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Abstract 
 

 

The recent increase of internet traffic is creating demand for higher bandwidth in 

telecommunication networks. In order to satisfy this ever increasing demand for bandwidth, it is 

necessary to investigate new devices and technologies for all-optical signal processing that 

allow increasing the transmission data rate and the capacity for the current and future optical 

networks. 

Optical time division multiplexing (OTDM) is a widely deployed technique that allows 

increasing the bit rate and capacity of optical networks. In OTDM networks the regeneration 

and the demultiplexing of the data channels are two common and important functions normally 

carried out. However, they require a clock signal, which is usually implemented by 

optoelectronics components, making a system expensive, bulky and difficult to implement.  In 

order to provide a solution to this issue, the focus of this thesis is to investigate all-optical clock 

recovery by using external injection locking of passively semiconductor mode-locked lasers. In 

particular, quantum-dash mode-locked laser diodes (QDash-MLLDs) are studied. These lasers 

can generate optical pulses with durations in the order of picoseconds and femtoseconds using 

only DC-bias with no need for external modulation. Besides, they are attractive due to their 

simplicity of operation, low power consumption, fast carrier dynamics and compactness. 

Furthermore, they provide a narrow radio frequency beating linewidth, resulting in a small 

amount of phase noise and low timing jitter.  

In this thesis, all-optical clock recovery of data signals at base bit rate (40 Gb/s) and high bit 

rates (up to 320 Gb/s) was achieved using QDash-MLLDs. The recovered clocks from the 

different data input signals considered in this thesis feature low values of timing jitter, which are 

compliant with the minimum requirements for practical applications. Furthermore, the 

recovered clocks at high speed are used to demultiplex signals to tributaries of 40 Gb/s, 

achieving error free performance. Finally, investigation of the QDash-MLLD dynamics 

demonstrated that the laser provides a very fast locking time (25 ns) when synchronised to data 

signals which enables it as a solution to optical burst/packet switched networks. All these results 

contribute to demonstrate that the laser is an extremely reliable, cost-effective and a green 

solution for all-optical signal processing. 
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Chapter 1  

 

Introduction 

 

1.1 General introduction 

In recent years, the exponential growth of the internet traffic has driven a rapid increase in the 

demand for higher speeds and greater bandwidth in the Telecommunication networks. Today, 

major service providers are devoting significant efforts towards the development of new 

technologies and devices to cope with the demand. With recent advances in optical technology, 

wavelength-division multiplexing (WDM) and optical time division multiplexing (OTDM) have 

been identified as two of the techniques that aim for effective network deployment [1-3]. WDM 

consists of the parallel transmission on a single fibre of several data streams on several 

wavelengths. This technique is a widely deployed transport mechanism for improving fibre 

bandwidth utilisation providing improvement in the transmission capacity for future optical 

systems and networks [2], [3]. OTDM transmits multiple data channels in the form of ultra-

short pulses, which are multiplexed onto a single high-speed data stream by assigning a 

recurrent time slot to each of the tributaries [2-5].  This technique can provide high speed data 

transmission up to terabits per second (Tb/s) [5]. OTDM and WDM can operate separately or 

simultaneously to further increase the bandwidth capability of the optical networks [2], [6], [7].  

Another approach that has emerged is to employ optical packet switching. In packet switching 

the information is transmitted across the network in the form of data packets [8]. With packet 

switching large amounts of information can be transported in a more efficient and economical 

way.  In order to take advantage of the full potential of the optical fibre, and the multiplexing 

technologies already mentioned, it is important to improve the architectures and topologies of 

the current optical networks [6-8]. This fact has led to the concept of optical transport networks 

(OTN). In an OTN the signal processing should be in the all-optical domain, hence, it has been 

named a transparent network [1], [2], [7-9].  However, there is still a lot of research on OTN and 

on the individual OTDM, WDM and packet switching technologies. I will focus on OTDM and 

the benefits of OTDM.  In order that OTDM can provide very high speed data transmission, it 

needs other techniques such as high repetition ultra-short pulses, high speed demultiplexing and 
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clock recovery. At the moment, these techniques are limited by their constituting elements 

making OTDM a relatively expensive transmission solution limiting its full deployment.   

As a consequence, there have been great efforts to develop devices and components to employ 

in OTDM systems. In this regard, mode-locked lasers (MLLs) have been a topic of extensive 

research in many optical communication laboratories around the world [10-16]. Their ability of 

generating high repetition rate ultra-short pulses is of great interest and importance for ultra-

high speed optical communication systems and networks. In addition, it can provide an effective 

component for all-optical signal processing. Specifically, mode locked semiconductor lasers can 

find wide applications in optical packet switching [17], optical sampling [18], clock distribution 

[19] and frequency comb generation [20]. With this regard, a special type of laser will be 

studied in the subsequent Section. This laser has the potential of being the element capable of 

solving various limitations to deploy OTDM in OTNs.   

