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"The important thing is not to stop questioning. Curiosity has its own reason for existing"  
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RESUM DEL PROJECTE 

Sense cap dubte, en l’actual societat de la informació és essencial habilitar comunicacions 
segures entre usuaris, protegint d’aquesta manera la informació davant possibles intrusos. Els 
mètodes actualment coneguts per a proporcionar seguretat es classifiquen en sistemes 
simètrics o asimètrics, en funció de si utilitzen una clau pública o privada per a xifrar 
informació. Aquests mètodes exigeixen que les dues parts que desitgen transmetre informació 
comparteixin una o més claus de seguretat. Un cop que la clau ha estat identificada per 
ambdues parts, es pot demostrar que la informació es transmet d’una forma presumiblement 
segura. Tanmateix, el principal problema d’aquests sistemes criptogràfics és aconseguir una 
distribució segura de les claus. Per tant, la pregunta és com distribuir la clau de manera segura, 
ja que la seguretat de la informació es basa exclusivament en la seguretat del bescanvi  de les 
claus. La criptografia quàntica, o més precisament, la distribució de claus quàntiques (QKD), 
proporciona una distribució de claus de manera totalment segura, basant-se en les lleis de la 
física quàntica. D’acord a aquests principis, qualsevol mesura permet distingir amb certesa (és 
a dir, sense errors o resultats inconcluents) només entre els vectors d’estat específics 
ortogonals (és a dir, a la base de medició, com per exemple, la pol·larització d’un fotó). Els 
estats no ortogonals en canvi, no es poden distingir amb total claredat. A més, no és possible 
mesurar o clonar un estat sense introduir pertorbacions detectables al sistema. La clau es 
genera mesurant la informació codificada en les propietats físiques intrínseques d’un fotó, 
conegudes com qubits, com ara la pol·larització o la fase d’un fotó. 
  
En aquesta tesi es fa ús d'idees noves per demostrar la prova d'experiments conceptuals, que 
després podrien desenvolupar a la pràctica fonts passives de QKD. Una font passiva, basada en 
polsos laser atenuats, produirà diferents estats de polarització i d'intensitat a una freqüència 
de 100 MHz. S'han dut a terme diferents tasques en relació a la font. En particular, els nostres 
esforços s'han centrat en el muntatge i caracterització, pas a pas, dels processos òptics 
requerits per la font. Un dels objectius és aconseguir la incoherència de fase entre polsos 
òptics consecutius generats pel diode laser. Aquest fet assegura que no hi hagi correlació entre 
la fase dels diferents polsos òptics. Un altre dels objectius és estudiar els processos òptics no 
lineals de segon ordre amb fase aleatòria generats utilitzant polsos òptics coherents. Aquesta 
és la primera vegada que aquests polsos òptics es caracteritzen mitjançant la generació del 
segon harmònic i la generació de la suma de freqüències. 
 
 
 
 
 
 
 
 
 
 
  
  



8 
 

 

RESUMEN DEL PROYECTO 

Sin lugar a dudas, en la actual sociedad de la información es esencial habilitar comunicaciones 
seguras entre usuarios, protegiendo así la información frente a posibles intrusos. Los métodos 
conocidos actualmente para proporcionar seguridad se clasifican en sistemas simétricos o 
asimétricos, en función de si se utiliza una clave pública o privada para cifrar la información. 
Estos métodos exigen que las dos partes que desean transmitir información compartan una o 
más claves de seguridad. Una vez que la clave ha sido identificada por ambas partes, se puede 
demostrar que la información se transmite de una forma presumiblemente segura. No 
obstante, el principal problema de estos sistemas criptográficos es conseguir una distribución 
segura de las claves. Así que la pregunta es cómo distribuir la clave de manera segura, ya que 
la seguridad de la información se basa exclusivamente en la seguridad del intercambio de 
dichas claves. La criptografía cuántica, o más precisamente, la distribución de claves cuánticas 
(QKD), proporciona una distribución de las claves de forma totalmente segura, basándose en 
las leyes de la física cuántica. De acuerdo con estos principios, cualquier medición permite 
distinguir con certeza (es decir, sin errores o resultados inconcluyentes) solamente entre los 
vectores de estado específicos ortogonales (es decir, en la base de medición, como por 
ejemplo, la polarización de un fotón). Los estados no ortogonales no se pueden distinguir con 
total claridad. Además, no es posible medir o clonar un estado sin introducir perturbaciones 
detectables en el sistema. La clave se genera midiendo la información codificada en las 
propiedades físicas intrínsecas de un fotón, conocidas como qubits, como por ejemplo la 
polarización o la fase de un fotón. 
 
En esta tesis se hace uso de ideas novedosas para demostrar la prueba de experimentos 
conceptuales, que luego podrían desarrollar en la práctica fuentes pasivas de QKD. Una fuente 
pasiva, basada en pulsos laser atenuados, producirá diferentes estados de polarización y de 
intensidad a una frecuencia de 100 MHz. Se han llevado a cabo diferentes tareas en relación a 
la fuente. En particular, nuestros esfuerzos se han centrado en el montaje y caracterización, 
paso a paso, de los procesos ópticos requeridos para la fuente. Uno de los objetivos es lograr 
la incoherencia de fase entre pulsos ópticos consecutivos generados por el diodo laser. Este 
hecho asegura que no haya correlación entre la fase de los diferentes pulsos ópticos. Otro de 
los objetivos es estudiar los procesos ópticos no lineales de segundo orden con fase aleatoria 
generados utilizando pulsos ópticos coherentes. Esta es la primera vez que tales pulsos ópticos 
se caracterizan mediante la generación del segundo armónico y la generación de la suma de 
frecuencias. 
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ABSTRACT 

There is no doubt that in today’s information society it is essential to enable secure 
communications between users, protecting data against potential intruders. Currently known 
methods to provide security are classified into asymmetric or symmetric systems, depending 
on whether they use a public or a private key. They either require that the two parties wishing 
to transmit information, share or exchange, one or more security keys. Once the key has been 
identified, it can be proven that information is transmitted in a presumable secure way. 
Nevertheless, the main problem of these cryptosystems is the secure distribution of keys. So 
the question is how to distribute them in a secure way, since the security of information is 
exclusively based on the security of the key exchange. Quantum cryptography, or more 
precisely quantum key distribution (QKD), provides absolutely secure key distribution using the 
laws of quantum physics. According to these, any measurement can distinguish with certainty 
(i.e. without errors or inconclusive results) only among specific orthogonal state vectors (the 
so-called measurement basis, for instance, the polarization of a photon). Non-orthogonal 
states cannot be distinguished perfectly. Furthermore, it is not possible to measure or clone a 
state without introducing detectable disturbances in the system. The key is generated by 
measuring of the information encoded into intrinsic physical properties of a photon, known as 
qubits, such as the polarization or the phase of a photon. 
 
This thesis makes use of novel ideas to demonstrate proof of concept experiments, which 
could then further develop into practical passive QKD sources. A passive source, based on 
attenuated laser pulses, will produce different polarization and intensity states at 100 MHz 
pulse repetition frequency. Different tasks related to the source have been carried out. 
Particularly, our efforts have been focused on assembling and characterizing, step by step, the 
required optical processes for the source. One of the objectives was to achieve phase 
incoherence between consecutive optical pulses generated by the laser diode. This fact 
ensures no information leakage by tracking back the phases of the optical pulses. Another 
objective was to study second order non-linear optical processes with phase randomized 
coherent optical pulses. This is the first time that such particular optical pulses are 
characterized on second order harmonic and sum-frequency generation. 
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1 Introduction 

This chapter provides a description to the fundamentals of quantum cryptography this project 
is based on as well as an introduction to some concepts related to wave optics theory. There 
are three main different parts where the basic theory concepts are explained. The former 
focuses in the interference, an important manifestation of the wave nature of light. Also, other 
important concepts as coherence and its properties, or the relationship between the optical 
intensity and the wave function are presented. The second part explains the physical principles 
on how phase randomized pulses are generated. Finally, the last part provides a brief 
introduction into the basic nonlinear-optical phenomena and some of its applications such as 
second harmonic generation or frequency up-conversion. In addition, the optical amplifier is 
presented and the experimental setup explained. 

1.1 Quantum key distribution 

Quantum key distribution (QKD) [1] [2] [3] is only used to produce and distribute a key, not to 
transmit any message data. The security of QKD relies on the foundations of quantum 
mechanics (in contrast to traditional key distribution protocols which rely on the 
computational difficulty of certain mathematical functions) to guarantee secure 
communications. In the simpler case scenario, there are two honest parties, Alice and Bob, and 
the Eavesdropper called Eve. Alice and Bob’s goal is to transmit a message in a completely 
secure way using a pre-shared secret key only known for them. The most important property 
of quantum distribution is the ability of the two communicating users to detect the presence 
of any third party trying to gain knowledge of the key. This result is on account of Alice, Bob 
and Eve’s devices cannot contradict quantum theory. From a very qualitative point of view, the 
security of QKD comes from the fact that it is not possible to make a measurement of the state 
of a quantum system without perturbing it. So, any third party trying to eavesdrop on the key 
must measure it and thus introducing detectable anomalies. This is just a consequence of the 
non-orthogonality of quantum states. Indeed, it is impossible to perfectly discriminate two 
non-orthogonal quantum states. This is the central idea behind any protocol of QKD: by 
encoding the information in non-orthogonal states, any intervention by the eavesdropper 
perturbs the transmission and is detected by the two honest parties, who abort the insecure 
transmission. It should be noticed that QKD does not avert eavesdropping; it only enables to 
detect the presence of an eavesdropper. Since only the key is transmitted, no information leak 
can take place when somebody tries to listen in. When discrepancies are found, the key is 
discarded and the users repeat the procedure to generate a new key. 
 

1.1.1 Bennett Brassard 1984 protocol (BB84) 
 
The first protocol for QKD was proposed in 1984 by Charles H. Bennett and Gilles Brassard [4] 
[5] [6]. This protocol, known as BB84 in honor of its inventors and year of publication, allows 
users to establish a pure random sequence of bits, while allowing to reveal any eavesdropping 
with a very high probability. It was originally described using photon polarization states to 
transmit the information. However, the crucial point of the BB84 is the use of two conjugated 
bases, being any two pair of conjugated states useful for the protocol. As a consequence, many 
optical-fiber based implementations describe BB84 using phase encoding states. Focusing on 
polarization states, BB84 uses two pairs of them, with each pair conjugate to the other pair, 

http://en.wikipedia.org/wiki/One-way_function
http://en.wikipedia.org/wiki/Secure_communication
http://en.wikipedia.org/wiki/Secure_communication
http://en.wikipedia.org/wiki/Information_theory
http://en.wikipedia.org/wiki/Eavesdrop
http://en.wikipedia.org/wiki/Conjugate_variables
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and the two states within a pair orthogonal to each other. Pairs of orthogonal states are 
referred to as a basis. The usual polarization state pairs used are either the rectilinear basis of 
vertical (0°) and horizontal (90°), the diagonal basis of 45° and 135° or the circular basis of left- 
and right-handedness. Any two of these bases are conjugate to each other, and so any two can 
be used in the protocol. Each state vector of one basis has equal length projections onto all 
vectors of the other basis. That is, if a measurement on a system prepared in one basis is 
performed in the other basis, its outcome is entirely random and the system loses all the 
memory of its previous state. 
 
Alice and Bob are connected by a quantum communication channel  (optical fiber or free 
space) which allows quantum states to be transmitted. In addition they communicate via a 
public classical channel. Neither of these channels needs to be secure; the protocol is designed 
assuming that Eve can interfere in any way with both. First step in BB84 is quantum 
transmission. At the beginning Alice and Bob agree that, for instance, the horizontal 
polarization in the rectilinear basis and the 135° state in the diagonal basis stand for the bit 
value “0”, and the vertical polarization (rectilinear basis) and the 45° state (diagonal basis) 
stand for a bit value “1”. Now, Alice generates a sequence of random bits to transmit, and 
randomly and independently for each bit she chooses her encoding basis, rectilinear or 
diagonal. It means that she transmit photons in the four polarization states with equally 
distributed frequencies. Alice then transmits a single photon in the state specified to Bob, 
using the quantum channel. This process is then repeated from the random bit stage, with 
Alice recording the state, basis and time of each photon sent. Bob does not know the basis the 
photons were encoded in, all he can do is to select a basis at random and independently of 
Alice to measure in, either rectilinear or diagonal. Statistically, their bases coincide in 50 % of 
cases. After Bob has measured all the photons, he communicates with Alice over the public 
classical channel. Alice broadcasts the bases each photon was sent in, and Bob the bases each 
was measured in. Whenever their bases coincide, Alice and Bob keep the bit. On the other 
hand, the bit is discarded when they chose different bases. Any potential eavesdropper who 
listens into this conversation can only learn the bases used, but not whether it was sent a “0” 
or “1”.  
 

1.1.2 Decoy states protocol 
 
QKD is based on the use of single-photon sources. Unfortunately, due to real life 
imperfections, a perfect single photon source does not exist, containing all of them more than 
one photon. Practical implementations rely on highly attenuated lasers pulses. Those multi-
photon signals open the door to powerful new eavesdropping attacks. For example, Eve can 
split multi-photon signals, keeping one copy of a photon for herself and sending one copy to 
Bob. Since Eve has an identical copy of what Bob possesses, the unconditional security of QKD 
is compromised. In order to minimize the effects of multi-photon states, the decoy state 
method is proposed to solve this QKD weakness by using a few different photon intensities 
instead of one [7] [8] [9] [10]. The main idea there is to randomly change the intensity of each 
pulse among different values. Hence, Alice sends sometimes an additional, decoy, state with a 
different intensity than the states used for the transmission. These decoy states serve only for 
testing Eve’s presence since she does not know when Alice sends the decoy states, making 
impossible for her to identify them. Changes, that Eve’s photon-number splitting attack makes 
on these decoy states, enables Alice and Bob to detect the eavesdropping.     
 

http://en.wikipedia.org/wiki/Basis_%28linear_algebra%29
http://en.wikipedia.org/wiki/Linear_polarization
http://en.wikipedia.org/wiki/Linear_polarization
http://en.wikipedia.org/wiki/Circular_polarization
http://en.wikipedia.org/wiki/Quantum_communication_channel
http://en.wikipedia.org/wiki/Quantum_states
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1.2 Wave optics 

1.2.1 Monochromatic waves and the wave equation 
 
Light propagates in the form of electromagnetic waves. An optical wave is described 
mathematically by a real function of position           and time    denoted        and 
known as the wave function [11]. It satisfies the wave equation, 

   

                                                            
 

  
 
   

   
                                                                  

  

Where    is the Laplacian operator,      
 

   
   

 

      
 

   
  . Any function 

satisfying Eq.(1.1) represents a possible optical wave. 
 
Due to the fact that the wave equation is linear, the principle of superposition applies. This 
means, if         and         represent optical waves, then Eq.(1.2) also represents a possible 
one. 
 
                                                                                                                                            

A monochromatic wave is represented by a wave function with harmonic time dependence, 

                                                                                                                                    

 
where      is the amplitude,     is the phase and   is the frequency in Hertz. 
 
Both the amplitude and the phase are generally position dependent, but the wave function is a 
harmonic function of time with frequency   at all positions. It is convenient for our purposes to 
represent the real wave function        in terms of a complex function 
 

                                                                                                             

 
so that 

                                                          
 

 
                                                               

The function       , known as the complex wave function, describes the wave completely and 

also satisfies the wave equation. The time independent factor                      in 
Eq.(1.4) is referred as the complex amplitude. The wave function        is related to this 
parameter by 
 

                                      
 

 
                                                

 

At a given position    the complex amplitude      is a complex variable whose magnitude 

            is the amplitude of the wave and whose argument     is the phase. 

 

Finally, substituting                       into the wave equation Eq.(1.1), it is obtained 
the differential equation 
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called the Helmholtz equation for the electric vector. In Eq.(1.7),   is referred as the wave 
number. 
 

                                                                       
   

 
 
 

 
                                                                           

1.2.2 Optical intensity 
 
The optical intensity       , defined as the optical power per unit area (units of watts/cm2), is 
proportional to the average of the squared wave function. It is determined by  
 

                                                                                                                                                     

 
The operation     denotes averaging over a time interval that is much longer than the time of 
an optical cycle, but much shorter than any other time of interest (i.e the duration of a pulse of 
light). So, 
 

                                 
 

                                                     
 
                                                                         

 
When Eq.(1.10) is averaged over a time longer than an optical period, 1/ , the second term 
vanishes. This way 
 

                                                                                          
 
                                                              

 
Thus the optical intensity of a monochromatic wave is the absolute square of its complex 
amplitude. This intensity does not vary with time. 
 
 

1.2.3 Interference 
 
Interference is the property of all types of waves to form characteristic stationary variations of 
the intensity by the superposition of two or more waves [11] [12] [13] [14] [15]. 
  
When two or more optical waves are present simultaneously in the same region of the space, 
the total wave function is the sum of the individual ones. This basic principle of superposition 
follows from the linearity of the wave equation. For single source monochromatic waves of the 
same frequency and the same polarization, the superposition principle is also applicable to the 
complex amplitudes. When interfering, two waves can add together to create a wave of 
greater amplitude than either one (constructive interference) or subtract from each other to 
create a wave of lesser amplitude than either one (destructive interference), depending on 
their relative phase. 
 

http://en.wikipedia.org/wiki/Phase_%28waves%29
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The superposition principle does not apply to the optical intensity. The intensity of the 
superposition of two or more waves is not necessarily the sum of their intensities, being the 
interference responsible of this difference. It is on account of the interference is dependent on 
the phase relationship between the superposed waves. 

When two monochromatic waves of complex amplitudes       and       are superposed, the 
result is a monochromatic wave of the same frequency and complex amplitude 

                                                                                                                                               

In accordance to Eq.(1.11), the intensities of the constituent waves are          
 
 and 

         
 

 and the intensity of the total wave is 

                                 
 
        

 
       

 
     

 
   

        
                                       

 
The explicit dependence on   has been omitted for convenience. Substituting 
 

                                         
   

                  
   

                                                         

into Eq.(1.13), where    and    are the phases of the two waves, we obtain 

                                                          
                                                                   

The intensity of the sum of the two waves is not the sum of their intensities. The two terms 
that depend on the parameters of both waves are functions between the position. They are 
named interference terms. They distinguish the superposition of coherent waves and 
incoherent ones. In the case of incoherent waves the interference terms vanish and the 
resulting intensity is just the sum of the single intensities of two waves. The term attributed to 
the phase between the two waves is present in Eq.(1.15). This term may be positive or 
negative, corresponding to constructive or destructive interference respectively. Random 
fluctuations of the phases   and    cause the phase difference to assume random values 
uniformly distributed between 0 and 2 .  
 
