-term testing.

* Internal wavelength reference

Every TUNICS T1005 has an intemal wavelength
reference that leads to a £30 pm absolute wavelength
accuracy. This eliminates the need for an extemal
wavemeter or optical spectrum analyzer.

TUNICS T100

Power density |dBminm)

1500 1510 150 1530 (340 13%0  1%0 1570 180 150
‘Wavwvelength (nm)

Fig.1 TUNICS T1005 SSE-free Optical Spectrum
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1o

Ot Power [d8r1]

T T
490 1540 1590 1840
Wavelength [rnm)

Fig. 2 Typical power vs. wavelength (CL-WB Model)
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TUNICS T100S Specifications
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T1005-0 T100S-E T1005-5C T1005-CL T1MS-CLAWE TA00S-CLU
Wavelength mnge
=P =0dBm 12601360 nm 1250-1460 nm 1460-1580 nem | 1520-1630 nm | 1400-1840 nm | 1520-18560 nm
=P =6 dBm 1200-1340 nm | 13801230 nm | 1480-1570nm | 1240-1620 nm | 1520-1630nm | 1340-1620 nm
=P =5 dBm 1580-1600 nm | 1540-1610nm | 1560-1800 nm
TuKMG CHARACTERIZTICE
Abeolute wavelength accuracy ™ +30 pm

Wavelength stability

5 pm | {3 pm / b typical and £5 pm / 24h typical)

Tuning repeatability (typ.) 5 pm

Wavelength setting resclution 1 pm

Optical frequency fine funing 2 GHz

Tuning speed (typ.) 1s (100 nm)

Lazer OUTPUT CHARACTERISTICE

Power stability ™ #1.01 dB ! h (+0.025 dB ! 24h typical)

Side mode suppression ratic ™ =40 dB >45 dB
Signal to source spontanecus-emission ratio =80 dB =30 dB

Relative intensity noise **, **

145 R (yp.)

400 kHz typical (coherence control OFF)

Specral width (FWHM) =100 MHz [coher=nee contral ON)
SWEEPING WODE CHARACTERISTICE

Mods hop free rmnge Full specified wavelength and power ranges *°
Scan spesd Adpstable from 1 to 100 nmd's
Power flainess during scan (typ.) H1.25 dB

Power repeatability from scan to scan (yp.) ™ 0.05 dB

bTERFacER

Optical connector FC-APC

Output fier SMF-23™ [PMF option avaiable)
Output isolation 35dB

Retum loss 60 dB

Remote control FS5-232 C and IEEE-488.1"7
Low frequency modulation 10 kHz to B MHz

High frequency modulation 30 kHz o 200 MHz
EnviRONMENT

Ciperating temperature range :ég.ﬁﬁgg:g

Power supply 100 to 240V / 50 to 60 Hz
Dimensions{W x H x 0} in mm* 448 ¥ 133 x 370

Weight 125 kg

Uriess othemwise specfied, specificabions are given after 30 minutes wanm-up.
"1: After seff calibration. at +20°C. Ower operating temperature range wavelength
accuracy is +40pm for O, E. 5C, CL and CL-WEB models.

*2: Ower one hour at a constant temperature and after 1 hour warm-up.

"3: Measured with 0 dBm output power.

*4: Spontaneous emission measured on 3 0.1 nm bandwadth at =1 nm
from the signal.

*5: Measured at an electrical frequency of 100 MHz.

*f: Cwer 100 scans at constant temperatuns

*7: Tested and validated with National Instruments GPIB board.

*B: 1270-1340 nm at 0 dBm for O band moded.

TUNICS T100S and CT400 Component Tester: the perfect match
‘When used in conjunction with Yenista's CT400 component tester, the TUNICS T100S allows accurate
insertion characternization in real time. Refer to CT400 individual data sheet for more details.

YENISTA OPTICS S.A.
4 rue Louis de Broglie
22300 Lannion, France
Phone: +33 296 483 716

www yenista.com

YENISTA OPTICS Inc.
475 Wall Street
Princeton, NJ DE540, USA
Phone: +1 609 423 D890

Nl
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1.3 um 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

NEL Laser Diodes
March2005

NLKI1BSEAAA

1290-1360 nin DEE laser diode in a butterfly-tvpe 14 pin package with thermo-electric cooler.
FPigtail fiber is connectorized with an FC/PC connector.