 

1.2 All-optical signal processing 

1.2.1 Generation of ultra-short pulses  

“An optical pulse is a flash of light” [20]. A pulse possesses different properties such as power, 

pulse duration, repetition rate, chirp and timing jitter. When considering devices capable of 

generating optical pulses, lasers seem to be the first option [20], [21]. Normally, lasers produce 

a continuous beam of light; however, it is possible to obtain pulses from them. There are several 

types of lasers, such as fibre lasers, semiconductor lasers, gas lasers, among others. Moreover, 

there are different techniques to generate pulses from these lasers. Generation of optical pulses 

with picosecond pulse width can be generated with three main methods: Q-switching [21-23], 

gain switching [22], [24] and mode-locking [22], [25], [26].  Depending on the application, one 

technique can be preferred over the other. However, mode-locking is the most reliable and is the 

simplest way to achieve the generation of ultra-short pulses with picosecond and femtosecond 

pulse duration. Additionally, the pulses produced with this technique exhibit low timing jitter. 

Mode locking has been demonstrated in all of the lasers listed above, but the capability of 

semiconductor laser diodes to provide stable optical pulses, at high repetition rates, in a compact 

and simple presentation makes their use highly desirable for applications in OTDM. Among 

some of the applications for the optical pulses produced from a semiconductor mode-locked 

laser are: optical sampling, clock recovery, and radio over fibre.  
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1.2.2 Clock recovery 

Some of the most important functionalities for current OTDM systems and for future optical 

signal processing include clock recovery (CR), demultiplexing and regeneration. However, 

clock recovery is the critical component, since a clock with good quality allows achieving high 

performance demultiplexing and regeneration functionalities. 

Clock recovery is the result of the process where a synchronised clock signal is derived from a 

received data signal. In digital communications, a clock must be used as the timing basis to 

sample the received signal. The clock should be locked in both phase and frequency with 

respect to the received data signal. Clocking signals can be extracted and recovered from a data 

signal through electrical [27], optical [10], [11], [17] or hybrid techniques [28], [29]. 

Current techniques for clock recovery require optoelectronic phase locked loops (OPLL) [30], 

[31]. A phase locked loop (PLL) is a control system in a closed-loop that generates an output 

signal in relation to the frequency and phase of a reference input signal. The PLL consists 

basically of a phase detector, a low-pass filter and a variable frequency oscillator. An example 

of a very simple PLL is depicted in Fig.1.1. The phase-locked loop circuit responds to the input 

signal by automatically adjusting the frequency of the controlled oscillator until it is matched to 

the frequency of the reference signal. Normally, the feedback loop increases the complexity and 

locking time of the system. In addition, it requires costly and power consuming high speed 

electronics (oscillators, photo-detectors, and amplifiers) and optical components. This is the 

reason why an extensive research has been conducted over the last years in order to achieve all-

optical approaches for clock recovery, which can allow performing optical functions at ultra-

high bit rates, in a more compact presentation and with a significant reduction in the power 

consumption. 

 

 

 

 

Figure 1.1: Schematic representation of a PLL.  
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Different techniques for all-optical clock recovery extraction have been demonstrated using 

self-pulsating laser diodes [32], passively mode locked (PML) semiconductor lasers [10-12], 

[14], [15], [17], [33] and fibre lasers using optical fibre and semiconductor nonlinearities [34], 

[35]. From the various techniques demonstrated, PML semiconductor lasers are significant as 

they typically exhibit lower phase noise and amplitude noise than self-pulsating lasers and less 

clock latency than fibre based devices. Clock recovery with semiconductor lasers have been 

demonstrated using: distributed Bragg reflector (DBR), quantum well (QW) and quantum 

dot/dash (QD/QDash) lasers. However, due to the 3D energy level as well as the small 

confinement factor the lasers based on QD/QDash exhibit a higher gain, lower threshold 

current, faster carrier dynamics, and narrower RF linewidth and lower timing jitter than their 

counterparts [11], [36]. In addition, the possibility of synchronising the mode locked laser 

through an external optical data signal will allow reducing the phase noise and its associated 

timing jitter as a consequence; this will improve the recovered clock performance [10], [11], 

[33], [37]. Furthermore, another advantage of the QDash-MLLDs is that they are designed to 

operate in the 1.5 µm spectral region, emitting an optical frequency comb spectrum which can 

be utilised not only for clock recovery but also for other applications such as multi-wavelength 

carriers for high capacity transmission and high-speed communications [38], [39]. 
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1.3 My approach 

In this thesis, Fabry-Pérot quantum dash mode locked laser diodes (QDash-MLLDs) are used to 

conduct investigation of all-optical signal processing with emphasis on clock recovery from 

OTDM and burst data signals. This QDash-MLLD is a compact and single section 

semiconductor laser, not including any saturable absorber. As it will be demonstrated, passively 

mode-locking is achieved under DC current biasing. This simple operation of the laser results in 

low power consumption, great stability and the ability to operate at room temperature. The laser 

is designed to operate in the 1.5 µm spectral region (Telecommunications bandwidth). The 

QDash-MLLD is capable of synchronising its frequency to pulses or data signal at harmonic or 

sub-harmonic frequencies of its free spectral range (FSR) providing stable optical short pulses. 