The interference effects are contained in the third term. Two important conclusions can be 
drawn from this result. First, if the two interfering waves are orthogonally polarized, there will 
no be visible effects as the product      will produce a zero coefficient. Second, if the 
frequencies of the two waves are different, the interference effects will be modulated at a 
temporal beat frequency equal to the difference between these frequencies (        
            ). 

 

1.2.4  Coherence 

Coherence is one of the most important concepts in optics and is strongly related to the ability 
of light to exhibit interference effects. A light field is called coherent when there is a fixed 
phase relationship between the electric field values at different locations or at different times.  
 
The coherence of two waves follows from how well correlated the waves are as quantified by 
the cross-correlation function. As an example, consider two waves perfectly correlated for all 
times. At any time, if the first wave changes, the second will change in the same way. If 

http://www.rp-photonics.com/interference.html
http://en.wikipedia.org/wiki/Cross-correlation
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combined they can exhibit complete constructive interference at all times, then it follows that 
they are perfectly coherent.  
 
The coherence phenomena associated with fundamental properties of light can be divided into 
spatial and temporal coherence. The former refers to the effects on electromagnetic radiation 
emitted by sources of finite size, the later to radiation emitted by sources with a finite 
bandwidth. Spatial coherence will not be treated because of is not particularly of our interest. 
The coherence of a light source can be quantitatively characterized by interferometry. 
 

1.2.4.1 Temporal coherence 
 
Consider the fluctuations of stationary light at a fixed position   as a function of time. The 

stationary function       has a constant intensity               
 
 . For brevity, the   

dependence it is obviated (it is fixed) so that             and       . 
 

The fluctuations of      are characterized by a time scale representing the “memory” of the 
function. Fluctuations at points separated by a time interval longer than the memory time are 
independent, so that the process “forgets” itself. The function appears to be smooth within its 
memory time, but “rough” and “erratic” when examined over long time scales. A quantitative 
measure of this temporal behavior is established by defining a statistical average known as the 
mutual coherence function. This function describes the extent to which the wave function 
fluctuates in unison at two instants of time separated by a given time delay, so that establishes 
the time scale of the process that underlies the generation of the wave function. 
 
Temporal coherence is the measure of the average correlation between two waves at any pair 
of times.  
 

1.2.4.2 Mutual coherence function 
 
Coherence is usually measured by some form of interferometer that takes light from two test 
points in a light field, and then allows them to interfere after introducing a time delay   in the 
light from one point relative to the another point. If the field intensity of the interference 
pattern is measured as a function of  , then in general it has the form  
 

                                                        
                                                 

 
where    is the intensity at the test point, and      is the mutual coherence function which 
measures the   advanced correlation between the waveforms at the two test points. 
 
The mutual coherence function of the two complex amplitudes is defined 
 

                                                             
    

 

  
   

            
 

  

                                                  

 

where    represents the complex signal at some time t. This definition was originally motivated 
by the fact that the intensity is this time average function with    . It was assumed in this 

definition in Eq.(1.17) that       is stationary in time so that       is only a function of   and 
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not of    Since it was found to be much more convenient to treat       as an ergodic, 
stationary random process, Eq.(1.17) can be replaced by 
 

                                                                        
                                                                       

 
which is the cross-correlation of the two complex amplitudes. 
 
To understand the significance of the definition in Eq.(1.18), consider the case in which the 

average value of the complex wave function           or          . This is applicable 

when the phase of the phasor       or       is equally likely to have any value between 0 and 

2 . The phase of the product   
            is the angle between phasors   

     and 

       . If   
     and         are uncorrelated, the angle between their phasors varies 

randomly between 0 and 2 . The phasor   
            then has a totally uncertain angle, so 

that is equally likely to take any direction, making its average, the mutual coherence function 

    , vanish. On the other hand if, for a given  ,   
     and         are correlated, their 

phasors will maintain some relationship. Their fluctuations are then linked together so that the 

product phasor   
            has a preferred direction and its average      will not vanish. 

 
It is convenient to normalize the mutual coherence function by dividing by the square root of 
the product of the two self-coherence functions. The result is the degree of coherence. 
 

1.2.4.3 Degree of mutual coherence 
 
The mutual coherence function      carries information about degree of correlation 
(coherence) of stationary light. A measure of coherence that is insensitive to the intensity is 
provided by the normalized correlation function, 
 

                                                        
   
            

         
 
       

 
 

 
     

     
                                                 

 
which is called the complex degree of temporal coherence. Its absolute value cannot exceed 
unity. 
 
                                                                                                                                                      

 

The value of       is a measure of the degree of correlation between     and       . For 
instance, when the light is deterministic and monochromatic,          for all  . On the other 
hand, when this value is 0, it is said to be completely incoherent. 
 
The intensity can be rewritten: 
 

                                                                                                                                       

 
This result can be further simplyfied by writing      as a magnitude and a phase: 
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Where      is associated with the source, and       is the phase difference due to the optical 
path delay between between the two sources and the observation point. The observed 
intensity is therefore 
 

                                                                                                                    

 
Remember   is just the temporal measure of the optical delay path between the two sources 
and the observation point.  
 

1.2.4.4 Coherence time 
 
If        decreases monotonically with time delay, the value    at which it drops to a 

prescribed value (
 

 
 or    , for example) serves as a measure of the memory time of the 

fluctuations known as the coherence time. For      the fluctuations are “strongly” 
correlated whereas for      they are “weakly” correlated. In general,    is defined 
 

                                                                                 
 

  

                                                                

 
Light for which the coherence time    is much longer than the differences of the time delays 
encountered in the optical system of intererst is completely coherent. Thus light is effectively 
coherent if the distance      is much greater than all optical path-length difference 
encountered. The distance 
 
                                                                                                                                                             

 
is known as the coherent length. 
 
 

1.2.4.5 Characterization of the coherence of the laser pulses 
 
To determine the first order coherence properties of the laser pulses, a Mach-Zehnder 
interferometer (MZI) is going to be used [16]. An interferometer is an optical intrument that 
splits a wave into two waves using a beamsplitter, delays them by unequal distances, redirects 
them using mirrors, recombines them using another beamsplitter, and detects the intensity of 
their superposition. An example of a MZI is ilustrated in Fig. 1.1.  
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Figure 1.1. The light of an incoming wave is divided by a beam splitter into two waves       and      . 

The transmitted wave          is reflected at the upper mirror and passes the second beam splitter or is 

reflected at it. The plane wave reflected at the first beam splitter (     ) is reflected at the lower mirror. 
At the second beam splitter this wave can be transmitted or reflected. So, the Mach–Zehnder 

interferometer has two exits, which can both be used to send the beams to photo detectors.  

The optical path lengths in the two arms may be nearly identical (as in Fig.1.1), or may be 
different. The complex field at the interferometer output is 
 

                                                               
         

                                                                    

 

being     
     and     

    , 
 

                                                 
                                                                       

 

                                                 
                                                                       

 
Particularizing this expression for the setup used in section 2.1,  
 

                                                                                                                                

 
In this case, the optical path lengths are unbalanced and there is only a beam at the output of 
the MZI.     and     indicate combined transmission and reflection coefficients through the 
two beamsplitters.    represents the delay introduced according to the path length.  
 
The pulse energy at the output of the interferometer is given by 
 

                                                                                                    

In Eq.(1.30)       is the interfered pulse energy,    and    is the individual pulse energy at the 
short and long arm of the MZI respectively. Individual pulses can be observed by blocking one 
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or the other path.           is the phase introduced by the delay loop and        
    

    
 has 

already been explained in Sec. (1.1.4.2). It is expected      to have near-unit magnitude.  
Interference leads to a broadening of the observed distribution, with the broadest distribution 
corresponding to        . This value corresponds to the time between successive pulses 

given by the pulse repetition frequency (PRF). 
 

1.3 Generating phase randomized coherent pulses using a distributed-
feedback laser diode 

Laser diodes (LDs) are devices that produce light even below their threshold current. The 
generated light under these conditions arises from spontaneous emission, similar as in the 
light-emitting diodes (LEDs) [17] [18].  

 
Figure 1.2. Electrical and optical pulse trains generated. The output optical power varies as a function of 
the current passing through the LD. When the LD is biased below a threshold current (   ) the output 
power is very low. If the current increases over the threshold, the output optical power increases 
significantly. Stimulated emission starts to occur being above    . On the other hand, if the current is 
reduced and falls below       stimulated emission ceases and there is primary spontaneous emission. 

Therefore, when a LD is working below its threshold current, the characteristics of the 
radiation emitted, and so its emission spectrum, are similar to a LED. Light produced under this 
condition is referred as temporal incoherent. Spontaneous emission alters the instantaneous 
phase of the lasing field and produces light waves that lack a fixed phase relationship. 
Moreover, incoherent light sources do not provide a high spectral purity, as they have a broad 
spectrum. Such conditions are favorable for a source of randomness since “noise” is 
broadband and unpredictable. Once operating above the threshold current, the LD acts as an 
oscillator. From this point, stimulated emission is much more important than spontaneous 
emission. This produces a change in the nature of the emitted light, being coherent light [19] 
[20] [21] when the laser is modulated by a train of electrical pulses and biased using a DC 
current far below its threshold. 

When the laser is modulated using a strong RF current, an optical pulse is produced. The 
generated optical pulses have reduced phase coherence among them due to the fact that the 
laser is set below and above threshold from one pulse to the subsequent one, thus producing a 
random phase for each pulse. When the LD’s current is below its threshold, it acts as a LED. At 
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this point amplified spontaneous emission (ASE) is generated. A photon generated by ASE has 
a random phase, which contributes to a random phase fluctuation of the total optical field. In 
this way, the phase coherence of consecutive generated pulses is absent.  

 

1.4 Erbium Doped Fiber Amplifier 

The Erbium Doped Fiber Amplifier (EDFA) is an optical amplifier that uses a doped optical fiber 
as a gain medium. It is possible to achieve amplification of signals at around 1550 nm without 
necessity to transform the optic signal into the electric domain [22] [23]. 
 
Figure 1.6 shows the shape of the EDFA gain spectrum. The maximum gain occurs in the 
wavelength region of 1560 – 1580 nm with the maximum peak gain at 1565 nm. Hence, the 
gain is dependent on the LD wavelength. 

 
Figure 1.3. The EDFA spectrum produced by a pumping power fixed. How there is no input signal, the 
figure shows the noise introduced by the EDFA. The bandwidth of the EDFA is about the typical value of 
65 nm. The EDFA has a narrow high gain peak centered close to 1560 nm and a broad peak with lower 
gain at the band 1550 – 1610 nm.  

A fiber amplifier is used to boost weak signals optically. It acts by stimulated emission; 
however, unlike a laser, it lacks the ability to oscillate and requires a “seed” signal (the input 
signal) to amplify. Like any other system involving stimulated emission, spontaneous emission 
can occur. Spontaneous emission in the band of wavelengths at which the amplifier operates 
(around 1550 nm) will be amplified producing amplified spontaneous emission (ASE). It will be 
seen as noise in the output of the device. When no input signal is present, the output of the 
amplifier consists of a good deal of ASE (Fig. 1.6), which shows the output as analyzed by an 
optical spectrum analyzer. Spontaneous emission is distributed over the entire bandwidth and 
has no correlation with the signal. 
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The EDFA is an optical amplifier that amplifies a laser beam directly, without any electro-
optical conversion. It works on the principle of the stimulated emission. Its active medium is a 
piece of fiber heavily doped with ions of rare-earth element erbium. When the signal-carrying 
laser beams pass through this short length fiber, external energy is applied. This so-called 
pumping excites the atoms in the erbium-doped section of optical fiber, increasing the 
intensity of the laser beams passing through. 
 

Noise is inherent in all amplification systems. Any amplifier introduces noise in the signal to 
amplify. The noise in amplifiers appears because of ASE which is produced in all the range of 
wavelengths. Low noise is a requirement because it can not to be filtered out. The analysis of 
noise in optical systems is complex. It is not the aim of this section to provide a deep 
introduction to noise in optical systems but quantify the optical noise introduced by the EDFA. 
 

1.5 Nonlinear optics 

Under normal conditions, the response of a medium to light is linear and, as a consequence, 
most optical phenomena can be described with a linear refractive index. It was only with the 
invention of lasers in the early 1960’s that the available optical power level increased to a level 
where the response of the medium started to deviate from the linear behavior [11] [24] [25] 
[26].  
 
Nonlinear optics is the area of optics that studies the interaction of light with matter in the 
regime where the response of the material system to the applied electromagnetic field is 
nonlinear in the amplitude of this field. At low light intensities, typical of non-laser sources, the 
properties of the materials remain independent of the intensity of illumination. The 
superposition principle holds true in this regime. Laser sources, on the other hand, can provide 
high intensities to modify the optical properties of the materials. Light waves can interact with 
each other, exchanging momentum and energy, and the superposition principle is no longer 
valid. This interaction of light waves can result in the generation of optical fields at new 
frequencies, including optical harmonics of incident radiation or sum- or difference-frequency 
signals.  
 
Linearity or nonlinearity is a property of the medium through which light travels, rather than a 
property of the light itself. Nonlinear behavior is not exhibited when light travels in free space. 
Light interacts with light via the medium. The presence of an optical field modifies the 
properties of the medium which, in turn, modifies another optical field or even the original 
field itself.  
 
The properties of a dielectric medium through which an electromagnetic (optical) wave 
propagates are completely described by relation between the polarization density vector 
       and the electric-field       . The mathematical relation between the vector functions 
       and        defines the system and it is governed by the characteristics of the medium. 
The medium is said to be nonlinear if these relations are nonlinear. 
 

1.5.1 Nonlinear optical media 
 
A linear dielectric medium is characterized by a linear relation between the polarization 
density and the electric field,        where    is the permittivity of free space and   is the 
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electric susceptibility of the medium. A nonlinear dielectric medium, on the other hand, is 
characterized by a nonlinear relation between   and  .  
 
Since externally applied optical electric fields are typically small, the nonlinearity is usually 
weak. The relation between   and   is linear for small  , deviating only slightly from linearity 
as   increases. Under these circumstances, it is possible to expand the function that relates   
to   in a Taylor’s series about      
 

                                                              
 

 
   

  
 

 
   

                                                       

 
and to use only a few terms. The coefficients             are the first, second and third 
derivatives of   with respect to   at    . These coefficients are characteristics constants of 
the medium. Clearly,        where   is the linear susceptibility, which is related to the 
dielectric constant and the refractive index by     

       . The second term represents 

a quadratic or second order nonlinearity, the third term represents a third order nonlinearity, 
and so on.  
 
It is customary to write Eq.(1.31) in the form: 
                          
                                                                   

     
                                                      

Equation (1.32) provides the basic description for a nonlinear optical medium. Anisotropy, 
dispersion and inhomogeneity have been ignored both for simplicity and to enable us to focus 
on the basic nonlinear effect without the added algebraic complications of these effects. 
 

1.5.2 The nonlinear wave equation 
 
The propagation of light in a nonlinear medium is governed by the wave equation for an 
arbitrary homogeneous dielectric medium, 
 

                                                                      
 

  
 

   

   
   

   

   
                                                         

 
It is convenient to write   as a sum of linear and nonlinear parts, 
 
                                                                                                                                                    

                                                                       
       

                                                       

 

Using Eq.(1.35) and the relations           
 
     
        

  
    the wave equation 

can be written as 
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It is useful to regard Eq.(1.36) as a wave equation in which the term   
     

   
 acts as a source 

radiating in a linear medium of refractive index    Because     (and therefore  ) is a 
nonlinear function of  , Eq. (1.36) is a nonlinear partial differential equation in    This is the 
basic equation that underlies the theory of nonlinear optics. An important consequence of 
nonlinearity is frequency multiplication. 
 

1.5.3 Second order nonlinear processes. 
 
Light propagation in media characterized by a second-order (quadratic) nonlinear relation 
between         is examined, being those of higher order negligible. Therefore 
 
                                                                                    

                                                                     

 
It is considered an electric field   comprising one or two harmonic components. Nonlinear 
optics gives rise to a host of optical phenomena. 
 
Second order nonlinear processes involve the mixing of three electromagnetic waves, where 
the magnitude of the nonlinear response of the crystal is characterized by the    coefficient. 
Second harmonic generation (SHG), or frequency doubling, is the most common application 
that utilizes the    properties of a nonlinear crystal. In SHG, two input pump photons with the 
same wavelength λ are combined through a nonlinear process to generate a third photon at 
λSHG = λ/2. Similar to SHG, sum frequency generation (SFG) combines two input photons at λ1 
and λ2 to generate an output photon at λSFG with λSFG = (1/λ1 + 1/λ2)

-1.   
 

1.5.3.1 Second harmonic generation 
 
In second-harmonic generation (SHG), a pump wave with a frequency of   generates a signal 
at the frequency    as it propagates through a medium with a quadratic nonlinearity [27] [28] 
[29] [30]. Consider the response of this nonlinear medium to a harmonic electric field of 

angular frequency   and complex amplitude       
 

                                                                                                                                           

 
The corresponding nonlinear polarization density     is obtained by substituting Eq.(1.38) into 
Eq.(1.37), 
 
                                                                                                                        

 

where                 
     and                   

 . 
 

The source    
     

   
 corresponding to Eq.(1.39) has a component at frequency    and 

complex amplitude           
               which radiates an optical field at 

frequency    (wavelength      . Thus the scattered optical field has a component at the 
second harmonic of the incident optical field. Since the amplitude of the emitted second-
harmonic light is proportional to        its intensity is proportional to          
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     where   

      
 

  
  (η is the impedance of the medium) is the intensity of the 

incident wave. The intensity of the second-harmonic wave is therefore proportional 

to       
 , to  

  
    and to   . Consequently, the efficiency of the second harmonic 

generation is proportional to    
    where   is the incident power and   is the cross-

sectional area. It is important that the incident wave have the largest possible power and be 
focused to the smallest possible area to produce second-harmonic radiation.  
 