FEATURES
* Wavelength Range 1290 - 1360 nm_ ITU-T grid wavelength
* Fiber Output Power 10m™W

ABSOLUTE MAXIMUM RATINGS(Toyqp=25deg.C)

Parameter Symbol| Ratings Units
Laszer diode reverse voltage Vg I0 A
Laser diode forward current I 150 mA
Operating case temperature T 510 70 deg.
Storage temperature Ty -40 to 83 deg.
Photodiode reverse voltage ViR 10 v
Photodiode forward current Ine 10 mA
Peltier current In 14 A
ELECTRICAL/OPTICAL CHARACTERISTICS(T, 3=15deg.C)

Parameter Symbaol Condition Min. Trp. Max. | Units
Forward voltage Vi  |IF7=30mA 12 1.6 v
Thresheld current Iy |CW 10 20 mA
Fiber output power he |CW.I=80mA 10 mW
Peak wavelength hp  |CW.4e=10mW -1 ITU-T +1 nm
Spectral linewidth" Av  |CW.¢e=10mW 2 MHz
Side mode suppression ratio SMS [CW.4=10mW 35 dB
Monitoring Current(PD) Ly |CW.4=10mW 0.1 mA
Dark current(PD) Ly  [CW.Vpp=3V 100 o
Tracking error Er |Izyp~constant -0.5 +0.5 dB
Cooling capacjry. ATpe |9~10mW T, =70deg| 45 deg.
Peltier current Ipe | Tease=-5 to 70deg. 1 A
Peltier voltage Ve |[Teaee=-3 to 70degz. 2 v
Thermister resistance E Top=25deg. 10 5]
Isolation L |Tg=25deg. 30 dB
AT= Tu;e'T;u':l |
* Data is not attached.

I

p

/™ WARNING

If you plan to use these products in equipment which could endanger lives in the event of a product failure,
please consult an NEL engineer before usage. Improper application of these products may endanger life.
To avoid possible mjury. make certain these products are used in a redundant confisuration.

1 These products are subject to export regulations and restnctions set force by the Japanese Government.
2 NTT Electronics Corporation reserves the nght to make changes in design specification or related
information at any time without prior notice.
3 The charactenistics which are not specified in the data sheat are not guaranteed.
4 The characteristics under the different operation conditions from the ones specified in the data sheet are not guara


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 um Semiconductor Optical Amplifier SOA NEL (INPhenix IPS AD1305)
this
http://www.inphenix.com/pro/Semiconductor%200ptical%20Amplifier/IPSAD1305.

The technical information

about

device

is available at

pdf

INP

Product Specification, Revision 1.50

Semiconductor Optical Amplifier Device (In-Line Type)

IPSAD1305 (1300nm)

Features

Wide Optical Bandwidth
High Gain

Low Gain Ripple

Low Noise Figure
MQW or Bulk Structure

Applications
. In-Line Amplifier

. Loss Compensation
L]

Device Specifications

Fiiorag; |
‘ N B5a%azyey
— i ~

) ) Specifications .

Parameter Symbaol in. Typ. | Max. Unit

Drive Current Ir - 700 - mA
Operating Wavelength Ao 1260 1300 1340 om
3dB Optical Bandwidth Ahags 55 60 - nm
Small Signal Gain at @ - 25dBm Signal G 28 30 - dB
Gain Ripple with Respect to A AG 0.5 1 dB

Samuration Cutput Power Pox 13 15 - dBm
Noise Figure NF 7 dB
Polarization Dependent Gain FDG - 15 - dB

All mformation contained heren is believed to be accurate and 15 subject to change without notification  No responsibility 15 assumed. Please
contact InPhenix for more information. InPhenix and the InPhenix logo are trademarks of InPhemix Inc. All nghts are reserved.


http://www.inphenix.com/pro/Semiconductor%20Optical%20Amplifier/IPSAD1305.pdf
http://www.inphenix.com/pro/Semiconductor%20Optical%20Amplifier/IPSAD1305.pdf
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Product Specification, Revision 1.50

INP

Absolute Maximum Ratings

Parameter Min. Mazx. Unit
Operating Temperature —20 0 °C
Storage Temperature —40 85 °C
S0A Forward Current - 1000 mé
S0A Reverse Voltage - 2.5 v
TEC Drive Current - 1.5 A
TEC Drive Voltage - 3.6 v
Thermistor Resistance 10k @ 25°C

| SOA Chip Temperature Setting 25°C
Fiber Type SME/PMF/MMF ClearCurve Fiber
Fiber Jacket 250um tight buffer with/without 900um loose
tube, or 900um tight buffer