 

The main contributions from the work carried out towards this thesis are: 

 Demonstration of the synchronisation of a QDash-MLLD to optical pulses at harmonic 

and sub-harmonic frequencies relative to its intrinsic 40 GHz frequency giving rise to a 

40 GHz signal with less than 8 Hz linewidth.  

 Demonstration of the 23 nm wide tunability of the recovered clock with respect to the 

incoming data signal over the C-band for data signal at base bit rate 40 Gb/s with 

return-to-zero (RZ) and non-return-to-zero (NRZ) formats. 

 Corroboration that the QDash-MLLD provides high quality clock signal when 

synchronised to up to 320 Gb/s data rates signal, even lacking of the 40 GHz 

fundamental component. This clock features less than 100 fs of timing jitter. 

 Validation of the optical recovered clock from the QDash-MLLD to perform 

demultiplexing of signals at 320 Gb/s to tributaries of 40 Gb/s with error free 

performance.  

 Characterisation and measurement of very fast switching-on and locking time of a 

QDash-MLLD in free running operation as well as  the laser  is synchronised to optical 

data, achieving 30 ns, 42 ns and 25 ns, respectively, towards application of clock 

recovery for packetized data. 

 

All these results along with its small physical dimensions and low energy consumption (green 

aspect) give a very promising device for all-optical clock recovery and signal processing of 

ultra-high speed signals in future transparent networks. 
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1.4 Thesis overview 

This dissertation consists of eight Chapters; the first Chapter comprises of this introduction and 

the remaining seven Chapters are structured as follows: 

Chapter 2 provides a basic overview of mode locking theory, reviewing the main types of mode 

locking and a brief theory on the mode-locking mechanism achieved in multimode lasers via 

four wave mixing. 

Chapter 3 presents in more detail the type of QDash-MLLD used in this work. Characterisations 

on the QDash-MLLD towards the demonstration of passive mode-locking are shown. 

Chapter 4 demonstrates optical pulse generation from the QDash-MLLD, first in its passive 

mode-locking condition and immediately after, when the QDash-MLLD is synchronised to a 

signal at 10 GHz in order to multiplex the original 40 GHz to higher frequencies such as 

160 GHz. Moreover, the capability of the QDash-MLLD to synchronise its frequency to pulses 

with a sub-harmonic, fundamental and harmonic frequency is demonstrated. Under this 

synchronisation, the QDash-MLLD retrieves stable 40 GHz pulses. 

Chapter 5 deals with the performance of the QDash-MLLD as a clock recovery component for 

signals at 40 Gb/s for both return-to-zero and non-return-to-zero data formats. In addition, an 

application of the recovered clock for achieving 3R regeneration with data format conversion 

from NRZ to RZ is provided. 

Chapter 6 presents a study on sub-harmonic all-optical clock recovery with the QDash-MLLD 

from OTDM data signals of up to 320 Gb/s. Furthermore, an application of the recovered clock 

is performed to demultiplex OTDM signals at 160 and 320 Gb/s. 

Chapter 7 presents the implementation of experimental setups for measuring the QDash-MLLD 

dynamics for data synchronisation such as the switching-on and locking times.    

Chapter 8 concludes the thesis with a brief overview of the results obtained from this work and 

discusses the future work to carry out with this kind of mode-locked lasers. 
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Chapter 2  

 

Mode-locking in semiconductor 

lasers  

 

2.1 Mode-locking 

Mode-locking is a technique that allows the generation of laser pulses with durations between 

nano and picoseconds [1-4]. Mode-locking occurs when the cavity modes are made to oscillate 

with comparable amplitudes and locked phases. In a laser, many modes are allowed to 

propagate along the resonator axis with frequency separation, known as the free spectral range 

(FSR) equal to     , where L is the optical length of the cavity and c is the speed of light in the 

semiconductor medium. These modes usually oscillate with random phases and irregular 

amplitudes within the round-trip period,         , inside the laser cavity. However, if these 

modes have the same phase  , they will constructively interfere at the same instant,    

         , of the round-trip time. Therefore, the output will consist of a series of pulses and 

the laser is said to be ‘‘mode-locked.”  The element to fix these relative phases is referred to as 

the mode locker. In mode-locked lasers, the optical modes are equally spaced and their relative 

phases are fixed [1-4].  

To further explain this pulse formation, a series of equations considering the electric fields 

interacting in the laser cavity is introduced herein. For a laser with M odd modes with a 

frequency separation   , between the longitudinal modes equivalent to 

 

                 (2.1) 

 

the expression of the total electric field emitted by a laser is given by [1], [5] 

 

          ∑         {                }
     

 

   
     

 

                            (2.2) 



12 

 

where       is the amplitude fluctuation,    is the frequency of the central mode, and       is 

the phase of the    mode. In order to reduce the complexity of the calculations in this approach, 

the amplitude fluctuation, also known as the amplitude noise,      , and chromatic dispersion 

effects in the material composing of the active media of the laser are neglected. Moreover, the 

phase      , is set to zero as it is considered the modes have the same phase. As a result, the 

total electric field is now expressed as 
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      (2.3) 

 

Solving the summation, it is found that [4], [5] 
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Considering that the total power is given by equation (2.5) 

 

      〈         〉 (2.5) 

in turn, the new expression for the total power is [1], [2], [4], [5]  
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(2.6) 

 

As a result of this locking condition, the longitudinal modes interfere constructively and 

produce short pulses of light.  The maximal powers of the pulses occur for values where (
   

 
) 

in the denominator in equation (2.6) becomes zero.      is a periodic function with period 

    
  

  
 

  

 
. To achieve a large power in the pulse it is needed to have a large number of 

modes, and all of them synchronised, i.e. with the same phase. The oscillation can be pictured as 

a pulse which propagates back and forth in the cavity in a time     [1].  