To enhance the efficiency of second-harmonic generation, the interaction region should also 
be as long as possible. Since diffraction effects limit the distances within which light remains 
confined, guided wave structures that confine light for relatively long distances offer a clear 
advantage.       
 

1.5.3.2 Sum-frequency generation 
 
In sum-frequency generation (SFG) [31] [32] [33] [34], two laser fields with frequencies 
          generate a nonlinear signal at the frequency          in a quadratically 
nonlinear medium with a nonlinear susceptibility   .  
 
Therefore, it is now considered the case of a field      comprising two harmonic components 
at optical frequencies            
 

                                                                                                                   

 
The non linear component of the polarization          

  then contains components at five 
frequencies, 0, 2     2          and       with different amplitudes. Thus the second-
order nonlinear medium can be used to mix two optical waves of different frequencies and 
generate (among other things) a third wave at the difference frequency (down-conversion) or 
at the sum-frequency (up-conversion). Although the incident pair of waves at frequencies 
          produces polarization densities at frequencies at 0, 2     2          and 
       all these waves are not necessarily generated. There are certain additional conditions 
(phase matching) that must be satisfied. 
 

1.5.4 Introduction to Phase Matching 
 
There is a ubiquitous effect that must always be considered when we perform nonlinear optics 
and is another reason why nonlinear optics is not part of our everyday lives. This is phase 
matching (PM) [35] [36] [37]. What it refers to is the tendency, when propagating through a 
nonlinear-optical medium, of the generated wave to become out of phase with the induced 
polarization after some distance. If this happens, then the induced polarization will create new 
light that is out of phase with the light it created earlier. Then, instead of making more such 
light, the two contributions will cancel out. The way to avoid this is for the induced polarization 
and the light it creates to have the same velocities. Or in other words, when propagating the 
pump, it generates a lot of secondary waves of different frequencies in the nonlinear medium. 
Owing to the refractive index dispersion in the medium, each wave has a velocity that depends 
on, among other facts, of its frequency. For a given frequency, the relative phase among the 
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different generated waves along the nonlinear medium will depend on the propagation 
velocity of these waves and the pump wave phase at the place where it is generated. 
 
If two different plane waves with wavevectors          , so that                      
and                     then                                            
    where, 
                                                                                                                                                      

and 
                                                                                                                                                

 
Equation (1.41) corresponds to the frequency-matching condition and Eq.(1.42) to the phase-
matching condition. The medium therefore acts as a light source of frequency         , 
with a complex amplitude proportional to              so it radiates a wave of wavevector 
        . 
 
For simplicity, let’s see the second harmonic generation (       . It can be demonstrated 
that all second harmonic generated waves are in phase if they satisfy,  
 
                                                                                                                                                               

 
This condition arises from the expression of the electric field, which is proportional 

to              , being L the crystal length. Since the function          is maximal at      

and also highly peaked there, the optical nonlinear effect of interest will experience much 
greater efficiency. Equation (1.43) is expressed, 
 
                                                                                                                                                      

Where    and    are the wave vectors for the pump (it corresponds to the SH wave) and the 

signal (it corresponds to the fundamental wave) respectively. When this equation is satisfied, it 
is said to have the phase matching condition, which is crucial for creating more than just a few 
photons in a non-linear optical process. If both beams are collinear, using the fact that    
      

  , where     is the refractive index at   and   is the light velocity in vacuum, 

Eq.(1.44) reduces to, 
 
                                                                                                                                                       

 
Therefore, it is necessary to find a nonlinear medium whose refractive indices at   and    is 
the same. 
 
In non-collinear SHG there is an angle,    between the two beams. The input vectors have 
longitudinal and transverse components, but, by symmetry, the transverse components cancel 
out, leaving only the longitudinal component of the PM equation: 
 

                                                                                          
 

 
                                                         

 
Substituting for the k-vectors, the phase matching becomes, 
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However, non-collinear beam geometry is not considered in our case. Exists another technique 
to obtained high efficiency in this conversion. It is called quasi phase matching. 
 

1.5.5 Quasi Phase-Matching 
 
Efficient quadratic nonlinear optical interactions require that the relative phase between the 
interacting waves to be maintained. The phase drift naturally resulting from the difference in 
phase velocities due to the material dispersion must be compensated by some phase matching 
means. Phase matching conditions ensure that the generated second harmonic light interferes 
constructively in the forward propagating direction. The first and dominant method used in 
non linear optics employed was birefringent phase matching (BPM). With this method, the 
difference in phase velocity of orthogonally polarized waves was used to balance the 
difference due to dispersion.  
 
An alternative approach, quasi phase matching (QPM) [38] [39] [40] [41], uses a periodic 
modification of the properties of the non linear medium to correct the relative phase at 
regular intervals without matching phase velocities. A particularly effective structure is one in 
which the sign of the nonlinear susceptibility is periodically reversed throughout the medium. 
Suppose that exists an incident wave in a nonlinear material where there is no phase 
matching. Being    the distance between two regions of the crystal where the second 
harmonic waves are 180  out of phase between them. This is the maximum distance between 
two regions where all the generated waves interfere constructively, thus this distance is 
known as the coherent length. If the phase of the generated waves could be inverted every 
distance     then all the waves generated by the medium would interfere constructively. This 
can be achieved if using a nonlinear medium where the    (linear susceptibility) changes 
periodically its sign every distance   . This is shown in Fig. 1.3. 
 

 
Figure 1.4. Wave addition generated at different regions in a nonlinear material. Owing to the 
propagation velocity mismatch between the second harmonic signal and the pumping, generally, 
generated waves are not in phase. The linear susceptibility sign changes every distance   . Waves 
generated in two regions separated the coherent length are in phase.  

If   is the alternating period of the    sign, where      , the QPM condition is, 
 

                                                                                      
  

 
                                               

Or equivalently, 
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Where    and    are the pumping and the signal wavelengths, and   ,    are the refractive 

indices. Therefore, the periodicity of   determines the wavelengths generated most efficiently 
in QPM. 
  
As it has been mentioned, the efficiency of the generation of new optical frequencies depends 
critically on the phase velocities matching of the interacting waves into the non-linear 
medium. The most versatile technique for quasi phase-matching is to periodically pole 
ferroelectric crystals, where the phase mismatch is compensated for by a reciprocal grating 
vector. Phase matching refers to fixing the relative phase between two or more frequencies of 
light as they propagate through the crystal. The refractive index is dependent on the frequency 
of light. Thus, the phase relation between two photons of different frequencies will vary as the 
photons propagate through the material, unless the crystal is phase matched for those 
frequencies. It is necessary for the phase relation between the input and generated photons to 
be maintained throughout the crystal for efficient nonlinear conversion of input photons. If 
this is not the case, the generated photons will move in and out put phase with each other in a 
sinusoidal manner, limiting the number of generated photons that exit the crystal. Traditional 
phase matching requires that the light is propagated through the crystal in a direction where 
the natural birefringence of the crystal matches the refractive index of the generated light.  
 

 
   (a)     (b) 

Figure 1.5. Effect of phase matching on the growth of generated photons in SHG or SFG with distance in 
a non linear crystal. (a) Shows a non-phase-matched interaction. (b) Shows QPM by flipping the sign of 
the spontaneous polarization every coherence length. By inverting the crystal orientation (poling 
period), one can avoid the photons slipping out of phase with each other. As a result, the number of 
generated photons will grow as the light propagates through the crystal. The period the crystal needs to 
be inverted depends on the interacting wavelengths and the temperature of the crystal. 

As previously mentioned, SH power is proportional to               . Taking in account of 

the fact that     is a function of λ and temperature (T) via the refractive indices, the 
momentum conservation expressed in Eq. (2above) combined with the energy conservation 
relation (        provides the dependence of the QPM wavelengths on temperature and 

period of domain reversal for a QPM interaction. For a given period   the QPM condition 

establishes the values of λ and T where the                  is centered. The power is then 

halved when                , thus the spectral bandwidth        and temperature 

bandwidth         are given by: 
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and 

                                                                            
    

  
 
  

                                            

At around 800 nm and 25  the        ·L is 0.72 (nm·mm), and the           is 13.7 
(     .    
 
Finally, in bulk noncentrosymmetric crystals typical achievable efficiency per Watt is 5%/W. For 
example, 100 mW of peak power corresponds to 500   and 50 mW correspond to 125   .  
This is an important fact to take in to account since SHG efficiency depends on the square of 

the input power               
 ).  

 
It is also important to take into account that working in bulk structures, instead of waveguide 
structures, achieves lower efficiency values. Related to this, when a laser beam is focused 
strongly inside a non-linear crystal, the “plane wave” limit breaks down. By focusing the light 
into a tiny spot it is possible to gain enormously. Thus it is necessary to take Gaussian beam 
into consideration rather than a plane wave. SHG power is proportional the crystal’s length, 
and the focusing effect provokes not to take advantage of this total length. Therefore, it is 
needed to talk about an effective crystal’s length. 
 
QPM conditions ensure that the SHG light interferes constructively in the forward propagating 
direction. Thus setting the proper poling and tuning the temperature to the corresponding 
value have to be satisfied. In general, higher power density (focusing a narrow beam), a longer 
crystal length, a larger nonlinear coefficient and the smaller phase mismatching will result in 
higher conversion efficiency. However, there is always some limitation coming from nonlinear 
crystals and lasers. For example, the crystal non linear coefficient is determined by the crystal 
itself. Another example is the trade-off between the SHG output power, which is proportional 
to the crystal’s length, and the SHG bandwidth (the longer the crystal, the most sensitive the 
bandwidth is expected). In addition to that, the laser input power density has to be lower than 
the damage threshold of the crystal. 
 

1.6 Description of the envisioned source 

This thesis is based on [42], where it is presented a complete passive transmitter for QKD. In 
particular, it is briefly described the BB84 polarization encoded and decoy state preparation 
setup. It makes use of the interference of two pure coherent states of frequency   , both 
prepared in +45  linear polarization and with arbitrary phase relationship. These two states are 
combined with two coherent states at    in a non-linear medium by SFG, being the output 
states at         . These two beams are now re-combined at a polarization beam splitter 
in the      basis. Previously it has been introduced a polarization rotation in one of the arms 
of the device. At this point it is obtained a polarization intensity and randomized coherent 
state, which is send though a beam splitter with a little transmittance coefficient. The weaker 
intensity signal is suitable for QKD, and Alice sends it to Bob through the quantum channel. 
The stronger intensity signal is used to measure both its intensity and polarization. Measuring 
the polarization can be realized by means of a passive BB84 detection scheme. For the 
different intensities observed in each photodetector, Alice can determine both the value of the 
angle and the total intensity of the signal. The level of the intensity measured can be 
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associated to the generation of a decoy state depending whether it is below or above a certain 
threshold. In order to measure the polarization it is sufficient that the value of the angle is 
within a certain interval around the ideal values. Doing this, it is taken into account that the 
probability associated with the ideal events tends to zero, so there is an acceptable region 
around the value of interest.       
 

1.7 Experimental setup 

Both second harmonic and sum-frequency generation are non-linear effects needing a non-
linear material. For this purpose, it is chosen a magnesium doped periodically poled lithium 
niobate (MgO:PPLN) crystal with five periodically poled gratings. Since our goal is to obtain the 
second harmonic and the sum-frequency generation for both lasers’ wavelengths, the most 
important device in the setup is this crystal. 
 
Since PPLN is a nonlinear material, the highest conversion efficiency from the input beams to 
generate an output beam will occur when the intensity of the input beams in the crystal is the 
greatest. This is normally accomplished by coupling focused light into the center of the PPLN 
crystal through the end face at normal incidence. For a particular laser beam and crystal, there 
is an optimum spot size to achieve optimum conversion efficiency. If the spot size is too small, 
the intensity at the waist is high, but the Rayleigh range is much shorter than the crystal. 
Therefore, the size of the beam at the input face of the crystal is large, resulting in a lower 
average intensity over the whole crystal length which reduces the conversion efficiency. A 
good rule of thumb is that for a continuous wave (CW) laser beam with a Gaussian beam 
profile [43] [44] [45], the spot size should be chosen such that the Rayleigh range is half the 
length of the crystal. The spot size can then be reduced in small increments until the maximum 
efficiency is obtained. A schematic of the experimental setup is shown in Fig. 1.6. 
 

 
Figure 1.6. Basic setup scheme to carry out the SHG/SFG. [LD] laser diode, [BSC] beam splitter coupler, 
[PMF] polarization maintaining fiber, [MMF] multi-mode fiber, [Ci] free space collimator, [PLC] plane-
concave lens, [BiCLi] Biconcave lens, [M] mirror, [QWP] quarter wave plate, [HWP] half wave plate, [SFG] 
sum frequency generation. Pump filter is optional. It is used to isolate the pump wave from the signal 
wave. This way there is no possible power overlap when measuring. 
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To maximize the crystal effect, the laser beam is focused at the center of the crystal. The 
crystal is embedded in an oven, whose temperature is actively stabilized. The total crystal 
length is considered to be twice the Rayleigh range. 
 
                                                                                                                                                 

 
This way, the waist is 
 

                                                                         
             

 

     
                                                               

 

                                                                      
        
   

                                                 

 
In Eq.(1.54)             is the beam waist at the crystal input,   is the refractive index of the 

crystal (     ),               is approximately the wavelength of the two possible input 
beams and           
 
The output beam has doubled the frequency in comparison with the input beam; hence the 

output beam waist is a factor    lower than the input beam waist. Resulting 
 

                                                                    
        

  
                                                    

 
To optimize the focusing into the crystal, some calculations have to be done. The first element 
found in the setup once the signal propagates through free space is a collimator. At this point 
the beam waist is 
 
                                                                                                                                      

 
where   is the focal length of the lenses,    is the numerical aperture of the fiber and 0,82 is a 
constant. The numerical aperture value in single mode fibers is around 0.12. The focal length 
of the lenses used is 11.29 mm. Therefore the waist is, 
 
                                                                                                                                                       

 
It is not necessary to calculate the waist of a collimated beam since its divergence is negligible.  
Collimation is the act of taking the diverging output of a fiber and converting it into a beam of 
parallel light. This is done by placing the end face of the fiber at the focal plane of a lens. In 
practice, there is no such a thing as a truly collimated beam, as all beams will spread out after 
traveling a sufficient distance. 
 
The distance over the beam radius spreads until it is no longer useful it is given by the Rayleigh 
range. To demonstrate it, 
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In Eq.(1.58)   is the refractive index of the air (    ,    is the waist calculated in Eq. (1.57) 
and                
 
Calculations for the spot size are accurate until 2.5 m since it is under the Rayleigh length.  
 
A Galilean beam expander is used to change the waist of the collimated beam. This beam 
expander consists of a negative diverging lens followed by a positive lens.  
 
                                                                                                                                       

 

The overall length of the system is       and the magnification     is given by 
  

  
. Being 

          and          . A negative sign indicates an inverted image, which is 
unimportant for laser beams so it will be neglected. The goal of the beam expander is to 
reduce the divergence of the beam by making the waist bigger. 
 
The quarter and the half wave plate alter the polarization state of the light travelling through 
them. Any state of polarization can be achieved with this combination. The aim of using these 
retarders is to recover the required polarization to impinge the NLC. The Erbium Doped Fiber 
Amplifier (EDFA) amplifies the complex signal; however the input polarization is not 
maintained. Internally, the EDFA has single mode fibers and it rotates the beam polarization. 
As a result, the polarization is not maintained. 
 
Next step is to focus properly the beam into the center of the crystal, 
 

                                                                              
       

     
                                                             

 

                                                         
                   

     
                                                

 
In Eq.(1.60)   is the refractive index of the air. Equation (1.61) gives the distance between the 
last lens and the center of the crystal. At this point, the waist is no longer collimated since it is 
desirable to focus it at the crystal center. On account of the commercial values of the 
components, the focal length of the lenses is considered to be 300 mm. 
 
As calculated in Eq.(1.55),once the beam at 780 nm is achieved, the waist of this new beam 
changes. Considering the new wavelength and the length of the crystal, 
 

                                                                     
       
   

                                                   

 
In Eq.(1.62)            ,       is the refractive index of the crystal and           
 
Finally, it is desirable to couple the beam into an optic fiber. The beam waist has diverged since 
it left the crystal. In order to couple it to the optic fiber, it is needed to collimate the beam. The 
new waist at the lens (PCL2) is 
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In Eq.(1.63),                            is the refractive index of the air and 
            . To couple the beam accurately into the optic fiber is necessary another 
beam expander. Its function is to reduce the beam waist. Using Eq. (1.64) 
 
                                                                                                                                       

 

where   
  

   
 is the magnification and    is the waist of          

 
To know the focal length of the collimator (C2), it is used Eq.(1.65), 
 

                                                                       
  

       
                                                          

1.8 Aims of the thesis 

Most experimental realizations of QKD are based on the BB84 QKD scheme, introduced by 
Bennett and Brassard in 1984 [4], in combination with the decoy-state method [46]. The 
preparation of the BB84 signal states is usually realized by means of an active source. Active 
state preparation is a simple an elegant solution to implement the aforementioned protocol. In 
practice, passive state preparation might be desirable in some scenarios [47]. For instance, in 
those experimental setups operating at high transmission rates. In addition, typical passive 
schemes involve parametric down-conversion and are also more robust to side-channel 
attacks. Moreover, it has been recently shown that phase randomized weak coherent pulses 
can be used to passively generate decoy states for QKD [48] [49] [50]. This method is based on 
exploiting the random phases of the different incoming pulses to passively generate states 
with distinct photon number. 
 
The main aim of this project is to develop and characterize different photonic systems for a 
passive transmitter for QKD distribution with coherent light, based on the same [42]. 
Nevertheless, this main objective is divided in different task. 
 

 The first task of this thesis is to generate and characterize phased-randomized optical 
pulses for the preparation of decoy-states. Through the interference of subsequent 
output pulses, using optical fiber interferometry (Mach-Zehnder interferometer), 
setting the proper configuration of the lasers and matching the delay introduced by 
varying the pulse repetition rate of the laser modulation, the measured energy 
distribution of the output pulses broadens. 

 

 The second task of the thesis is to generate the second harmonic using a periodically 
poled lithium niobate non-linear crystal, in a bulk structure, for two different 
wavelength laser diodes. In addition to that, the spectral and temporal measurements 
are included in order to provide an accurate characterization for the lasers. Later on, 
results are analyzed and discussed in order to compare the efficiency of the two 
different working regimes employed.  