Package 14-pin Butterfly Type B or C

All mformation contamed heremn is believed to be accurate and 1s subject to change without notification. Ne responsibility is assumed. Please
contact InPhenix for more information. InPhenix and the InPhenix logo are trademarks of InPhenix Inc. All rights are reserved.
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Annex 7 Phase Noise Model

1.1 Phase Noise Definition [68]

Assuming a quasi-sinusoidal signal of angular frequency w, of amplitude fluctuation
a(t), and random phase fluctuation ¢(t). The mathematical representation of this
signal is:
v(t) = [1+ a(t)] cos(w,t + @(1))
(207)

It is assumed that |a(t)| < 1 and |@(t)| «< 1 at the measurement. The phase noise is
measured through the power spectral density of the phase noise, this is expressed
as,

Sp = (12GNI?)
(208)

It has been already shown that the power law describes accurately the oscillator
phase noise as follows,

S5 D= baf?

n=—4 (209)
Where,
Coefficient Noise type
b_4 \ Frequency random walk
b_; Flicker of frequency
b_, White frequency noise, or phase random
walk
b_4 Flicker of phase
by ‘ White Phase Noise

The power law considers the presence of the white (f°) 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/ [),) when the Barkhausen

condition is satisfied (48 = 1), as shown in Figure 127.

Signal

A

\__3dB
_/ﬁ\_

Figure 127 Feedback oscillator model.
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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 7 is larger than 1/w, by a factor of 102,
the oscillator behavior can be described in terms of the slow varying complex
envelope, as amplitude and phase were decoupled from the oscillation. For this
model, just the phase component is considered. In such way, the feedback phase
modulation model is represented as in Figure 128.

IP t (—?Lp(t)

Noise

lowpass

b(t) «—— B(s)

a

Figure 128 Feedback oscillator phase noise model.

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

y(@®) =x(@®) «h(t) o 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 = g + jw is the
Laplace complex variable. Using this formalism, the output power spectral density
is given by,

Sy = |HG)I?Sx

(211)

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

Sx = Snoise (f) = [(RINLaser + RINpgp + RINRRD)i;Z;h + 2qlL,, + 4kBTF]Zeq

(212)
Where,

RIN | cer Represents de laser relative intensity
noise

RINpRrp Represents the double diffusion
Rayleigh scattering

RINgrp Represents the reflected Rayleigh
scattering

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

T Temperature

F Amplifier noise factor
Zq Equivalent impedance load

1.3 Amplifier Noise

Additive White Noise

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

Fk,T
Sp(f) = by =— (213)

The noise factor (F) for cascaded amplifier is computed through the Friis formula,

for N cascaded amplifiers it is expressed as,
Fop 2ty BB
NG GRG? (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 7, as a resonator, so the
oscillation frequency is an integer multiple of 1/7,. Extending the Leeson effect for
this oscillator, the delay line equivalent quality factor (Q) is,

Q = TTafosciltation (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 744, and
Triter- Using the Laplace-Heavyside formalism, both transfer functions of the
feedback path are as follow,
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——t 1/Tfilter

bs: t) = Tfilter Bs: - "
fllter( ) Tritter e « fllter(s) s+ 1/Tfilter (2 16)
bdelay(t) = 5({; — Tdelay) PN Bdelay(s) — ¢~ STdelay (217)
b(t) = bfilter(t) * bdelay(t) R B(s) = Bfilter(s)Bdelay (S) (218)

From this,
1/Tfilter
B =" 7" o~ STdelay

=33 T ieer (219)

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

_ s+ 1/Tfilter
1=B(s) s+ (1 —e " elay) /e, (220)

H(s) =

1.5 Close in Noise Spectra

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

So = IHGAISy (221)

At low frequencies, it holds that [103],

So(f) Remark
—1 1 Sv(fH) 3¢
~ — )
4m? Tdelay fz ke Tdelay
2
= f—oscillation S (f) foscillation = L
4n2m2 v Tdelay
Where m is a integer multiple of the
oscillation frequency
_ ftz)scillationbo l fzz)scillationb—l l Amplifier noise
4m?m?  f? 4m>m?  f3

1.6 Predicted Spectra

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

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

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

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