The pulse width     of each of the successive pulses is approximately equal to the inverse of 

the frequency range (or laser bandwidth   ) spanned by the modes being locked in phase 

 

 
    

 

  
 

(2.7) 
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whereas    can also be expressed as [1], [5]: 

 

 
   

   

  
 

(2.8) 

 

Substituting equation (2.8) into equation (2.7), is obtained another representation of the pulse 

width 

 

 
     

  

   
 

(2.9) 

 

From expressions (2.6) and (2.9), it can be seen that a large laser bandwidth or a large number 

of modes are required for the generation of very short pulses [1], [4], [5]. Fig. 2.1 provides an 

illustration of the mode-locking principle by plotting equation (2.6), for 8, 16 and 24 modes 

present in the laser spectrum and assuming that the modes are phase locked and that only the 

variation on the number of modes locked can provide a modification of the pulse width.  

 

 

 

Figure 2.1: Illustration of the mode-locking principle. Reduction of the pulse duration as a 

function of the number of mode-locked modes for: 8 modes (black), 16 modes (red) and 24 

modes (blue).  

 

 

The synchronisation of the phase, or in other words the mechanism to make the phases identical, 

can be carried out according to several techniques including mainly: passive mode locking, 

active mode-locking and hybrid mode-locking [6]. These techniques will be explained in 

Section 2.2. 
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2.2 Mode-locking techniques 

There are three broad categories of mode-locking mechanisms: passive, active, and hybrid. 

These methods of mode-locking will be described below. 

 

2.2.1 Passive mode-locking 

Passive mode locking is an approach for the generation of ultra-short optical pulses, in which 

the element that induces mode-locking is not driven externally but instead exploits nonlinear 

optical effects [2], [7]. This technique requires a section within the laser cavity to behave as a 

saturable absorber having an absorption that decreases with increasing incident intensity until it 

saturates and becomes completely transparent to the signal inside the cavity.  

A laser suitable for passive mode-locking will have a gain region and a region of saturable 

absorption [8]. The pulse generation can be understood in the following way: when the device is 

forward biased, spontaneous emission of photons begins, and some stimulated emission may 

begin. In steady state, the loss is greater than the gain. When the generated light first reaches the 

saturable absorber, it experiences loss, but as the light travels through the cavity it will amplify. 

Therefore, some of the stimulated emission can grow to the point at which it saturates the 

absorption region allowing the peak of the pulse to travel through. For this brief period, the gain 

is greater than the loss, and a short duration pulse of light is amplified. Most of the modes 

within the gain region of the cavity are lasing at the same time, and therefore start with the same 

phase and as a result are synchronised. The absorption of the saturable absorber saturates faster 

than the gain, meaning that the absorber has lower saturation energy than the gain of the gain 

medium [8]. The recovery time of the absorber must be quicker than that of the gain section. 

This ensures that the loss quickly reverts back to being greater than the gain, and the light 

experiences loss once more [9]. In this process the leading and trailing edge of a light pulse 

experience loss, while its peak experiences gain. This cycle repeats itself in successive round 

trips in the cavity that serves to shorten the duration of the pulse and boost its peak power as it 

passes through the device [10].  

 

2.2.2 Active mode-locking 

Active mode-locking can be achieved by periodic external modulation of the cavity gain or loss 

of the round trip phase changes synchronised with resonator round-trips [1], [2], [7]. This leads 

to the generation of ultra-short pulses usually in the order of picoseconds. The modulation can 

be realised with the use of a semiconductor electro-absorption modulator, an acousto-optic 
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modulator or a Mach-Zehnder integrated optic modulator [11] placed in the cavity and driven by 

an external signal. With active mode-locking, it is necessary to synchronise the modulating 

signal with the round trip time of the resonator (mode spacing frequency) or a factor or multiple 

integer of it, in order to achieve stable operation. Precise tuning can be achieved by accurate and 

stable laser setup alignment or by a feedback circuit adjusting the modulation frequency or 

cavity length accordingly. Only during the peak of the external signal pulse, will the optical gain 

of the amplifier be high enough to overcome the losses in the cavity. During this short period of 

positive net gain, an optical pulse is generated. Again some of the modes selected by the cavity 

start to lase at the same instant and therefore, they possess the same phase. 

 

2.2.3 Hybrid mode-locking 

When the active and passive mode-locking are present simultaneously in the same laser system, 

we find the third method of mode-locking called hybrid mode-locking. In a hybrid  mode-locked 

laser, the generation of the optical pulses are in the same way as in a passively mode-locked 

laser, while the pulses are synchronised with an electrical signal like in the actively mode-

locked method [6], [7]. 