 

 Finally, in order to advance towards the passive transmitter, another objective is to 
achieve the sum-frequency generation using the same experimental setup. The 
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configuration of the laser diodes is clearly defined according to their working regime 
and taking into account the effects introduced by the optical amplifier. Moreover, 
spectral and temporal measurements are taken to provide an accurate study of this 
non-linear process. Last, results are analyzed and conclusions about the laser working 
regime drawn. 
  

1.9 Thesis outline 

In Chapter 2, it is explained how phase randomized optical pulses are achieved. First, the 
experimental setup is described. Secondly, it is shown the procedure to establish the optimal 
configuration settings of the two different laser diodes used, justifying and stressing the 
chosen relevant parameters. Finally, the measurements obtained are analyzed and conclusions 
drawn. In Chapter 3, it is presented the second harmonic generation results for two lasers 
working in continuous and in pulsed regime, at 1552 nm and 1561 nm. A periodically poled 
lithium niobate crystal in bulk structure is used to generate an efficient wavelength 
conversion. It is also analyzed the temporal and spectral characteristics of the laser sources at 
around 1550 nm before, and after amplifying the signal with an EDFA. Finally, the CW and 
pulsed temporal and spectral characteristics of the laser at 780 nm are studied and conclusions 
about its efficiency discussed. In Chapter 4, another three-wave mixing process such as sum-
frequency generation is studied. Following a similar structure than in Chapter 3, it is presented 
the sum-frequency generation results for the two lasers using both CW and pulsed regime. 
Firstly it is analyzed the effect introduced by the EDFA when the two laser diodes are working 
simultaneously. Moreover, in order to achieve an efficient non-linear process, the laser driver 
configuration that will be used is explained. Then, spectral and temporal characteristics of the 
laser at 780 nm are studied and conclusions about their efficiency drawn. Finally, in Chapter 5, 
several conclusions on the thesis work and possible future work are presented. 
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2 Phase randomized optical pulses 

The aim of this chapter is to explain how phase randomized optical pulses are achieved. First, it 
is introduced the experimental setup. Then, it is shown the procedure to establish the optimal 
configuration settings of the two different laser diodes used. Finally, the results obtained are 
analyzed and conclusions drawn. 
 

2.1 Experimental characterization setup 

The experimental setup can be divided in two parts. The first one is composed by the 
waveform generator, the laser driver and the laser diode. These elements are responsible of 
generating the optical pulses (i.e. the repetition frequency and its amplitude, rise and fall time, 
duration...). The phase randomization of the pulses is attained by interfering two consecutive 
pulses. The second part of the setup is formed by all the passive components that allow 
generating the interference between pulses.  
  
The setup scheme is shown in Fig. 2.1. It is based on a distributed feedback (DFB) laser diode 
(LD) as the oscillator, providing single-mode operation at telecom wavelengths (1552 nm or 
1562 nm depending on the LD used). The electric pulses to modulate the laser are generated 
by a waveform generator. This device allows controlling the wave shape, the frequency, the 
amplitude and the width of the data pulses. However, the DFB LD is not modulated directly 
from the waveform generator but through MAX3736 driver. This digital device accepts 
differential data and provides bias and modulation current for driving the laser, being these 
parameters set by the user. Hence, the output signal of the waveform generator is used to 
clearly define two logic states that will be the input data of the laser driver.  
 
Once optical pulses leave the LD, we want them to interfere to characterize them. Two 
symmetric polarization-maintaining fiber couplers are used to construct an unbalanced Mach-
Zehnder interferometer (MZI) with a relative delay of tloop≃ T in order to provide stable single-
mode operation of the interferometer. 

 
Figure 2.1. LD Pulse Driver is the electrical pulse generator used to modulate the laser. LD, PMF and 
PMC denote the laser diode, polarization maintaining fiber and polarization maintaining coupler 
respectively. Finally, ф0-3 are the optical phases of different consecutive pulses and фloop is the phase 
introduced by the delay line. PIN represents a photodiode. 

Using this setup we expect to find that, due to the random phase of the different input pulses, 
the output signals acquire random amplitudes. The LD produces phase-randomized coherent 
optical pulses which are split in power using a polarization maintaining coupler (PMC) with a 
fixed coupling ratio (short arm: 39%; long arm: 50%). In one of the output ports of the PMC, an 
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“L” meters polarization maintaining fiber (PMF) patch cord is connected. The length of this 
patch cord corresponds approximately to the equivalent length of the pulse repetition 
frequency (PRF). So, if the LD is working at 50 MHz its longitude will be 4 m. On the other hand, 
if the LD operates at 100 MHz the patch cord will be 2 m long. 
 
For the LD at 1552 nm (50 MHz), the time delay difference between the arms of the MZI is 
related to the PRF as: 

                                                                         
 

   
                                                       

                                                                     
     

   
                                                   

Both arms of the interferometer are connected to a second PMC where the interference 
between the pulses takes place. At the output port of the PMC a photodiode records the 
different interfering optical pulses. The interference of subsequent pulses through the MZI 
converts the phase randomness into an amplitude variation which will be detected and 
processed by a fast oscilloscope (operating with 200 MHz bandwidth for the input channel and 
triggered by the system clock reference). This effect can be shown by computing the histogram 
of the output pulses and comparing them with the input ones.  The energy distribution of the 
interfered pulses becomes wider and, ideally, almost flat (the histogram tends to be like a 
uniform distribution) since the occurrence of each amplitude must be equally probable. 
Meanwhile the histogram of the input pulses is much narrow and spiky. 
 
In order to achieve the all above mention, the methodology was to operate first with the LD at 
1562 nm, changing frequency and looking for the maximum broadening fixing DC bias and the 
modulation current. Once results are obtained, the LD at 1552 nm will be used expecting 
identical outcomes. 

 

2.2 Alcatel A1905LMI Distributed Feedback Laser Diode 

In this realization, two different frequencies are chosen. LD will be modulated at around 50 
MHz by a train of   8 ns electrical pulses and 100 MHz by a train of   3 ns electrical pulses.  
 
Using the experimental setup explained at Fig.2.1 with Alcatel A1905LMI as the DFB LD 
(λ=1552 nm), the followed procedure was, first of all, setting the bias current below the DC 
threshold current. Next, the frequency is fixed at 50.17 MHz. This value is around 50 MHz and 
attempts to compensate the additional path introduced by the PMC by fine tuning. It is also at 
this point where we could find the maximum amplitude of the output signal. Despite of that, 
there is a wide range of frequencies (approximately 50 ± 3 MHz) where pulses interfere, being 
the most interesting those which belong to the interval [49 - 51] MHz. 
 
Next step is to set the DC bias current of the LD. Since our goal is to find the wider energy 
distribution of the interfered pulse possible, we are going to scan how this energy distribution 
varies for different values of the current bias. The obtained result can be observed in Fig. 2.2. 
According to the graphic, the DC bias current of the LD is set at 10.84 mA (being the DC 
threshold current 40 mA). This value corresponds to the minimum possible that the laser 
driver allows us to use. 
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Figure 2.2. Measured normalized energy variation of successive pulses as a function of DC bias current. 
The data shows the largest variation of the output pulses for the lower DC current values.  

At this point, only the modulation current (mod set) of the LD remains to be set. This 
parameter allows controlling the current level injected, per electrical pulse, to the LD when it is 
modulated. If mod set is very high, it can saturate the LD causing other modes in the LD gain-
bandwidth to appear within the cavity. This effect is known as spatial hole burning. On the 
other hand, if this value is too low there will be almost no signal to be observed. Some of the 
modes generated by spatial hole burning will become extinct since they are not resonant; 
however, other ones will appear at the cavity output. All these modes will have a slightly 
different wavelength, so they will not interfere coherently among them. Despite of that, what 
we can measure with the photodiode is the total energy of all these interfered pulses at 
different wavelengths, being impossible to discern the mode we are interested in. 
 
Finally, once settled this parameters, the maximum normalized pulse variation is achieved for 
50.17 MHz. The frequency will be shifted to some values around in order to check its variation. 
As it can be seen in Fig. 2.3, using this configuration the maximum is centered at 50.17 MHz. 
Therefore, the better setup has been found. 
 



37 
 

   

 
Figure 2.3. The maximum normalized pulse variation is found at 50.17 MHz. DC bias current and mod set 
are established for this frequency value. If more measures are done, perhaps another value appears 
being larger than 50.17 MHz. Therefore, maybe this is not the maximum achievable; nevertheless it will 
be around, and it is useful to our purpose.  

The experimental result is shown in Fig. 2.4. The energy distribution observed is not exactly the 
desired uniform distribution but it can be approximated; so the goal is achieved. The 
established configuration in the device works appropriately, since more amplitude events are 
more likely to happen at the output pulses than at the input ones. As said before, the 
broadening of the pulse energy is not exactly uniform, but shows how this energy has been re-
distributed. The interfered pulse energy at the output is approximately 5 times larger than the 
individual ones.  
 
The photodiode introduces noise to the measure. Nevertheless, if the noise histogram is done, 
it shows a very narrow distribution not excessively affecting to the measure. It is placed 
approximately at 0 J in a fictitious position since the photodiode introduces a negative DC bias. 
This causes the noise distribution has the lower values of energy represented in Fig. 2.4. 
 
Both the histogram of the individual pulses, as well as the interfered pulse distribution have 
the same pattern for the higher values of the energy. Negative slope is lower than the positive, 
generating that progressive decrease. As seen in Eq.(1.15) there is a term in the interference 
corresponding to a cosenoidal function. Moreover, there is some Gaussian noise in the 
measure. We believe these facts, the interference and the noise combination, are maybe the 
reason of the tails in the distribution. A more complete analysis would require implementing a 
model system for the different signal and noise terms, in order to infer the behavior found. 
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Figure 2.4. Histogram of the individual pulse energies ui, vi+1, interfering pulse energy ui
(out)

 and the noise 
introduced by the photodiode. On account of the DC offset introduced by the photodiode, an offset has 
been introduced in the horizontal axis only for visualization purposes. 

From now on, we will be working at 100 MHz with both LD. The experimental setup remains 
identical except for the length of the PMF forming the MZI (2 m) according to Eq.(2.2). Next, 
we will briefly describe and show the results obtained for this LD at this new frequency. 
 
The followed procedure has been the same described for 50 MHz. It has been seen the 
maximum normalized variation of the interfered pulse is achieved for the lowest DC bias 
current possible. Therefore, bias current is set at 10.5 mA. On account of the same reasons 
explained above in this section, frequency is fixed at 100.7 MHz, where the interference 
achieved is maximal. In order to check the normalized energy variation of the output pulse, the 
frequency is shifted to some values around 100.7 MHz, obtaining 
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Figure 2.5. Measured normalized energy variation of successive pulses as a function of the frequency. 
Data shows the largest variation at 100.7 MHz since DC bias current and mod set have been established 
for these parameters. 

According to the present configuration, the largest normalized pulse variation is achieved at 
100.7 MHz. Despite of that, this value maybe it is not the maximum; however it is already 
useful for our aim. 
 
The total energy distribution is observed in Fig. 2.6. 
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Figure 2.6. Histogram of the individual pulse energies ui, vi+1, interfering pulse energy ui

(out)
 and the noise 

introduced by the photodiode. On account of the DC offset introduced by the photodiode, an offset has 
been introduced in the horizontal axis only for visualization purposes. 

The histogram of the interfered pulse has not become as wide as when working at 50 MHz, 
being the relationship between the input and the output pulses lower (approximately 4). 
Nevertheless it is enough for our purpose. As it can be observed, the most likely values of the 
pulse amplitude are the smaller, decreasing when they become higher.  
 

2.3 Mitsubishi FA-68PDF Distributed Feedback Laser Diode  

Expecting identical results, Mitsubishi FA-68PDF DFB LD (λ=1561 nm) is now tested. Our aim 
consists in finding the broadest energy distribution of the interfered pulse.  
 
Bias current is set at 18.4 mA, a value below its threshold current of 25 mA. On account of the 
same reasons explained in section (2.2), the frequency is fixed at 100.7 MHz. The frequency 
where the largest interference takes place depends on the interferometer used. Little 
variations on its length may cause not to find the maximum at 100.7 MHz. This is because the 
repetition rate would not match the relative delay of the two arms. In this case, the same PMC 
has been employed.  
 
A scan is done in order to find the bias current value that maximizes the widening of the 
energy distribution. The result is shown in Fig. 2.7.  
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Figure 2.7. Measured normalized energy variation of successive pulses as a function of DC bias current. 
The data shows the largest variation of the output pulses for the lower DC current values.  

The graphic shows the same behavior that the LD at 1552 nm. The lower the DC bias current is, 
the wider pulse variation we get. According to the graphic, the bias current is set at 10.78 mA 
(being the DC threshold current 25 mA). This value corresponds to the minimum possible that 
the laser driver allows us to use. The mod set parameter is established at a proper value next 
to its maximum. 
 
For finding the wider normalized energy distribution of the interfered pulses, a scan in 
frequency around 100.7 MHz is done. Figure 2.8 shows the result. 
 

 
Figure 2.8. Measured normalized energy variation of successive pulses as a function of the frequency. 
Data shows the largest variation at 100.7 MHz since DC bias current and mod set have been established 
for these parameters. 
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The maximum pulse variation is also found at 100.7 MHz. If more measures are done, may be 
another value appears having a larger variation. However, it will be around 100.7 MHz.   

 
Only the histogram of the energy distribution for the different pulses remains to be done. 
Using the configuration explained, the result obtained is shown in Fig. 2.9. Once again, this 
setup works properly. Because of the interference phenomena, the energy of the input pulses 
has been redistributed at the output of the MZI. Despite it is not a perfect uniform distribution, 
it can be approximated. The widening of the output pulse has been achieved, since it is 
approximately 5 times larger than the input pulses. 
 
In order to quantify the noise effects introduced by the photodiode in the measure, Fig.2.9 
shows its energy distribution. Since it is very narrow, it does not have a relevant effect on the 
result obtained, such as happened when working with the other LD.  
 

 
Figure 2.9. Histogram of the individual pulse energies ui, vi+1, interfering pulse energy ui

(out)
 and the noise 

introduced by the photodiode. On account of the DC offset introduced by the photodiode, an offset has 
been introduced in the horizontal axis only for visualization purposes. 

 

2.4 Results analysis  

The pulse energy histograms represented in Figs. 2.4, 2.6 and 2.9 are the interfered outputs of 
the two input optical pulses at the MZI. As seen in Eq.(1.12), the total wave function of the 
interfered pulse is the superposition of the complex fields of each input pulse. 
 
The superposition principle does not apply to the optical intensity. The intensity of the sum of 
the two waves is not the sum of their respective intensities. A basic study of this principle is 
carried out below. If the optical pulse energy distribution was interpretated by adding directly 
the mean energy of the individual pulses. 
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For the laser working at λ=1552 nm and 50 MHz (Fig.2.4), 
 

                               
                                                                  

The broadening achieved is larger than 0.3 pJ. If different amplitudes are added following the 
superposition principle and the total is squared to compute the intensity Eq.(1.13-1.14), 
 

            
                                

 
               

 
                      

A larger broadening is achieved, being closer to the theoretical interference value. 
 
Moreover, operating at 100 MHz (Fig. 2.6), the sum of the energies is 
 

                               
                                                                  

while the maximum broadening expected for the sum of the amplitudes squared 

           
                                 

 
               

 
                     

The interfered pulse energy is proportional to the intensity. Its expression at the output port of 
the MZI is given by Eq. (1.30). Particularizing for the setup used, 
 

                             
                                                                  

 

In Eq.(2.7)    
    is the interfered pulse energy,    and      are the individual pulse energy at 

the short and long arm of the MZI respectively, and               is the phase introduced by 

the delay loop. 
 
The expand of the interfered energy distribution achieved is lower than the expected values 
calculated above (Eq. 2.4 and Eq. 2.6 respectively). Those expected values consider that the 

visibility         , and                     are unity.  

 

From the maximum value of the   
    distribution and the mean energy values of the individual 

pulses (       ), we can estimate the interference visibility. Considering a uniform 

distribution, the maximum of   
    is taken close to the extreme upper values. If the laser is 

working at 50 MHz                 ; while if it is operating at 100 MHz               . 

 
A similar analysis for the other laser (λ=1561 nm) was carried out (Fig. 2.9) and similar results 
were achieved. By adding directly the mean energy of the individual pulses 
 

                               
                                                                  

the broadening obtained is larger than 0.55 pJ. While adding the square root of the mean 
energy of the pulses and afterwards squaring it 
 

           
                                 

 
              

 
                      

the maximum distribution value is 1.1 pJ. The achieved is lower than 1.1 pJ because the 
interference visibility degree is lower than one. The estimated interference visibility value is 

                . 



44 
 

 

 
The first two terms in Eq.(2.7) remain unchanged whereas the last term oscillates. The 
interference between the two complex fields produces the different energy values. It ideally 
would go from constructive (        to destructive interference (       . Interference 
can be controlled by changing the delay between optical pulses, or in other words, varying the 
path length. It gives a measure of the coherence between the optical fields.  
 
The other term causing the energy variation is the visibility. It is related to the cross-correlation 
function of the two individual pulses. Therefore, any dissimilarity between the optical fields 
will decrease the visibility from the ideal. As mentioned in Sec. 1.1.5, the broadest energy 
distribution is achieved at          

 
The visibility values obtained with the two LDs and pulse repetition frequencies are different. 
In part, differences can be explained since the two LD are disctinc. Therefore, they have similar 
but not the same internal lasing characteristics. Furthermore, even when a LD is working at a 
different pulse repetition frequency, it does not behave the same. The least performance is the 
LD at 1552 nm, 100 MHz. In this case, pulse “i” and “i+1” of the optical pulse train are not 
similar largely. 
 
It is also important to remark the limited available laser driving capabilities. Current driving of 
the LD is a very important step in the process. The laser driver used is a circuit controlling the 
electric current provided to the LD through the digital input data. As mentioned before, the 
laser driver current is modulated by a train of electrical pulses generated by a waveform 
generator. These pulses are the input data to the laser driver. The electrical pulses generated 
with the waveform generator are not the same modulating in current the LD. It is important to 
understand that the waveform generator can set pulses with certain characteristics, but they 
are not directly translated to the pulses the driver generates.  If a more complex or advanced 
driving system was used, results could improve. It would allow controlling the pulse 
characteristics in a more accurate way. More precisely, allowing to adjust the pulse shape, i.e. 
the rise, high and fall time, leading to better results.  
 