 

2.2.4 Passive mode-locking by FWM in Fabry-Pérot semiconductor lasers 

The most common element associated with passively mode-locked lasers is the saturable 

absorber; however, in its absence, the passive mode-locking can occur due to nonlinear 

interactions between longitudinal modes that induce dynamic modulation of both the gain and 

the refractive index in the active region of the semiconductor laser diode [12-14]. The dynamics 

are originated from the sensitivity of the carrier density to the modulation of the optical power 

at the frequency of the mode beatings [15]. 

Such behaviour is strongly improved when the active region in a laser diode consists of 

quantum structures (dot, dash, well), allowing control of material properties giving rise to better 

optical confinement and smaller active cross section dimensions [16], where the interactions 

between optical fields intensities inside the active region and mutual coupling  are increased. 

The optical field of the kth  longitudinal mode generated in a laser cavity can also be expressed 

as a monochromatic wave given by equation  
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where the superscript   over E indicates that E is a complex wave-function describing the 

monochromatic wave, U is the spatial mode distribution in the linear polarisation (it is assumed  

equal to one for the rest of the calculation), kA  is the slowly time varying amplitude, k  is the 

locked angular frequency and k  is the instantaneous phase fluctuation [15]. In the case of a 

laser with M longitudinal modes, a mode beating occurs leading to a quadratic temporal average 

of the total electric intensity with the following expression [16]: 

 

 
      

 

tttEEEE kjjkjk

M

k kj

M

k

kT cos2
11

22
 

 

(2.11) 

 

where jk  is defined as  
kj    beating between any two modes. 

The spatial dependency of the electromagnetic fields is neglected in equations (2.10) and (2.11), 

and for the remainder of the analysis. The longitudinal modes of the cavity are beating in the 

medium and producing a signal at the frequency    2/kj  , which modulates the active 

material through third order nonlinear effects, resulting in the creation of modulation sidebands 

around the optical modes. The beating is believed, according to our approach, to be sustained by 

four wave mixing (FWM) processes [12], [17], [18].  

Interactions between the optical modes inside a semiconductor laser cavity through FWM are 

schematically expressed in Fig. 2.2. For the sake of simplicity, the beating between modes E1 

and E2 is considered and in this example can be assumed as the origin of mode-locking. This 

beating results in a modulation of the gain with the frequency corresponding to the difference 

frequency between contributing optical modes    2/12 v . Such modulation generates 

equidistant (in the spectral domain) side-bands S1, S3 and S2, S4 around the modes E1 and E2 

respectively. These sidebands can be expressed as follows [16]: 

 

               
       

    
               (2.12) 

   

            
    

           (2.13) 

   

            
    

  (2.14) 

   

         
             

    
  (2.15) 

 



17 

 

where    are the coupling efficiency factors, and   
  are the complex conjugates of the 

respective fields   . Sideband    whose amplitude and phase are related to both modes E1 and 

E2, result in pulling the mode E3 from the Fabry-Pérot (FP) resonant position and correlates the 

phase of the mode E3 with two other modes (in Fig. 2.2, the FP resonant modes are represented 

with a dotted line, by taking into account the dispersive nature of the semiconductor). Similar 

processes result from beating modes E2 and E3 and transfer the phase information to the mode 

E1; this snap view of the process was for the case of three modes, but it can be further extended 

to a larger number of optical modes. 

 

 

 

 

Figure 2.2: Schematic description of mutual injection regime through modulation sidebands 

from FWM. E1, E2 and E3 represent the lasing modes and S1 to S5 are the sidebands resulting 

from FWM. 

 

 

The sidebands created by the FWM process can act as optical injection signals for modes 

leading to a mutual injection-locking phenomenon. This phenomenon reaches equilibrium when 

all mode-spacing frequencies are locked to the same value with appropriate power distribution 

among modes. This phenomenon is supported by the material gain dynamics of the laser, which 

provides the mechanism for a phase information exchange between optical fields, and allows for 

their phase fluctuations (phase noise) and synchronisation [15], [16]. 

The assumption that the phase of each mode is uncorrelated with contributing modes implies 

that the second term in the right hand side of equation (2.11) is equal to zero; as a consequence 

the linewidth of the generated beat signal is equal to the sum of the linewidths of the optical 

modes. However, if the modes are phase correlated, this term is non-zero and the linewidth of 

the beat signal should be smaller than the sum of the linewidths of the optical modes [19].This 

gives rise to the following criterion for identify mode locking phenomenon:  
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 
i iRF   (2.16) 

 

where RF  is the linewidth at the RF frequency and i  the linewidth of the ith optical mode 

[20], [21].  

As was previously explained for the case of a semiconductor laser, the correlation of the phases 

of the optical longitudinal modes can occur through the four wave mixing process (FWM) 

resulting from material nonlinearities [15], [16], and resulting in passive mode locking. There 

are five main effects that can result with four wave mixing in semiconductor devices: carrier 

density modulation (CDM), carrier heating (CH), spectral hole burning (SHB), two photon 

absorption (TPA) and the Kerr effect [22]. Dominance of some of these effects over the others 

is related to the separation frequency between optical modes. With the free spectral range 

between modes in the order of below 100 GHz, the CDM effect is dominant and so the others 

maybe neglected. For frequencies beyond 100 GHz up to 2.5 THz, CH plays the main role, and 

above 2.5 THz, the main effect is the SHB [15], [16]. 