2.5 Conclusions 

It has been demonstrated that setting the DC bias current below the LD threshold, leads to a 
wider energy distribution of the interfered pulses. By using this technique (Sec. 1.2), the 
optical pulses of the pulse train generated have randomized phases. The phase was measured 
through an interferometric setup. As subsequent pulses have random phases, the interference 
between them is different from one pulse to another. The broadening of the interfered pulse 
energy distribution represents the different interferences achieved for each pair of pulses. 
Since the energy broadening of the output pulse is higher than that of the input pulses, results 
are satisfactory.  
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3 SHG with phase randomized pulses 

It is presented the second harmonic generation results for two lasers working in continuous 
and in pulsed regime, at 1552 nm and 1561 nm. It is also analyzed the temporal and spectral 
characteristics of the laser sources at around 1550 nm before, and after amplifying the signal 
with the EDFA. Finally, the CW and pulsed temporal and spectral characteristics of the laser at 
780 are studied and conclusions about its efficiency drawn. 
 

3.1 Quasi-Phase Matching 

This section reports on non-linear generation of continuous wave (CW) second harmonic 
generation (SHG). It is based on a laser source at around 1550 nm, as explained in the 
experimental setup in Sec. 1.4 and a bulk non-centrosymmetric crystal embedded in an oven. 

The polarization of the beams is controlled by     (Quarter Wave Plate, QWP) and     (Half 

Wave Plate, HWP) plates and the focusing of the beams into the crystal center is optimized.  
 
Different measurements have been done varying the crystal poling and the temperature to 
observe the SHG. According to Fig.3.1, the poling period of the MgO:PPLN crystal is 
determined by the wavelength of light being used. The crystal temperature can be tuned in 
order to achieve quasi-phase-matching. 
 

Figure 3.1. The crystal used has 5 different poling periods. Nevertheless, only 19.20 μm and 19.50 μm 
periods are used in accordance to the LD’s wavelengths and the range of crystal temperatures. 
  

3.1.1 Working in CW 

In order to have the maximum signal, working in CW regime, it is needed to set the DC bias 
current value of the LDs above threshold. The maximum value allowed by the laser driver is 
114.15 mA for the 1561 nm laser and 104.7 mA for the 1552 nm laser.  

The followed procedure was to heat the crystal around a temperature where the SHG is 
achieved depending on the wavelength. Then, the crystal alignment is modified looking for the 
poling that gives the larger signal. The output signal is measured using a power meter at 780 
nm. Once the SHG is achieved, the optimum temperature can be determined by heating the 
crystal slightly higher than the previous temperature and then allowing the crystal to cool 
down while monitoring the output power.  
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Some examples of the results obtained follow.  

                                                  
                            
                            

Table 1. Experimental results obtained in a particular realization. Having the oven at room temperature 
        the second harmonic power for the laser at 1552 nm is 2.37 μW. The second harmonic for the 
other laser (1561 nm) is achieved by increasing the temperature to     . If a mechanical variation of the 
crystal position is done and the polarization of the beam is slightly modified, the SHG power for the laser 

working at 1561 nm increases. Looking at the results, it can be drawn that the poling used is 19.50 μm. 

                                                    
                             
                             

Table 2. Experimental results obtained in a particular realization. Heating the crystal at        and 
tuning the temperature to the poling and 1552 nm wavelength, the second harmonic power achieved is 
         If the temperature is increased to       and the wavelength is changed  a SHG power of 
        is achieved. Looking at the current working temperature values, it is observable that the poling 
used corresponds to         . 

Setting the oven’s at the proper temperature, adjusting mechanically the crystal’s position and 
the beam polarization, it is achieved the SHG. From the results, it can be seen how changing 
the temperature for a particular poling and wavelength, the SHG power decreases abruptly. 
Matching the temperature in which the SHG is obtained with the wavelength used, the poling 
can be inferred. According to Fig. 3.1, the temperature values when SHG happens match with 
the expected ones.  

Figure 3.2 shows graphically the results obtained using the 19.50    poling.  
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Figure 3.2. It is observable the generation of the second harmonic using the poling of 19.50 μm. For the 
LD working at 1552 nm, it is achieved a maximum of 250 nW at around 25  . For the LD at 1561 nm the 
maximum obtained is 164 nW at around 95  . Both results exhibit low power conditions. It is difficult to 
obtain an appropriate figure under 25   for the SHG at 776 nm (LD working at 1552 nm). The oven does 
not cool under this temperature. 

Figure 3.3 represents another result obtained for the 19.20    poling. 
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Figure 3.3. It is observable the generation of the second harmonic using the poling of 19.20 μm. For the 
LD working at 1561 nm, it is achieved a maximum of 2.20 μW at around 160  . For the LD at 1552 nm 
the maximum obtained is 1.29 μW at around 100  . It is difficult to obtain an appropriate figure above 
160   for the SHG at 780.5 nm (LD working at 1561 nm). The oven has difficulties to heat above this 
temperature. 

Fig. 3.2 and Fig. 3.3 are experimental realizations for the SHG which values do not correspond 
with those shown in Table 1 and Table 2. Both poling are useful to obtain the SHG. The 
temperature dependence of conversion efficiency follows a sinc2 function, describing the 
crystal temperature acceptance bandwidth. The longer the crystal, the narrower and more 
sensitive the acceptance bandwidth is. In both Fig. 3.2 and Fig. 3.3, it is observable that the 
acceptance bandwidth is around 3  . If the temperature is shifted beyond this value, the 
efficiency of the phase matching and therefore of the SHG decreases abruptly. In many cases 
the efficiency of the nonlinear interaction is very sensitive to within a few Celsius degrees. 

The polarization was oriented with the QWP and the HWP, to obtain the higher signal with the 
LD working at 1552 nm. They were not modified to obtain the SHG of the LD at 1561 nm. If the 
QWP and the HWP were modified at the temperature where the SHG (1561 nm LD), it would 
be obtained a slightly higher power value. A waveplate works by shifting the phase between 
two perpendicular polarization components of the light wave. A typical waveplate is simply a 
birefringent (two different refractive index) crystal with a carefully chosen orientation and 
thickness. Depending on this refractive index, the polarization affects in a different way the 
beams. 

3.1.2 Working in pulsed regime 

Alike when measuring in CW regime, the followed procedure is maintained unalterable. The 
only difference is the DC bias current, which is set below the DC bias current of the LDs, at the 

http://en.wikipedia.org/wiki/Phase_%28waves%29
http://en.wikipedia.org/wiki/Birefringence
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minimum value the laser driver allows (10.84 mA the 1552 nm LD, and 10.78 mA the 1561 nm 
LD).  

Depending on the LD being used, the crystal is heated around the temperature where the SHG 
is achieved according to Fig. 3.1. Then, the poling of the crystal and the polarization of the 
beam are tuned, looking for the higher optical power. Data is recorded through a power meter 
at 780 nm. In order to assure the maximum output power is achieved with the chosen poling, 
the crystal is heated slightly above the previous temperature. Then, we let it to cool down 
while monitoring the output power. This way, the temperature which boosts the higher 
efficiency is established.  

A scanning of the SHG optical output power for both LDs as a function of the temperature 
follows.  

 
Figure 3.4. SHG optical power working in pulsed regime. It is observable the generation of the second 
harmonic using the poling of 19.50 μm. For the LD working at 1552 nm, it is achieved a maximum of 17.5 
μW at around 25  . For the LD at 1561 nm the maximum obtained is 136 μW at around 95    It is 
difficult to obtain an appropriate figure under 25   for the SHG at 776 nm (LD working at 1552 nm). The 
oven does not cool under this temperature. 

Figure 3.4 depicts the SHG optical output power for both LDs. According to previous CW 
measurements, the SHG for the 1552 nm LD is found when the crystal’s temperature is 
around     . Then, the poling and the beam’s polarization are tuned mechanically until the 
maximum output power is achieved. If temperature conditions are slightly changed, the 
efficiency decreases abruptly. The acceptance bandwidth is approximately around   . It also 
can be observed from Fig.3.4 how there is secondary peak at    . It corresponds to a low 
initial SHG for the         poling with the 1552 nm LD. 
 
If the crystal is heated at     using the same poling, and the QWP and HWP are slightly 
oriented, the SHG for the 1561 nm is achieved. The acceptance bandwidth for this realization is 
around 4 . The decrease of the PM efficiency with these conditions is more evident than in 



50 
 

 

previous occasions. The maximum achieved        ) is far from all the other values which 
are practically negligible.         
 
Figure 3.5 shows the SHG for           poling. 

 
Figure 3.5. SHG optical power working in pulsed regime. It is observable the generation of the second 
harmonic using the poling of 19.20 μm. For the LD working at 1552 nm, it is achieved a maximum of 13.6 
μW at around 100  . For the LD at 1561 nm the maximum obtained is 121 μW at around 160    It is 
difficult to obtain an appropriate figure above 160   for the SHG at 780.5 nm (LD working at 1561 nm). 
The oven has some difficulties to achieve this temperature. 

Analogously to the previous case, in order to achieve SHG for the 1552 nm LD, the 
temperature is established at 100 . Tuning the poling and orienting the polarization, the SHG 
optical power is        . The SHG for the 1561 nm LD is achieved heating the crystal to 160  
and slightly modifying the beam’s polarization. The acceptance bandwidth for both LDs is 
maintained like in previous realizations, being around   . From the results can be observed 
how sensitive is PM, and thus the efficiency, to variations of temperature. In addition, looking 
the temperatures where SHG occurs, it can be concluded the poling being used is   
       . 
 

3.2 Spectral and temporal measurements 

A laser can be classified as operating in either continuous or pulsed mode, depending on 
whether the power output is essentially continuous over time, or whether its output takes the 
form of pulses of light.  
 
Radiation from lasers is different from conventional optical light because it is approximately 
monochromatic. Although each laser has its own fine spectral distribution and noise 
properties, the electromagnetic fields from lasers are considered to have precise phase and 
amplitude variations. 
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The output beam from a laser consists of an electromagnetic radiation confined in a very 
narrowband spectrum. An ideal laser consists almost entirely of a single frequency.  
 

3.2.1 CW spectral measurements 
 
Some applications of lasers depend on a beam whose output power is constant over time. The 
emission can occur in a single resonator mode or in multiple modes. Nevertheless, both cases 
will present intensity oscillations at the output that will not be able to be followed (resolved) in 
time by any photo-detector. Hence, the laser power or intensity measured is constant since it 
refers to average values.   
 

3.2.1.1 CW spectral measurements before the EDFA 
 
Figure 3.6 depicts the spectrums of the LDs at 1552 nm and 1561 nm. Measures have been 
done using an optical spectrum analyzer (OSA). Its wavelength measurement range goes from 
600 nm to 1700 nm, and it has a wavelength resolution of 0.02 nm.  

Figure 3.6. Spectrum of the LDs centered at 1552 nm (blue curve) and 1561 nm (green curve) working in 
CW. Bias current is set at the maximum the laser driver allows (104.7 mA and 114.15 mA respectively). 
The output power is 7 dBm and 12.2 dBm respectively. Reference level is +15 dBm and span is 60 nm for 
both lasers.  

 
Figure 3.6 shows the characteristic spectrum of two lasers. It is often thought of the laser 
spectrum as single, sharp and well-defined wavelength. Indeed, compared to the emission 
characteristics of an incoherent source, it is, but under closer examination it can be seen that a 
laser line does have a finite bandwidth. In this experimental setup, both lasers present a very 
high spectral purity. They have a narrow peak centered at the wavelength they are expected. 
There are no other modes propagating outside the cavity. Operating under the same 
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conditions, the LD at 1561 nm has a higher output power. A DFB LD is a laser cavity that allows 
developing different laser modes inside the gain profile. Nevertheless, by its internal 
characteristics, it removes all the modes within this gain profile but one. There is only a single 
resonator mode at the cavity output. From measurements, it is interesting to observe the side 
mode suppression ratio (SMSR) is above 40 dB. 
 

3.2.1.2 CW spectral measurements after the EDFA 
 
When the EDFA is fed by a signal, the output consist of a large amount of signal seen as a spike 
at the current working wavelength (the input signal is highly amplified). Nevertheless, there is 
not only signal at the output. The observed output shows the background noise around the 
spike at 1552 or 1561 nm, known as amplified spontaneous emission (ASE). As it was seen is 
Sec. (1.3), the EDFA does not present a uniform gain profile along its bandwidth.  
 
Figure 3.7 depicts the CW spectral measurements of both lasers after amplification. 

 
Figure 3.7. Spectrum of the LD’s at 1552 and 1561 nm in CW after being amplified by the EDFA. The 
output power of the laser at 1552 (blue curve) is 15 dBm while the output power of the laser at 1561 nm 
(green curve) is 18 dBm. Bias current is set at the maximum the laser driver allows (104.7 mA and 
114.15 mA respectively). Reference level is set at 28 dBm and the span is 80 nm. 

Working in CW, the gain after the EDFA is 15 dBm for the LD at 1552 nm and 18 dBm for the LD 
at 1561 nm. The amplification that the EDFA applies to the different signals depends on the 
EDFA’s gain bandwidth, being lower for the LD at 1552 nm. The SMSR in CW regime is 
maintained at around 40 dB. 
 

With no EDFA Power in CW 

λ = 1552 nm 7 dBm 

λ = 1561 nm 12.2 dBm 
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Table 3. Output power values of the LDs before being amplified by the EDFA. Due to there are no other 
methods available, these power values have been measured with the OSA. 1561 nm LD is a powerful LD 
compared to 1552 nm LD. 

 

With EDFA Power in CW 

λ = 1552 nm 15 dBm 

λ = 1561 nm 18 dBm 
 

Table 4. Output power values of the LDs after being amplified by the EDFA. Due to there are no other 
methods available, these power values have been measured with the OSA. The EDFA introduces a higher 
gain (8 dB) to the 1552 nm LD compared to the 1561 nm LD (5.8 dB). 

 

3.2.1.3 SHG in CW 
 
Once the laser beam is properly focused into the center of the crystal, first step to generate 
the second harmonic is setting the adequate temperature. The crystal is embedded in an oven 
whose temperature is controlled.  As it was seen previously (Fig. 3.2 and Fig. 3.3), achieving the 
maximum efficiency in SHG depends on the temperature, which depends on the poling 
period  . This way QPM conditions are satisfied. At the crystal output there are two different 
signals: the SHG at around 780 nm, and there is still the pump at 1550 nm. This fact has been 
taken in to account by blocking the pump with an optical filter. In addition to that, all the 
equipment used to take the measures is not able to register the entire range of wavelengths. 
This way, there is no possible power overlap in the data. 
 
Spectral measures have been done with an OSA which wavelength measurement range goes 
from 350 nm to 1000 nm and a resolution of 0.05 nm.     
 
Figure 3.8 shows the SHG for both LDs working in CW. 
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Figure 3.8. Spectrum of the LDs centered at 776.36 nm (blue curve) and 780.97 nm (green curve) 
working in CW. Bias current is set at the maximum the laser driver allows (104.7 mA and 114.15 mA 
respectively). The power at 776.36 nm is -30.07 dBm and -25.08 dBm for the laser at 780.97nm. The 
span is 10 nm for both LDs.  

 
Using the LD at 1552 nm in CW, the oven’s temperature is set at 25 . At this temperature the 
poling which is needed corresponds to 19.5 μm. A power meter is used to observe the output 
power at the interested wavelength. Choosing the crystal poling until the desired one is found 
provokes an increment in the output power. Finally, the beam polarization is modified through 
the QWP and the HWP. This fact also improves the conversion efficiency. 
 
Similarly, the same procedure is repeated for the LD at 1561 nm. The oven’s temperature is set 
at 95  and the poling is maintained. At this temperature, the measured output power at 780 
nm reaches its maximum. Adjusting by fine tuning the QWP and the HWP the maximum 
efficiency for this realization is achieved. 
 
Figure 3.8 depicts the power coupled from free space to a multimode optic fiber. In other 
words, all the power resulting from the SHG is not represented in the figure. Only it has been 
possible to couple 52 % of power for the LD at 1552 nm, and 48 % for the LD at 1561 nm. Both 
the SNR as the SMSR are about 30 dB for 1551 nm LD and 1561 nm LD. Finally, the CW regime 
efficiency with this poling is, 
 

                   Efficiency ( ) 

                               

                               
 

Table 5. Input and output optical averaged power values for both LDs achieved working in CW regime 

with           poling.  Efficiency is obtained by taking in account    
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The results obtained are far from those expected whose are around 5 %. Nevertheless, we are 
certainly sure that these results are approximately an order of magnitude higher.  
 
Figure 3.9 shows the SHG for both LDs working in CW but with another poling period. 

 
Figure 3.9. Spectrum of the LDs centered at 776.44 nm (blue curve) and 780.67 nm (green curve) 
working in CW. Bias current is set at the maximum the laser driver allows (104.7 mA and 114.15 mA 
respectively). The power at 776.44 nm is -31.44 dBm and -25.97 dBm for the laser at 780.67nm. The 
span is 10 nm for both LDs. 

This realization only differs from the previous one in changing the crystal’s temperature. 
Heating the oven until 100  provokes achieving the proper temperature to generate the SHG 
for the LD at 1552 nm. To adequate the poling (         ) by changing mechanically the 
oven’s position and looking for the correct polarization through the QWP and the HWP are the 
only facts remaining. The procedure is repeated for the LD at 1561 nm. The oven’s 
temperature is set at 160  and the polarization is slightly modified by the QWP and the HWP 
until the maximum output power is achieved. 
 
The power depicted in Fig. 3.9 is a fraction of the total SHG. The coupled light into the optic 
MM fiber is a 52 % for the LD at 1552 nm and a 43 % for the LD at 561 nm. The efficiency 
achieved working with this poling follows, 
 

                   Efficiency ( ) 

                              

                               
 

Table 6. Input and output optical averaged power values for both LDs achieved working in CW regime 

with           poling.  Efficiency is obtained by taking in account    
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Efficiency results are similar to the obtained working with            Again, we firmly 
believe that these results are an order of magnitude higher. Working in pulsed regime will 
allow to observe how the expected efficiency values are achieved. The SNR and the SMSR are 
about 40 dB for both lasers. 
 

3.2.2 Pulsed regime spectral and temporal measurements 
 
Pulsed lasers are lasers which emit light not in a continuous mode, but rather in the form of 
optical pulses. Hence, optical power appears in pulses of some duration at some repetition 
rate. These pulses can be produced by directly modulating the LD in current. Other methods 
relay in techniques such as mode locking or Q-switching [ref to fundamentals of photonics]. 
 

3.2.2.1 Pulsed regime measurements before the EDFA 
 
The electric pulses to modulate the laser are generated by a waveform generator. This device 
allows controlling the wave shape, the frequency, the amplitude and the width of the data 
pulses. The data output of the waveform generator is a train of pulses at 100.7 MHz and 200 
mV of amplitude. The duration of the electric pulse is   3 ns. However, as it was explained in 
Sec. 2.1, the DFB LD is not modulated directly from the waveform generator but through a 
laser driver.  
 
Analogously to the preceding case, measures have been done using an (OSA). Its wavelength 
measurement range goes from 600 nm to 1700 nm, and it has a wavelength resolution of 0.02 
nm.  
 
Figure 3.10 shows the spectral measurements working in pulsed regime for both LDs. 
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Figure 3.10. Spectrum of the LD centered at 1552 nm (blue curve) and 1561 nm (green curve) working in 
pulsed regime. Bias current is set at the minimum the laser driver allows (10.84 mA and 10.78 mA 
respectively). The output power is -5.4 dBm and -2.3 dBm respectively. Reference level is +15 dBm and 
span is 60 nm. 

The SMSR has decreased if compared with CW regime, being now around 33 dB. The total 
output power is lower in pulsed regime than in CW since the instantaneous power is averaged 
over the whole period (see Fig.3.9). Despite the fact that seems that a side mode appears for 
the 1552 nm LD, it is 30 dB below the fundamental mode. Thus there is only a single mode 
propagating outside the cavity for both LDs. 

Figure 3.11. Temporal measurement of the optical power pulses at the EDFA’s input. Blue curve is for 
the 1552nm LD and the green curve for the 1561 nm LD. On account of the DC offset introduced by the 
photodiode, an offset has been introduced in the vertical axis only for visualization purposes. 

 
From Fig. 3.11, it can be appreciated the 1561 nm is slightly more powerful than the 1552 nm 
LD working in the same conditions. Both have the minimum threshold current (10.84 mA the 
1552 nm LD and 10.78 mA the 1561 nm LD) and the mod set parameter (Sec. 2.2). The width of 
the optical pulses is around 3 ns and the PRF is 100 MHz for both LDs. Measures have been 
done with a photodetector (750 nm – 1650 nm wavelength range) and a fast oscilloscope (200 
MHz bandwidth). 
  

3.2.2.2 Pulsed regime measurements after the EDFA 
 
If working in pulsed regime, the output power after the EDFA is 11 dBm for the LD at 1552 nm 
and 17 dBm for the LD at 1561 nm. LD at 1552 nm has the lower SNR (approximately 10 dB) 
while the LD at 1561 nm has a SNR of 30 dB. 
 
Figure 3.12 shows the pulsed spectral measurements after the EDFA. 
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Figure 3.12. Spectrum of the LD’s at 1552 and 1561 nm in pulsed regime after being amplified by the 
EDFA. The output power of the laser at 1552 (blue curve) is 11 dBm while the output power of the laser 
at 1561 nm (green curve) is 17 dBm. Bias current is set at the minimum the laser driver allows (10.84 mA 
and 10.78 mA respectively). Reference level is set at 28 dBm and the span is 80 nm. 

It can be seen from the results that the gain of the EDFA depends on the working regime of the 
LD and to the wavelength used too. The gain achieved working in pulsed regime is higher than 
working in CW regime (See Table 4 and Table 6). There is a gain of 16.4 dB for the LD at 1552 
nm and a gain of 19.3 dB for the LD at 1561 nm. While in CW regime the gain for the two LD is 
8 dB and 5.8 dB respectively. Therefore, it is more interesting to use the EDFA in pulsed regime 
than in CW since the relative signal amplification is better.  
 

With no EDFA Power in pulsed regime 

λ = 1552 nm -5.4 dBm 

λ = 1561 nm -2.3 dBm 
 

Table 7. Output power values of the LDs before being amplified by the EDFA. Due to there are no other 
methods available, these power values have been measured with the OSA. 1561 nm LD is a powerful LD 
compared to 1552 nm LD. 

 

With EDFA Power in pulsed regime 

λ = 1552 nm 11 dBm 

λ = 1561 nm 17 dBm 
 

Table 8. Output power values of the LDs after being amplified by the EDFA. Due to there are no other 
methods available, these power values have been measured with the OSA. The EDFA introduces a higher 
gain to the 1561 nm LD if compared to the 1552 nm LD (19.3 dB and 16.4 dB respectively). Compared to 
Table 4, it can be seen how the EDFA introduces a higher gain if working in pulsed regime instead of CW 
regime. 
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The maximum output power is lower in pulsed regime than in CW since if working in pulsed 
regime, power is averaged along the whole period. 
 

3.2.2.3 SHG in pulsed regime 
 
To achieve SHG under this new circumstance, the experimental setup is maintained. The only 
thing that changes is the working regime. The electric pulses to modulate the laser are 
generated by a waveform generator. Pulses are configured as in previous situations just to 
define two logical input data for the LD driver. The LD driver is the responsible of modulating 
the LD. The bias current is decreased until the minimum the LD driver allows. 
 
Similarly to the SHG in CW, the spectral measurements have been done with an OSA with 0.05 
nm of resolution and a wavelength range from 350 nm to 1000 nm.  
 
Figure 3.13 corresponds to the same configuration that Fig. 3.8 except for the working regime. 

 
Figure 3.13. Spectrum of the LDs centered at 776.36 nm (blue curve) and 780.67 nm (green curve) 
working in pulsed regime. Bias current is set at the minimum the laser driver allows (10.84 mA and 10.78 
mA respectively). The power at 776.36 nm is –35.69 dBm and -19.76 dBm for the laser at 780.67nm. The 
span is 10 nm for both LDs. 

The methodology is similar to the CW regime. First, the crystal temperature is stabilized at 
25 . Then it is identified the right poling, which matches with the previously used (19.5 μm) in 
CW. Finally, the beam polarization is modified using the QWP and the HWP. SHG power is 
measured using the same power meter than in CW. However, it is needed to take in account 
that this time the recorded data is an average of the total power over the whole period.  
 
Next step in the process is to generate the SH with the LD at 1561 nm. Maintaining the poling, 
the oven’s temperature is increased until 95 . As in previous realizations, if the beam 
polarization of the SHG is adjusted, the output power increases. 
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The coupled light shown in Fig. 3.13 is the 50 % for the LD at 1552 nm and the 61 % for the LD 
at 1561 nm. This fact, in addition to the LD at 1561 has a higher output power, provokes the 
highest difference in the SH output power of all the results shown. The SNR is around 30 dB for 
both LDs. 
 
Simultaneously, temporal measurements for the SHG are taken without tuning the crystal 
temperature or changing the established poling (         ). These measures have been 
done with a photodetector (200 nm – 1100 nm wavelength range) and a fast oscilloscope (200 
MHz bandwidth). 

 
Figure 3.14. Temporal measurements of the SHG optical pulses for the 1552 nm and 1561 nm LDs 
working in pulsed regime. The poling is established at        μ  and each wavelength has its 
corresponding temperature (25  and 95  respectively) for an efficient SHG. On account of the DC 
offset introduced by the photodetector, an offset has been introduced in the vertical axis only for 
visualization purposes. Both signals show a 100 MHz PRF and a pulse width of 5 ns approximately. Since 
the photodetector filters the signal, it is only observable the first harmonic component of the input 
pulses. This way, the result is a sinusoidal wave. 

The crystal’s output signal consists on a periodical train of optical pulses. Through Fourier 
analysis, any signal can be decomposed as an infinite summation of sinus and cosines, being 
each component of the summation a signal harmonic (multiple of the fundamental harmonic). 
Figure 3.14 does not represent a train of optical pulses since the photodetector filters the 
signal (its bandwidth is 150 MHz). Some of the harmonics forming the original signal have 
vanished remaining only the first, giving as a result a sinusoidal wave of 100 MHz (first 
harmonic) for both LDs.  
 
The little displacement between the two signals corresponds to the capture moment of the 
oscilloscope when effectuating the measurement. Both waves have the same PRF thus they do 
match. Another possible cause is the different widening affecting the two input pulses. 
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The averaged optical power data measured is       for the 1552 nm LD and        for the 
1561 nm LD. Temporal pulses in Fig. 3.12 does not match with these values owing to the fact 
that it has to be taken in account the responsivity of the photodetector. In addition to that, the 
temporal measurements were also averaged with the oscilloscope since the sinusoidal wave 
fluctuated in amplitude. 
 
The efficiency achieved working with this poling is highly satisfactory. In accordance with the 
expression of the efficiency given in Sec. 1.4.5,  
 

                   Efficiency ( ) 

                              

                              
 

Table 9. Input and output optical averaged power values for both LDs achieved working in pulsed regime 

with           poling. Efficiency is obtained by taking in to account    
    

   
   Efficiency results 

achieved agree with the expected ones whose are around a 5 %/W.  

 
Finally, Fig. 3.15 depicts the SHG for both LDs working in pulsed regime.  

 
Figure 3.15. Spectrum of the LDs centered at 776.36 nm (blue curve) and 780.67 nm (green curve) 
working in pulsed regime. Bias current is set at the minimum the laser driver allows (10.84 mA and 10.78 
mA respectively). The power at 776.36 nm is –29.96 dBm and -20.23 dBm for the laser at 780.67nm. The 
span is 10 nm for both LDs. 

Newly, QPM conditions imply to tune the crystal temperature and to choose the correct poling 
period by moving mechanically the oven. For the LD at 1552 nm the oven’s temperature is set 
at 100 , the poling is established at           and the QWP and the HWP give to the 
beam an appropriate polarization. During the procedure, the average SHG power is measured 
with a power meter. 
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Without varying the poling, the temperature is increased until 160 . SHG for the LD at 1561 
nm is achieved. The SH power increases by fine tuning of the QWP and the HWP. 
 
The spectrum showed in Fig. 3.15 corresponds to the light coupled into the optic fiber and 
recorded by the OSA. This is the 49 % of the total amount for the LD at 1552 nm and the 43 % 
for the LD at 1561 nm. SNR is about 30 dB for the LD at 1552 nm and around 35 dB for the LD 
at 1561 nm. 
 
As in the previous case, temporal measurements for both LDs are obtained (          . 
Measurements have been done with using the same photodetector and oscilloscope than in 
Sec. (3.2.2.1). Figure 3.16 shows the SHG at the crystal output as a sinusoidal wave whose PRF 
is 100 MHz. Newly, it is observable the effect of the photodetector filtering the signal. Hence, 
the sinusoidal signal represented corresponds to the first harmonic of the input pulses.    

 
Figure 3.16. Temporal measurements of the SHG optical pulses for the 1552 nm and 1561 nm LDs 
working in pulsed regime. The poling is established at        μ  and each wavelength has its 
corresponding temperature (100  and 160  respectively) for an efficient SHG. On account of the DC 
offset introduced by the photodetector, an offset has been introduced in the vertical axis only for 
visualization purposes. Both signals show a 100 MHz PRF and a pulse width of 5 ns approximately. Since 
the photodetector filters the signal, it is only observable the first harmonic component of the input 
pulses. This way, the result is a sinusoidal wave.    
 

As in Fig. 3.15, the PRF is 100 MHz for both LDs. They do not match because of the capture 
moment of the oscilloscope or the different widening of the output pulses. 
  
The efficiency achieved with           poling in pulsed regime shows values around the 
expected ones (approximately 5 %). 
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Table 10. Input and output optical averaged power values for both LDs achieved working in pulsed 

regime with           poling.  Efficiency is obtained by taking in to account    
    

   
   Efficiency 

results achieved agree with the expected ones whose are around a 5 %/W. 

 
In pulsed regime (when modulating a laser with pulses) the spectrum gets wider in comparison 
with CW regime. However, the OSAs resolution does not allow resolving the spectral 
bandwidths. There is not enough resolution to observe them, neither the input optical pulses 
nor the output optical pulses. The OSA for the measurements of the input optical pulses has a 
resolution of 0.02 nm. Since it is working at around 1550 nm, the frequency resolution is 
approximately 2.5 GHz. The same happens to the recorded measurements with the OSA 
working at 780 nm. This device has a wavelength resolution of 0.05 nm. At 780 nm, the 
frequency resolution is approximately 25 GHz. 
 
In transform limited optical pulses, the minimum time-bandwidth product depends on the 
pulse shape. For Gaussian shaped pulses 
 

            
 
being    the pulse duration (3 ns, see Fig. 3.11). The transform limit (or Fourier limit) is 
understood as the lower limit for the pulse duration which is possible for a given optical 
spectrum of a pulse. A pulse at this limit is called transform limited. This condition basically 
implies that the time-bandwidth product is at its minimum. For a given pulse duration, 
transform limited pulses are those with the minimum possible spectral width. Considering 
transform limited pulses, the expected spectral bandwidth of the optical pulses is 147 MHz (<< 
2.5 GHz or 25 GHz). Hence, with the available OSA resolution it is not possible to resolve the 
spectral bandwidth of the input or the output pulses. 
 

3.3 Conclusions 

It has been shown the use of a periodically poled non-linear crystal for SHG. SHG has been 
successfully achieved working in pulsed regime as well as in CW regime. All the spectral 
measurements were observed at the expected wavelength. No other non-linear effects have 
been noticed during the experimental realizations. 
 
It has been proved that the efficiency of the generated new optical frequencies depends 
critically on the matching of the interacting waves’ phase velocities. Changing the poling, or 
shifting the temperature within a few Celsius degrees, provokes an abruptly decrease of the 
SHG efficiency. The efficiency conversion for both LDs is the expected (5 %/W) for the pulsed 
regime, achieving even higher values in some particular cases. The efficiency for CW regime is 
below the expected, although we firmly presume they are one order of magnitude higher. Due 
to the imbalance in the size of the alternating poling domains of the crystal, a larger spectral 
bandwidth increases the conversion efficiency. As a result, non-linear effects are more 
favorable in pulsed regime, because of this spectral enhancement, than in CW regime. 
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Both polings used fulfill the QPM conditions similarly in terms of efficiency. Nevertheless, 
poling           is chosen because of more appropriate operational settings. It is easier to 
work with lower temperature values since they are more suitable to achieve. In addition to 
that, the efficiency values are slightly higher too.    
 
The EDFA introduces, to both signals, a gain which allows a proper operation mode either 
pulsed and CW regime. The SNR has values around 30 dB after being amplified, thus it allows 
working with proper optical power conditions. Besides, it has been proved experimentally that 
the gain introduced by the EDFA depends on the working regime of the LD and the wavelength 
used. Evaluating the relative signal gain between both working regimes, it can be concluded 
that it is more interesting to use the EDFA in pulsed regime. The output power values are 
similar in both working regimes; nevertheless, pulsed regime allows having output signals with 
much lower input optical power.   
 
Finally, the crystal’s optical input signal, working in pulsed regime, is a train of pulses with a 
PRF of 100 MHz. Yet, it is observable that temporal SHG measurements show a sinusoidal 
wave, instead o a pulse-like shape, with 100 MHz of PRF. Hence, a spectral bandwidth filtering 
takes place at some device of the setup. Apparently, the SHG bandwidth is much larger than 
the spectral bandwidth of the input optical pulses. Taking this fact into account, the limiting 
factor in terms of bandwidth is introduced by the photodetector (150 MHz). The sinusoidal 
wave is the result of filtering the signal; corresponding its PRF to the first harmonic of the input 
train of optical pulses at this same PRF. According to this, the crystal is not the limiting factor in 
terms of bandwidth, so it allows working with the necessaries input pulses.   
 
The successful evaluation of the SHG performance, both for the non-linear crystal and LD, will 
facilitate further investigation on other non-linear processes. 
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4  SFG with phase randomized pulses 

Using a similar structure as in Chapter 3, it is presented the sum-frequency generation results, 
in CW and in pulsed regime. Spectral characteristics at 1550 nm are studied. It is also a fact of 
interest the effect induced by the EDFA to the input signals. Besides, the sum-frequency 
generation spectral and temporal characteristics for two polings are analyzed and discussed.       
 

4.1 Previous considerations about EDFA in CW 

Frequency conversion using a non-linear crystal necessitates, as seen, QPM. When QPM 
conditions are satisfied, the process becomes efficient. Thus, the main objective is to find out 
the poling, and therefore the temperature, where SFG takes place. Taking in consideration 
previous measurements and results in Chapter 3, both facts can be found easily. 
 
Depending on the working regime of the LDs, the DC bias current requirement is established 
according to it. Until now, if working in CW the DC bias is set at 104.7 mA for the 1552 nm LD 
and 114.15 mA for the LD at 1561 nm. 
 
Figure 4.1 depicts the input signal spectrum for both LD beams, working at the same time, into 
the EDFA. It corresponds to the used configuration for SHG in CW regime. All the spectral 
measurements have been done with an OSA having a wavelength measurement range going 
from 600 nm to 1700 nm and a resolution of 0.02 nm. 

Figure 4.1. Spectrum of the LDs centered at around 1552 nm and 1561 nm working in CW at the same 
time. Bias current is set at the maximum the laser driver allows (104.7 mA and 114.15 mA respectively). 
The output power is 5 dBm and 10 dBm respectively. Reference level is +10 dBm and span is 15 nm. 



66 
 

 

From Fig. 4.1 can be observed that the two LDs have not the same output power. This fact is 
more observable when the EDFA intervenes. In Sec. 1.3 was seen the EDFA does not amplify 
equally along its bandwidth range. In addition, this effect is maximized if the two LDs are being 
used simultaneously, as shown in Fig. 4.2.  

 
Figure 4.2. Spectrum of the two LDs at 1552 nm and 1561 nm in CW after being amplified by the EDFA. It 
can be clearly observed how the LD at 1552 nm has a lower output power (-5 dBm) than the 1561 nm LD 
(18 dBm). DC bias current is set at the maximum the laser driver allows (104.7 mA and 114.15 mA 
respectively). The SNR is about 15 dB for the LD at 1552 nm and 38 dB for the LD at 1561 nm. Reference 
level is set at 15 dBm and the span is 15 nm. 