 

2.3 Summary 

In this Chapter an overview of mode locking in semiconductor lasers was presented. Mode 

locking is achieved when the electrical fields corresponding to each of the longitudinal modes 

present in the laser cavity are made to oscillate in each round trip with the same frequency and 

phase in such a way that they interfere constructively. This interference gives rise to a phase 

correlation between the modes and as a consequence optical pulses are generated with short 

durations, high repetition rate and low timing jitter. The duration of the pulses is inversely 

proportional to the number of modes correlated. There are several techniques to achieve mode-

locking in semiconductor lasers in their different structures. Most of the techniques require extra 

elements either inside or outside the laser cavity making the fabrication or implementation 

process more complex and expensive. The possibility to have laser structures where the passive 

mode locking mechanism is supported by nonlinearities in the active region that create a mutual 

injection locking to obtain  a stable operation  and only requiring to be DC-biased and 

controlled in their temperature is of great interest. Recently, modern passive mode-locked single 

section Fabry-Pérot semiconductor devices with quantum structures that produce multiple 

modes in a broad gain spectrum are able to provide short pulses with potential applications for 

telecommunications. These types of devices will be studied throughout this thesis.  

In addition, in Section 2.2.4 some theory on the mode-locking mechanism achieved in 

multimode lasers via four wave mixing was briefly presented. In Chapter 3, some experimental 
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evidence of passive mode-locking in Fabry-Pérot Quantum dash lasers will corroborate the 

possibility of mode-locking by FWM.  
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Chapter 3  

 

Passively mode-locked quantum 

dash Fabry-Pérot laser diode  

 

3.1 Introduction 

The development of new devices for optical signal processing in current and future 

telecommunication networks is of crucial importance [1], [2]. In order to achieve a practical 

implementation of such devices, there are many factors to consider, such as: capability to work 

at high bit rates in the C-Band (1530-1565 nm), low power consumption, small foot print. In 

this regard, the use of semiconductor devices is a good option.  

In this Chapter, the quantum dash Fabry-Pérot laser diodes (QDash FP-LDs) utilised in this 

research are introduced and their free running optical and electrical characterisations are 

performed. This Chapter is organised as follows: in Section 3.2, the QDash Fabry-Pérot laser 

diode is described; in Section 3.3, a set of characterisations are performed. On one hand, we 

have the voltage versus bias current and optical power versus bias current characterisations, the 

optical linewidths for each of the longitudinal modes emitted by the QDash FP-LD are also 

investigated. Furthermore, the RF linewidth generated by the beating of the longitudinal modes 

is analysed. Moreover, an identification of passive mode-locking mechanism in this kind of 

lasers is performed and the hypothesis claimed in Chapter 2 supported by equation 2.16 is 

experimentally verified.    

 

3.2 Device description 

The QDash-based heterostructure is grown by gas source molecular beam epitaxy (GS-MBE) 

on a S-doped InP substrate. The active core consists of six layers of InAs QDash embedded in 

40 nm-thick InGaAsP barriers [2]. The entire active structure is surrounded by two 80 nm-thick 

separate confinement hetero-structure (SCH) layers. Both barriers and SCHs are undoped.  Both 

facets are cleaved, forming a 1mm-long FP cavity.  It is a single section laser, without phase or 
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saturable absorption sections [3]. Typical dimensions along the growth axis and width of the 

QDash to achieve emission at 1.55 µm, are 2 nm and 20 nm respectively. The density of dashes 

per layer is 2 X10
10

 cm 
-2

. The device is designed and manufactured by Alcatel-Lucent III-V 

Lab, France. Fig. 3.1 shows a cross-sectional transmission electron microscopy image of a stack 

of 3 layers of dashes-in-a-barrier structures in the laser active layer [4]. 

 

 

 

 

Figure 3.1: QDash Fabry-Pérot semiconductor laser structure with a photograph of the cross-

sectional transmission electron microscopy image of a stack of 3 layers of dashes-in-a-barrier 

structures. The dashes are elongated in the direction transverse to the beam propagation inside 

the laser cavity [4], [5].   

 

 

3.3 Steady state characterisations 

The quantum dash mode-locked laser under investigation is a pre-cut wafer-bar, mounted and 

wire-bounded to the electrodes on a ceramic sub-mount. This device was characterized in its 

two presentations: packaged in a butterfly case or not, showing similar features. In the case of 

the unpackaged device, the whole sample is placed on a probe station and connected to two 

individual DC probes for bias and ground connections, as shown in Fig. 3.2(a). A similar laser 

was packaged by Achray Photonics and placed on a mounting board, as shown in Fig. 3.2(b).  

The temperature is controlled and stabilised at 25 ºC unless otherwise stated. I investigated the 

behaviour of the tested laser under DC-bias conditions in the optical and electrical domains as a 

function of injected current. 
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(a) 

 
(b) 

  

Figure 3.2: Picture of the QDash-FP-LD: (a) chip mounted on a probe station, (b) in a butterfly 

package and mounted on a testing module board. 

 

 

3.3.1 Voltage versus bias current and optical power versus bias current 

characterisations 

In order to study the QDash FP-LD device, a basic electrical and optical characterisation setup 

was developed, where mainly the voltage versus current (VI), and optical power versus current 

(LI) characteristic curves are of interest. As shown in Fig. 3.3, the experimental setup and 

procedure is basic. It consists of the measurement of the voltage across the active layer and the 

emitted optical power as a function of the driving bias supplied on the device under test. The 

bias current applied to the laser is automatically controlled and varied from 0 mA to 400 mA in 

steps of 1 mA. The optical power is measured with both an optical power meter and an optical 

spectrum analyser (OSA-1, Yokogawa AQ 6370).  

 

 

 
 

Figure 3.3: Experimental setup for the characterisation of the power collected vs. bias current, 

and optical power spectrum vs. bias current (--) electrical cable (-) optical cable, (||) data 

interface cable. 
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Fig. 3.4 depicts the LI and VI characteristics for the QDash FP lasers in its two presentations: 

packaged (black trace) and unpackaged (blue trace). The LI curves show the measured threshold 

current which is at ITH =18 mA. It was recorded in two ways: by increasing and decreasing the 

bias current. Both curves are overlapping each other; this demonstrates that there is no unbiased 

part of the lasers functioning as a saturable absorber. In addition, a maximum optical power of 

5.7 mW at the output of the packaged laser is collected from a pigtail single mode fibre, after 

passing through an optical isolator to avoid back reflections. In the case of the unpackaged laser, 

a maximum optical power of 3.7 mW is collected by a 0.5 NA lensed fibre followed by an 

isolator when operating at 400 mA. From Fig. 3.4, it can be verified that the packaged device 

exhibits better coupling when compared to its unpackaged version. From the manufacturers, it is 

known that the coupling losses for the packaged laser are approximately 3.5 dB. Considering 

that datum, the coupling efficiencies are 44 % and 29 % for the packaged and unpackaged 

versions, respectively. The VI curves correspond to the electrical characteristics of the 

semiconductor components utilised, and dynamic impedance across the active section is 

calculated from these curves, obtaining 1.7 Ω and 5.93 Ω for the packaged and unpackaged 

QDash FP-LDs, respectively.  The difference in the dynamic impedance obtained for the two 

lasers can be attributed to parasitic impedances from the connections utilised between the lasers 

and the biased source.      

Another parameter that can be calculated from the VI curve is the external differential quantum 

efficiency, obtaining efficiencies of 8 % and 5 % for the packaged and unpackaged laser, 

respectively. This value depends on the material used in the design of the laser, as well as on the 

cavity length [6].  

 

 

 
 

Figure 3.4:  The VI and LI curves obtained from the QDash-FP-LD in its packaged and 

unpackaged presentations. 
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3.3.2 Optical spectrum analysis 

3.3.2.1 Multimode analysis 

From the previous characterisations it was obtained that for all currents exceeding the threshold 

value, the optical spectra emitted by the QDash FP lasers feature a multimode behaviour with a 

nearly flat envelope. Increasing the bias current leads to an increment in the number of optical 

modes present in the 3 dB bandwidth as well as a slight displacement of the optical spectrum 

envelope towards shorter wavelengths. The rise in the number of longitudinal modes with the 

increment in the DC-bias applied to the device spans from the threshold current to 

approximately 100 mA, after which the number of emitted longitudinal modes present in the 

optical spectrum remains to circa 40 in the 3 dB bandwidth. An example of the optical spectra 

recorded with the device at 350 mA and temperature controlled at 25 ºC is presented in Fig. 3.5. 

The optical spectrum is centered at 1524 nm with a 3 dB bandwidth spanning 12 nm and 

containing approximately 40 optical modes.  The longitudinal optical modes in the spectrum are 

separated by 0.31 nm free spectral range (FSR), corresponding to an approximate frequency of 

40 GHz. Furthermore, from Fig. 3.5, it is possible to estimate the peak power-to-noise ratio on 

the longitudinal modes within the 3 dB bandwidth, when taking as the reference 10 dB below 

the maximum peak power of the optical modes to the noise power level. It is of around 40 dB, 

demonstrating the associated low level of noise. This result along with the wide optical 

spectrum suggests the feasibility of the QDash FP laser to generate optical pulses with 40 GHz 

repetition.  In this regard, Chapter 4 will demonstrate the optical pulse formation.  

 

 

 

Figure 3.5: Optical spectrum emitted by the QDash FP-LD recorded for a bias condition of 

350 mA, and temperature controlled at 25 ºC.  
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3.3.2.2 Optical linewidth measurement 

An optical linewidth measurement setup based on a self-heterodyning detection (SHD) 

approach is utilised in order to assess the optical linewidth corresponding to each mode in the 

optical spectrum emitted by the QDash FP-LD [7]. The setup is shown in Fig. 3.6. For this 

characterisation, the use of an optical spectrum analyser (OSA) is not practical owing to its 

resolution, which does not allow measurements below 0.01 nm. The SHD technique is used as 

detailed in the next paragraph.  