Amplifying two different wavelengths simultaneously using the EDFA causes that they do not 
have the same gain. Therefore, if previously existed an unbalanced input power at the EDFA, at 
its output this imbalance is more evident. It can be clearly seen in Fig. 4.2, the LD at 1552 nm is 
13 dB below the LD at 1561 nm.  
 

CW Regime Power before the EDFA Power after the EDFA 

                     
                      

 

Table 11. Comparative, for both LDs, of the output optical power before and after amplifying with the 
EDFA. If using the two LDs at the same time, the gain introduced by the EDFA is different depending on 
the wavelength. More gain is allocated into the LD at 1561 nm than into the 1552 nm LD (+8 dB and -10 
dB respectively). 

In order to avoid this situation and having a balanced system after the EDFA, the power of the 
LD at 1561 nm is decreased. Its DC bias current is established at 15 mA (below its DC threshold 
current of 25 mA). This value has been achieved by monitoring the output power after the 
EDFA and decreasing the DC current of the 1561 nm LD until the power for both LDs is equal.  
 
Figure 4.3 shows the spectrum of the two LDs having the same optical power. 
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Figure 4.3. Balanced spectrum of the two LDs at 1552 nm and 1561 nm in CW after being amplified by 
the EDFA. Both LDs have the same output power (12.3 dBm). DC bias current is set at the maximum the 
laser driver allows for the LD at 1552 nm (104.7 mA) and 15 mA for the 1561 nm LD. The SNR is about 20 
dB for both LDs. Reference level is set at 15 dBm and the span is 15 nm. 

The lesser the output power of the LD at 1561 nm is, the more gain is allocated to the LD at 
1552 nm. Otherwise, for the same input power, the gains are different.  
 
Finally, Fig. 4.4 depicts the power of the two LDs before the EDFA such that, after being 
amplified, they are equal. It is the configuration used for achieving the SFG working in CW. 
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Figure 4.4. Spectrum of the two LDs at 1552 nm and 1561 nm in CW before being amplified by the EDFA. 
It can be clearly observed how the LD at 1561 nm has a lower output power (-23 dBm) than the 1552 nm 
LD (5 dBm). This way, the power for both LDs after being amplified is the same. DC bias current is set at 
the maximum the laser driver allows for the LD at 1552 nm (104.7 mA) and 15 mA for the 1561 nm LD. 
The SNR is about 50 dB for the LD at 1552 nm and 20 dB for the LD at 1561 nm. Reference level is set at 
15 dBm and the span is 15 nm. 

Despite the 1561 nm has a much lower power than the LD at 1552 nm, the gain introduced by 
the EDFA compensates it and allows working properly. 
 

CW Regime Power before the EDFA Power after the EDFA 

                       
                         

 

Table 12. Comparative, for both LDs, of the output optical power before and after amplifying with the 
EDFA. If using the two LDs at the same time, the gain introduced by the EDFA is different depending on 
the wavelength. More gain is allocated into the LD at 1561 nm (35.3 dB) than into the 1552 nm LD (7.3 
dB). 

Comparing Table 11 and Table 12, it can be seen how the gain introduced by the EDFA, for 
both LDs, is much higher if the power of the LD at 1561 nm is decreased. In addition, it is 
achieved a power balance at the EDFA’s output that allows working properly in terms of SNR 
and finding SFG.  
 

4.2 Working in CW 

Taking in advantage of it is already known the temperature where SHG takes place, and 
consequently the poling, SFG will certainly happen using the same poling than in SHG and 
setting the crystal’s temperature in an intermediate value between SHGs are obtained.  
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First attempts trying to find the SFG were done using the DC bias current at the maximum 
values the laser driver allowed. The followed procedure was to achieve an efficient SHG at the 
lower wavelength (LD at 1552 nm). Then, the other LD at 1561 nm is turned on, and the crystal 
temperature is risen to the point where the SHG for this last LD happens. During the process, 
the SFG output power is monitored. When a slightly increase of the output power is observed, 
approximately around an intermediate value where SHGs happen, it corresponds to a low 
efficient SFG. These measurements were not efficient enough; however, they gave a clue in 
order to find a proper value of the temperature where SFG happens. 
 
It has been seen in Sec. 4.1 how the EDFA introduces a different gain when the two LDs are 
working at the same time. This fact has to be taken into account, since as seen; the EDFA does 
not amplify both signals equally. Differences between the amplified signals are huge if the DC 
bias of the 1561 nm LD is not reduced, allowing to allocate more gain into the 1552 nm LD. The 
proper configuration is established according to Sec. 4.1.  
 
SFG requires using an appropriate poling in order to QPM take place. A method to ensure this 
condition is satisfied is to achieve the SHG with a single LD. Using the LD at 1552 nm, setting 
the crystal’s temperature at around     and modifying the beam’s polarization, the SHG is 
obtained. Then, the 1561 nm LD is switched on and the crystal’s temperature is increased 
to    . While the temperature is rising, the output SFG power is monitored using a power 
meter at       . It is around     where the SFG happens; yet, its output power efficiency 
cannot be still compared with the SHG efficiency of the LD at 1552 nm. Setting the 
temperature at    , varying mechanically the beams’ polarizations (via QWP and HWP) and 
slightly the orientation of the oven, SFG is achieved in similar terms of efficiency than SHG.     
  
Figure 4.5 shows the SFG optical output power as a function of the temperature. From the 
results, it can be conclude the poling is         . 

 
Figure 4.5. It is observable the generation of the sum-frequency generation at     using the 19.50 μm 
poling. The polarization of the beams has been adjusted for an efficient SFG. It can be also appreciated the SHG 
of the individual LDs. SHG happens at around     for the 1552 nm LD and at around     for the LD at 1561 
nm.  
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Similarly, the procedure explained to achieve SFG using the          poling is repeated to 
obtain SFG with          poling.  
 
Figure 4.6 depicts SFG for          poling happening at     . 

 
Figure 4.6. It is observable the generation of the sum-frequency generation at       using the 19.20 μm 
poling. The polarization of the beams has been adjusted for an efficient SFG. It can be also appreciated 
the SHG of the individual LDs. SHG happens at around       for the 1552 nm LD and at around      
for the LD at 1561 nm. 

Figure 4.5 and 4.6 shows that both polings are useful to obtain SFG. SFG efficiency is highly 
related to the temperature the non-linear crystal is. This dependence can be observed when 
shifting the temperature values no more than a few Celsius degrees, describing a       
function. Thus, the efficiency of QPM and so SFG decreases abruptly if there is an 
inappropriate crystal’s temperature. From the results, both experimental realizations show to 
have a temperature acceptance bandwidth of    approximately. The beams polarization is 
adapted in order to have the highest SFG optical power using the QWP and the HWP. Both Fig. 
4.5 and 4.6 also depict the SHG for the two LDs. SHG for the 1552 nm LD is clearly observed 
around the temperature values expected and analyzed in Chapter 3, it happens the same with 
the 1561 nm LD. On the other hand, there is a discrepancy on the efficiency values. While, as 
expected, SHG optical power for the LD at 1552 nm is lower than SFG, SHG for the 1561 nm LD 
is equal or even higher. In order to depict a clearly defined SFG in Fig. 4.5 and 4.6, the 
temperature values where the highest efficiency of SHG for the 1561 nm LD is achieved are not 
shown. It is not important to the main goal of this Chapter since SFG has been obtained.        
 

4.2.1 SFG in CW  
 
SFG working points where QPM conditions are satisfied have been found in Sec. 4.2. So, using 
both LDs with the DC bias current configuration explained in Sec. 4.1, setting the crystal’s 
temperature at     and choosing the           poling, SFG is achieved. In order to improve 
the conversion efficiency, QWP and HWP are adjusted.       
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Spectral measurements have been done with an OSA which wavelength measurement range 
goes from 350 nm to 1000 nm and a resolution of 0.05 nm. 
 
Figure 4.7 shows the SFG working in CW for the          poling.  

 
Figure 4.7. SFG spectrum centered at 778.68 nm using a LD at 1552 nm and at 1561 nm working in CW. The power 
at this wavelength is -33.45 dBm. Reference level is -30 dBm and the span is 5 nm. The SNR is around 27 dB. It can 
be also observed the SHG for the LD at 1561 nm.  

 
Figure 4.7 depicts the power coupled from free space to a MM optic fiber, thus all the SFG 
optical power is not represented. SFG optical power has been measured with a power meter at 
780 nm, achieving a value of     . However, it only has been possible to couple        (64.3 
%). The SFG peak is centered at the expected wavelength (778.68 nm). Moreover, it can be 
also appreciated in Fig. 4.7 the SHG for the LD at 1561 nm. It agrees with finding a high 
efficiency for this LD when approaching, in terms of temperature, to the value when SHG 
happens.  
 

                   Efficiency ( ) 

                               
 

Table 13. Input optical power values for both LDs and SFG optical power achieved working in CW regime 

with          poling. Efficiency is obtained by taking into account    
    

   
 . Since SFG is a second order 

non-linear process, such as SHG, the efficiency value is of the same order of magnitude.  
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Figure 4.8 depicts the SFG working in CW for the          poling. 

 
Figure 4.8. SFG spectrum centered at 778.78 nm using a LD at 1552 nm and at 1561 nm working in CW. 
The power at this wavelength is -37.2 dBm. Reference level is -27 dBm and the span is 5 nm. The SNR is 
around 30 dB if SHG of the LD at 1561 nm is not taken into account. 

This realization only differs from the previous one in changing the temperature of the crystal, 
and therefore, the poling. Temperature is established at     . Then, the poling            is 
adequate by changing mechanically the oven’s position and also it has been looked for the 
proper polarization via QWP and HWP. The SFG peak spectrum is centered at the expected 
value (778.78 nm). Newly, the power shown in Fig. 4.8 is a fraction of the total SFG optical 
power. The SFG optical power measured with the power meter at 780 nm is     . 
Nonetheless, the coupled power is         (72 %). SNR is around 30 dB without taking in to 
account the SHG of the LD at 1561 nm. As seen in Fig. 4.6, if a temperature scanning is done 
next to temperatures where SHG takes place, it can mask SFG in terms of efficiency. Figure 4.8 
shows the SHG for the LD at 1561 nm even when the beam polarization is not optimized to 
generate it efficiently.  
 

                   Efficiency ( ) 

                               
 

Table 14. Input optical power values for both LDs and SFG optical power achieved working in CW regime 

with          poling. Efficiency is obtained by taking in to account    
    

   
 . Since SFG is a second 

order non-linear process, such as SHG, the efficiency value is of the same order of magnitude. 

Efficiency values obtained in Table 13 and Table 14 are very similar despite working with two 
different polings. These results are the same order of magnitude than in SHG with the same 
working regime, and like them, they are one order of magnitude lower than the expected.   
 

4.3 Previous considerations about EDFA in pulsed regime 

Working in pulsed regime requires establishing the DC bias current of the LDs as low as the 
laser driver allows. It corresponds to 10.84 mA to the 1552 nm LD and 10.78 mA to the LD at 
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1561 nm. Using this configuration, we have to deal again with the same situation than working 
in CW regime. The EDFA introduces a different gain depending on the wavelength when the 
two LDs are working simultaneously. 
 
The spectrum of both LDs working at the same time in pulsed regime is depicted in Fig. 4.9. It 
shows the output power of each LD before being amplified by the EDFA. The OSA used is the 
same than when working in CW regime at this wavelength range. 

 
Figure 4.9. Spectrum of the LDs centered at around 1552 nm and 1561 nm working in pulsed regime at 
the same time. Bias current is set at the minimum the laser driver allows (10.84 mA and 10.78 mA 
respectively). The output power is -12 dBm and -5 dBm respectively. Reference level is +11 dBm and 
span is 10 nm. 
 

It has been seen that the EDFA introduces a different gain depending on the wavelength and 
the regime of the LDs. To represent it, Fig. 4.10 shows the optical power after the EDFA for 
both LDs working in pulsed regime with the lowest DC bias current possible.  
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Figure 4.10. Spectrum of the two LDs at 1552 nm and 1561 nm in pulsed regime after being amplified by 
the EDFA. It can be observed how the LD at the lower wavelength presents a weaker output optical 
power than the LD at 1561 nm. DC bias current is set at 10.84 mA for the LD at 1552 nm and 10.78 mA 
for the LD at 1561 nm. The output power is -31.5 dBm and the SNR is around 10 dB (LD at 1552 nm) and 
0.5 dBm and the SNR is 30 dB approximately (LD at 1561 nm). Reference level is set at 8.5 dBm and the 
span is 10 nm. 

As in the case of CW regime, it can be seen from Fig. 4.10 that more gain is allocated to the LD 
at 1561 nm than into the LD at 1552 nm. Nonetheless, the strategy to achieve a balanced 
system, in terms of optical power, after the EDFA is different now from the case presented in 
Sec. 4.1. Working in CW regime allows having a sufficient amount of power along the time. The 
responsible of this behavior is, mostly, the DC bias current value, which is set at the highest 
value possible. Thus an easy way to reduce the LD output optical power is to reduce this 
parameter. On the other hand, working in pulsed regime requires a DC bias current as low as 
possible, being impossible to decrease it anymore. Moreover, one of the goals of this thesis is 
to achieve phase randomized optical pulses. It was seen in Chapter 2 (more specifically in Fig. 
2.2 and 2.7) how the lower the bias current is, the wider the pulse energy variation we get. So, 
increasing the bias current is discarded. At this point, only remains a parameter to obtain equal 
output optical power after the EDFA: the modulation current (mod set) parameter. Changing 
the mod set is a must since it allows controlling the current level injected, per electrical pulse, 
to the LD when it is modulated.    
 
Table 15 shows the gain introduced by the EDFA in pulsed regime for the initial configuration. 
 

Pulsed regime Power before the EDFA Power after the EDFA 
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Table 15. Comparative, for both LDs, of the output optical power before and after amplifying with the 
EDFA in pulsed regime. If using the two LDs at the same time, the gain introduced by the EDFA is 
different depending on the wavelength. More gain is allocated into the LD at 1561 nm than into the 
1552 nm LD (-18.7 dB for the LD at 1552 nm and +5.5 dB for the LD at 1561 nm). 

Figure 4.11 shows the optical power after the EDFA, working in pulsed regime, once the mod 
set parameter has been adjusted. 

 
Figure 4.11. Balanced spectrum of the two LDs at 1552 nm and 1561 nm in pulsed regime after being 
amplified by the EDFA. Both LDs present the same output optical power (8 dBm). DC bias current is set 
at the minimum value the laser driver allows (10.84 mA for the 1552 nm LD and 10.78 mA for the LD at 
1561 nm). Since there is no display available in order to know the RF amplitude value, this parameter is 
established by modifying manually the laser driver of the LD at 1561 nm. The SNR is around 20 dB for 
each LD. Reference level is set at 20 dBm and the span is 10 nm. 

The mod set for the LD at 1552 nm is unalterable, keeping the same configuration during all 
the experimental realizations in the thesis. Otherwise, as it can be observed in Fig. 4.11, the 
mod set parameter for the LD at 1561 nm is highly decreased. Through this, it is achived our 
aim: allocating more gain in to the LD at 1552 nm. This configuration is only suitable when the 
two LDs are working at the same time since the EDFA distributes its gain in a different way 
between them depending on the input wavelengths. If only the LD at 1561 nm is needed (i.e. 
trying to achieve SHG) this configuration would be no useful owing to the fact that there would 
be a very weak signal at the EDFA’s input. It has been achieved a balanced system 
configuration without the need of modifying the DC bias current of the LDs. In addition, 
despite of decreasing the optical power level of the LD at 1561 nm, the system still allows 
working with a SNR of 20 dB with both LDs. 
 
Finally, Fig. 4.12 depicts the EDFA’s input power spectrum such that, after these signals are 
amplified, they are equal at the EDFA’s output. This is the configuration used in pulsed regime 
in order to achieve SFG. 
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Figure 4.12. Spectrum of the two LDs at 1552 nm and 1561 nm in pulsed regime before being amplified 
by the EDFA. It can be clearly observed how the LD at 1561 nm has a lower output power (-28.3 dBm) 
than the 1552 nm LD (-12.5 dBm). This way, the power for both LDs after being amplified is the same. 
DC bias current is set at the minimum the laser driver allows for the LD at 1552 nm (10.84 mA) and 
10.78 mA for the 1561 nm LD. The RF amplitude parameter is set at the same value than in Fig. 4.11. The 
SNR is about 32 dB for the LD at 1552 nm and 20 dB for the LD at 1561 nm. Reference level is set at -4 
dBm and the span is 10 nm. 

 
Table 16 shows the gain introduced by the EDFA in pulsed regime for the currently explained 
configuration. 
 

Pulsed regime Power before the EDFA Power after the EDFA 

                        
                        

 

Table 16. Comparative, for both LDs, of the output optical power before and after amplifying with the 
EDFA in pulsed regime after modifying the mod set. If using the two LDs at the same time, the gain 
introduced by the EDFA is different depending on the wavelength. More gain is allocated into the LD at 
1561 nm than into the 1552 nm LD (36.3 dB and 20.5 dB respectively). 

As when working in CW, it can be seen how the power introduced by the EDFA is much higher 
for both LDs if the power of the 1561 nm LD is decreased. It also allows having a balanced 
system at the EDFA’s output, which is traduced in a more efficient SFG. Comparing the gain 
introduced by the EDFA, according to the working regime and having a balanced system at the 
EDFA’s output, it is observable a slightly increase in the gain for the LD at 1561 nm and a 
notorious increment for the LD at 1552 nm. 
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4.4 Working in pulsed regime 

SFG requires both optic pulses involved to arrive on phase to the crystal’s center. To control 
this fact, it has been added a delay to the pulses generated by the LD at 1561 nm. The electric 
pulses which modulate the LDs are generated by one which waveform generators. Moreover, 
they have to be synchronized by the same clock referecence system. LDs are not modulated 
directly from the waveform generators but through a laser driver. Between the waveform 
generator and the laser driver is introduced a delay line board. The delay line is used in a 
printed circuit board (PCB) to produce a variable control delay between the laser pulses. If this 
device is not present, there is a random phase between the different optical laser pulses. It has 
two different inputs and outputs, so it can work with two different signals. It is able to 
introduce until 6 ns of delay for each port (dual mode). Nonetheless, particularizing in our 
setup, it is only needed a single port. In this case, the delay line board can introduce a total 
delay of 12 ns (extended mode). This total delay will be no used since the PRF of our system is 
only 10 ns. The delay is controlled by introducing manually a number among 0 (0 ns) and 511 
(6 ns) for each input port in the PC program that controls the board.  
 
Figure 4.13 depicts the EDFA output optical pulses after being synchroned. 

 
Figure 4.13. Temporal measurement of the optical power pulses at the EDFA’s output. A delay has been 
introduced to the LD at 1561 nm in order to achieve optical pulses in phase. On account of visualization 
purposes, the gain introduced by the EDFA has been reduced, otherwise the photodiode would saturate.  

From Fig. 4.13 can be observed that the two LDs are in phase. An average of the pulses has 
been done with the oscilloscope for a better representation. The configuration used (DC bias 
current and the mod set parameters) is the established in Sec. 4.3. Nevertheless, on account of 
visualization purposes, the gain introduced by the EDFA for Fig. 4.13 has been decreased. 
Otherwise, the measurement would saturate the photoreceptor. The train of overlapped 
optical pulses has a PRF of 100 MHz and a width of 3 ns as expected. Measures have been 
done with a photodetector (750 nm – 1650 nm wavelength range) and a fast oscilloscope (200 
MHz bandwidth). 
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It is already known the temperature where SFG happens for both polings (Sec. 4.2). Thus the 
crystal temperature is established depending on the poling used,     for the        , and 
     for the          poling. 
 
Figure 4.14 depicts the SFG optical power as a function of temperature working in pulsed 
regime with the         poling. 

 
Figure 4.14. It is observable the generation of the sum-frequency generation at     using the 19.50 μm 
poling. The polarization of the beams has been adjusted for an efficient SFG. It can be also appreciated 
the initial increase of power at around     corresponding to the SHG for the LD at 1561 nm.  

 
Similarly, Fig. 4.15 shows the SFG for          poling. 
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Figure 4.15. It is observable the generation of the sum-frequency generation at      using the 19.20 
μm poling. The polarization of the beams has been adjusted for an efficient SFG. It can be also 
appreciated the initial increase of power at around      corresponding to the SHG for the LD at 1561 
nm.  

 
In both cases, the followed procedure was to set the crystal at the corresponding temperature. 
Then, it is needed to adapt the poling and the beams’ polarization, through the QWP and the 
HWP, until the output optical power achieved at        is maximal.  
 
As in working in CW regime, Fig. 4.14 and Fig. 4.15 show that both polings are useful to obtain 
SFG. In order to achieve an efficient optical power in SFG, there are two main facts to take in 
to account. The first is the poling used, or equivalently, the temperature needed. If either of 
these is wrong, there will not be an efficient SFG at the crystal’s output. Figure 4.14 and Fig. 
4.15 shows that varying the temperature around 4 , the SFG efficiency decreases abruptly. 
The second fact is the beams’ polarization controlled by the QWP and the HWP. It is noticeable 
that if the polarization is changed, the SFG output power varies. Thus this parameter has to be 
adapted. When temperature reaches values around      it can be observed the initial 
increase of power corresponding to the LD at 1561 nm. However, the temperature gap 
between an efficient generation of the SFG and the SHG for the LD at 1561 is high enough in 
order to not cause any interference between them. 
 

4.4.1 SFG in pulsed regime 
 
SFG working points where QPM conditions are satisfied have been found in Sec. 4.2 when 
working in CW. In addition to that, in Sec. 4.4 has been shown that they are the same for the 
pulsed regime too. Using both LDs with the minimum DC bias current, the mod set parameter 
established according to Sec. 4.3, and setting the crystal’s temperature at     with the 
          poling, SFG is achieved. Moreover, in order to improve the conversion efficiency, 
QWP and HWP are adjusted.       
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Spectral measurements have been done with an OSA which wavelength measurement range 
goes from 350 nm to 1000 nm and a resolution of 0.05 nm. 
 
Figure 4.16 shows the SFG working in pulsed regime for the          poling.  

 
Figure 4.16. SFG spectrum centered at 778.63 nm using a LD at 1552 nm and at 1561 nm working in 
pulsed regime. The power at this wavelength is –26.43 dBm. Reference level is -20 dBm and the span is 
2 nm. The SNR is around 24 dB.  
 

Figure 4.16 shows the power coupled from free space to a MM optic fiber. SFG optical power 
has been measured with a power meter at 780 nm. Since working in pulsed regime, it is 
necessary to remember that this recorded data is an average of the total power over the 
whole period. The maximum optical power value achieved is        . In order to have a 
measurement of the spectrum, light has to be coupled into the previously mentioned OSA with 
a MM optic fiber. It only has been possible to couple         (68.5 %). The SFG peak is 
centered at the expected wavelength (778.63 nm). Differently from the SFG in CW, in SFG in 
pulsed regime there is not the spectrum of the SHG for the LD at 1561 nm. 
 
Table 17 shows the efficiency achieved working with this configuration. The input power is 8 
dBm for each LD, thus it corresponds to a total power for both LDs of 12.6 mW.   
 

                   Efficiency ( ) 

                                     
 

Table 17. Input optical power values for both LDs and SFG optical power achieved working in pulsed 

regime with          poling. Efficiency is obtained by taking in to account    
    

   
 . Since SFG is a 

second order non-linear process, such as SHG, the efficiency value is of the same order of magnitude. 

Figure 4.17 depicts the SFG optical power using the          poling. 
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Figure 4.17. SFG spectrum centered at 778.63 nm using a LD at 1552 nm and at 1561 nm working in 
pulsed regime. The power at this wavelength is -30.6 dBm. Reference level is -30 dBm and the span is 2 
nm. The SNR is around 20 dB. 

When QPM conditions are satisfied, SFG takes place. It is observable an increase in the 
efficiency of the emitted power if the temperature is set at around       and the poling 
adapted to         . It only remains to change the polarization of the beams, using the QWP 
and the HWP, in order to establish a proper configuration. The SFG peak spectrum is centered 
at 778.63 nm, the expected value. Power shown in Fig. 4.17 corresponds to the coupled into a 
MM fiber and then, measured by the OSA. The averaged optical power for the SFG measured 
by the power meter is       , and the coupled to the MM optical fiber is       (52.6 %). SNR 
is 20 dB approximately. 
 
Table 18 shows the efficiency achieved using this configuration. Input power is the same than 
working with the previous poling. 
 

                   Efficiency ( ) 

                                    
 

Table 18. Input optical power values for both LDs and SFG optical power achieved working in pulsed 

regime with          poling. Efficiency is obtained by taking in to account    
    

   
 . Since SFG is a 

second order non-linear process, such as SHG, the efficiency value is of the same order of magnitude. 

All the efficiency values achieved in SFG match with those found when looking for the SHG. If 
working in CW regime, efficiency results are very similar for both polings and the same order 
of magnitude than in SHG. They are below the expected 5 %/W value. On the other hand, 
efficiency results for SFG in pulsed regime are around 6% with the two polings used. This fact 
matches with the results obtained for SHG too. Newly, efficiency achieved working in pulsed 
regime is higher than working in CW. 
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As when looking for the SHG, the spectrum gets wider in pulsed regime in comparison with CW 
regime. The OSAs resolution does not allow resolving the spectral bandwidths since there is 
not enough resolution to observe neither the input optical pulses (frequency resolution at 
1550 nm is 2.5 GHz approximately) nor the output optical pulses (25 GHz frequency resolution 
needed at around 780 nm). Considering Gaussian-shaped transform limited optical pulses, the 
expected spectral bandwidth of the optical pulses is 147 MHz. Hence, with the available OSA 
resolution it is not possible to resolve the spectral bandwidth of the input or the output pulses. 
 
Temporal measurements for the SFG are depicted in Fig. 4.18. Unlike the SHG case, there will 
not be any distinction between polings since results are identical. Both present the same 
behavior in order to obtain the temporal form of the SFG. These measures have been done 
with a photodetector (200 nm – 1100 nm wavelength range) and a fast oscilloscope (200 MHz 
bandwidth). 
 
Figure 4.18 depicts the SFG temporal measurement for any of the two polings. 
 

 
Figure 4.18. Temporal measurements of the SFG optical pulses working in pulsed regime. On account of 
the DC offset introduced by the photodetector, an offset has been introduced in the vertical axis only for 
visualization purposes. There is not the expected sinusoidal wave because of an interference effect of 
the two collinear input beams at the crystal. Sometimes they interfere constructively, giving as a result 
the different wave packets. When they interfere destructively, the SFG signal decays and there is not 
output optical signal. The background noise corresponds to the SHG of the two LDs. Nevertheless, the 
background SHG is not efficient for neither of them. 

The crystal’s output signal should consist on a periodical train of optical pulses. Nevertheless, it 
was already seen that the photodiode filters the signal (150 MHz bandwidth), resulting a 
sinusoidal wave at 100 MHz (first harmonic). Instead of this, there is a pattern similar to a 
sinusoidal wave with an extra periodic modulation that attenuates it in time. We believe it is 
caused because of the collinear configuration for the two different optical inputs. Thus, they 
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have already interfered between them along the optical path. If they interfere constructively, 
SFG is generated properly. Otherwise, if there is destructive interference there will be no signal 
for efficient SFG.     
 
 In order to be able to appreciate the pulses’ PRF, Fig. 4.19 shows the same SFG temporal 
measurement with higher time resolution.  

 
Figure 4.19. Temporal measurements of the SFG optical pulses working in pulsed regime. On account of 
the DC offset introduced by the photodetector, an offset has been introduced in the vertical axis only for 
visualization purposes. The signal is an enlarged capture of the SFG. If the sinusoidal did not decay, it 
would have shown a 100 MHz PRF. 

 

4.5 Conclusions 

SFG has been successfully achieved working with two different poling periods and with 
different working regimes. It has been proven that SFG happens once the right poling is chosen 
and the crystal’s temperature is established in an intermediate value of those temperatures 
where SHG takes place for that selected poling. 
 
Both            and            are useful to ensure QPM conditions and thus, to 
generate SFG. As in SHG, poling            is chosen on account of more appropriate 
operational settings. The achieved efficiency values with this poling are slightly below than 
with           , it is worthy working with low temperature values. In addition, the 
efficiency difference is practically negligible.  
 
The SFG peak spectrum is centered at 780 nm, the expected value, for all the experimental 
realizations. The efficiency values working in pulsed regime are satisfactory since they are 
around the expected 5 %/W. On the other hand, working in CW regime has lower efficiency 
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values of the same order of magnitude than in SHG. It is very logical that the obtained results 
in Chapter 3 and Chapter 4 match in terms of efficiency owing to the fact that they are both 
second order non-linear processes. It has also been seen how varying the temperature around 
SFG causes an abruptly decrease on its efficiency.  SHG for both LDs is always present in the 
two working regime, being clearly noticeable its spectrum for the LD at 1561 nm when working 
in CW. Nevertheless, the wavelength gap between an efficient generation of SHG and SFG is 
high enough to not interfere. In all cases the SNR values are above 20 dB.  
 
The LD at 1561 nm is more powerful than the LD at 1552 nm. In addition, the EDFA introduces 
a different gain depending on the wavelength; making more evident this effect after the 
amplification. To compensate this, in order to have a balanced system in terms of optical 
power at the EDFA’s output, there have been two different followed methodologies. If working 
in CW, it is possible to obtain an equal optical output power for both LDs reducing the bias 
current of the LD at 1561 nm. On the contrary, if working in pulsed regime the bias current is 
set at the minimum value allowed for the LD driver. Moreover, in order to achieve phase 
randomized optical pulses, it was seen in Chapter 2 that the lower the bias current is, the more 
phase randomized the output pulse becomes. Thus increasing the DC bias current is not an 
interesting choice for our purpose. Alternatively to the bias current, the RF current amplitude 
parameter can be decreased for the 1561 nm LD. Finally, evaluating the relative signal gain 
introduced by the EDFA for the two different working regimes, it can be drawn that it is more 
interesting to work in pulsed regime. This device introduces more gain to the input signals if 
the working regime is the last mentioned.   
 
Finally, SFG temporal measurements working in pulsed regime show a pattern similar to a 
sinusoidal wave but with an extra periodic modulation and highly attenuated in time. 
Differently to SHG, where there is only a single input optical beam which interferes with itself 
for frequency doubling, here there are two different input beams corresponding to the 1552 
nm and 1561 nm LDs. These beams are collinear and they propagate along the same optical 
path where they interfere. If there is destructive interference before arriving to the crystal, 
there will be no signal to achieve SFG. On the other hand, if the interference is constructive 
SFG is obtained. Temporal measurements in Sec. 4.4.1 depict a 100 MHz PRF when there is 
constructive interference at the crystal’s input. So, in addition to the filtering effect taking 
place at the photodiode, it is added that sometimes there is no combined input signal to 
achieve an efficient SFG.  
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5 Conclusions 

This thesis makes use of novel ideas to demonstrate proof on concept experiments, which 
could then further develop into practical passive transmitters for QKD sources. Different tasks 
related to the source have been carried out. All contributions along the thesis are 
experimental and have been compliant with the expected theoretical estimations. 
 
The first task of this thesis was to study two distributed feedback laser diode to generate 
phased-randomized optical pulses. It was described the procedure to establish the optimal 
configuration settings of the two LDs used, justifying the chosen relevant parameters for our 
purpose. It has been demonstrated that setting the DC bias current below the LD threshold, 
leads to a wider energy distribution of the interfered pulses (setting the LD bias current below 
its threshold causes laser pulses not to have phase coherence among them). The phase 
interference was measured through a Mach-Zenhder interferometric setup. As subsequent 
pulses have random phases, the interference between them is different from one pulse to 
another. The broadening of the interfered pulse energy distribution achieved represents the 
different interferences for each pair of pulses. 
 
Next step in the project was to show the use of a periodically poled lithium niobate non-linear 
crystal in a bulk structure for second order non-linear processes, such as SHG and SFG. Two 
different polings have been under test in addition two different working regimes (CW and a 
pulsed regime) resulting all combinations plausible to obtain proper results. QPM conditions 
are fulfilled with the two polings. Nevertheless, poling           is chosen because of more 
appropriate operational settings: it is easier to work with lower temperature values since they 
are more suitable to achieve.   
 
Both SHG and SFG have been successfully obtained. Spectral measurements confirm the peak 
spectrum is centered at the expected wavelength for the SHG of the two LDs and for SFG. No 
other non-linear effects, such as third harmonic generation or difference-frequency 
generation, are noticed during the experimental realizations. It has been proved that the 
efficiency of the generated optical frequencies depends critically on the phase matching of the 
interacting waves’ phase velocities. Changing the poling, or shifting the temperature within a 
few Celsius degrees (in other words, not satisfying QPM conditions), causes an abruptly 
decrease of both second order non-linear processes efficiency. In SHG, the efficiency 
conversion for the two LDs is the expected (5 %/W) for the pulsed regime, achieving even 
higher values in some particular cases. Furthermore, results are also satisfactory when it 
comes about SFG, obtaining same efficiency values. On the other hand, working in CW regime 
has lower efficiency values, being also of the same order of magnitude in both SHG and SFG. 
Beyond this, we firmly presume they are one order of magnitude higher. Due to the imbalance 
in the size of the alternating poling domains of the crystal, a larger spectral bandwidth 
increases the conversion efficiency. As a result, non-linear effects are more favorable in pulsed 
regime, because of this spectral enhancement, than in CW regime. After discuss the results, it 
can be drawn that it is more interesting to use the EDFA in pulsed regime since the relative 
gain introduced is higher than in CW regime. Analyzing temporal measurements for SHG 
optical pulses, it can be seen that a spectral bandwidth filtering takes place. Apparently, the 
limiting factor is introduced by the limited bandwidth of the photodector used. Thus, the 
output optical pulses correspond to the first harmonic of the input signal. Temporal 
measurements for SFG show a pattern similar to a sinusoidal wave but with an extra periodic 
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modulation which attenuates in time. Differently to SHG, there are two collinear beams which 
interfere all along their common optical path. If there is constructive interference, SFG is 
obtained successfully. Results show that the sinusoidal wave (it has to be taken into account 
the filtering effect caused by the photodiode) would have a PRF of 100 MHz. Otherwise, if the 
beams interfere destructively either there is not signal for obtaining SFG or it is found a high 
decay of the SFG signal. Another important fact is the widening of the SHG/SFG when working 
in pulsed regime if compared to CW regime. However, the OSAs resolution for both, the input 
optical pulses at 1550 nm and the output optical pulses at 780 nm, do not allow resolving 
these spectral bandwidths. In transform limited optical pulses, the minimum time-bandwidth 
product depends on the pulse shape. This condition implies that for a given pulse duration 
(     ), transform limited pulses are those with the minimum possible spectral width 
(       ). That frequency resolution needed is not achieved by the OSAs. Hence, with the 
available OSA resolution it is not possible to resolve the spectral bandwidth of the input or the 
output pulses. 
 
It is also a fact of interest the gain introduced by the EDFA to both input signals. It has been 
demonstrated that the EDFA amplifies differently depending on the LD wavelength. In 
addition, if the two LDs are working simultaneously (as in the SFG case) their amplification is 
different than working separately (SHG). It is an important fact to take into account if trying to 
achieve SFG. In order to have a balanced system in terms of optical power at the EDFA’s 
output, there have been two different followed methodologies. If working in CW, it has been 
reduced the bias current of the LD at 1561 nm. On the contrary, if working in pulsed regime 
the bias current is already set at the minimum value allowed for the LD driver. Alternatively to 
the bias current, the RF current amplitude parameter is decreased for the 1561 nm LD. When 
generating SFG, SHG for the input LDs wavelengths is also present. However, its efficiency is 
not high enough (QPM conditions are not satisfied) and the gap between an efficient 
generation of SHG and SFG is large enough to not cause them to interfere. In all cases it is 
allowed a proper operation mode in terms of optical power, since in any working regime the 
SNR values are above 20 dB for SHG and SFG.  
 
Future work has been envisioned which could successfully follow the research line started 
within this thesis. The work should be oriented to assemble a practical optical setup for a 
passive transmitter for QKD. The setup could be based on the current scheme used along this 
thesis. In addition, it could incorporate a Sagnac loop for dual directional pumping of the non-
linear crystal. 
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