This measurement is performed on the QDash FP-LD chip placed on a probe station but similar 

results are expected from a packaged laser. The optical power of the QDash PF-LD is collected 

with a lensed fibre and coupled to an isolator (ISO) for suppressing back reflections from other 

elements of the setup which could disturb operation of the investigated laser. An Alnair 

BVF-200 tunable optical bandpass filter (OBPF), set to 0.2 nm bandwidth, allows every 

individual optical mode to be selected with a minimum adjacent-mode suppression of 25 dB. 

This OBPF does not affect the features of the modes measured, such as their individual phases. 

A semiconductor optical amplifier (SOA, SOA-XN-OEC-1550-CIP) operating in linear regime 

is used to boost the optical modes after the OBPF, allowing sufficient optical power to be 

provided to the SHD. In the SHD, the original optical signal from an optical mode is split into 

two paths.  On the optical signal on one path, a HP E4437B signal generator (GEN) with a 

frequency of 2 GHz and the phase modulator (PM, EOspace PM-OK5-10-PFU) produce a phase 

modulation which generates harmonics with frequency separation corresponding to 2 GHz. The 

12 km of single mode fibre (SMF) introduce a time delay and bring the signal in this branch 

beyond the coherence length (inversely proportional to the signal linewidth) and enables to 

achieve the minimum measurable linewidth of 17 kHz. The resulting signal, obtained from the 

frequency beating of the delayed signal and the first sideband of the modulated signal, is 

detected with a10 GHz photo-detector (PD, Lab Buddy-PP DSC-R401HG) and an electrical 

spectrum analyser (ESA-1, Anritsu MS2661C) is used to assess the beat-tone from the SHD. 

The experiment consists in tuning the OBPF from its shortest wavelength achievable 

(~1520 nm) to the longest wavelength (~1532 nm)  falling into the 3 dB bandwidth of the laser 

spectrum for four different bias conditions applied to the QDash FP-LD.  
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Figure 3.6: Self-heterodyning setup for optical linewidth measurement: QDash-FP-LD: 

quantum dash Fabry-Pérot laser diode; ISO: optical isolator; OBPF: optical band pass filter; 

OSA: optical spectrum analyser; SOA: semiconductor optical amplifier; PC: polarisation 

controller; GEN: signal generator; PM: phase modulator; SMF: single mode fibre; PD: photo-

detector; ESA: electrical spectrum analyser (see Appendix A for equipment specifications). 

 

 

The full width at half maximum (FWHM) linewidth of each optical mode is obtained by width 

measurements of the Lorentzian lineshape signal visualised with the ESA-1 at 10 dB drop from 

the peak value denoted with        by use of the equation [8]: 

 

 
       

      

 √  
 

(3.1) 

The optical linewidth associated to each longitudinal mode as a function of the bias current is 

shown in Fig. 3.7. A decreasing trend in the optical linewidth is observed as a function of the 

mode wavelength at a given bias current. The linewidths of the longitudinal modes vary from 

10 MHz at 1532 nm to 45 MHz at 1520 nm [7].  These optical linewidths values are in the same 

range as for a distributed feedback laser (DFB) [9], [10], with the advantage over the DFB lasers 

of having not a single mode but multiple modes. Further analysing the trend in these results, it 

might be seen as a consequence of the intrinsic four wave mixing that affects each of the 

longitudinal modes. The modes that are closer to the center of the gain envelop are more 

affected by the cavity gain. This increases their power and they function as a pump; meanwhile 

the modes on the right hand side with slightly minor power act as probes; this fact results in a 

more efficient up-conversion in the conjugate signal affecting the coherency of the modes on the 

right hand side [11-13]. This phenomenon also affects the noise of the individual modes on the 

right hand side resulting in a reduction of their linewidth. The change in the magnitude of the 

mode linewidth from 10 to 45 MHz (associated to the slope and position of the trace) related to 

the different bias currents might be due to a combination of events. These events directly 

involve the temperature, the gain and the carrier density in the laser cavity which affect the laser 

performance. For instance, an increase in the bias current increases the temperature in the 

QDash FP-LD, making the active layer of the device hotter. The increase in the temperature 

causes more carriers to be injected into the conduction band resulting in the creation of more 
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spontaneous emission, thus giving rise to an increment in the noise and a widening in the mode 

linewidth. These measurements on the linewidth of the optical modes will be analysed in more 

detail later in this Chapter, when comparing them with the RF linewidth of the beat-tone signal 

produced by the full optical spectrum emitted by the QDash-Fabry-Pérot laser and directed to a 

fast PD, in order to determine if there is a mode-locking mechanism engaged [11], [14]. 

 

 

 
 

Figure 3.7: Optical mode linewidth measurements as a function of the wavelength at different 

bias currents. 

 

 

3.3.3 RF spectrum analysis 

3.3.3.1 RF beating linewidth measurement 

The QDash laser emits a multimode spectrum for a wide range of bias currents above threshold, 

as was mentioned in Section 3.3.2. Above 100 mA, there are around 40 optical modes in the 

optical spectrum produced by the device in a 3 dB bandwidth window. The free spectral range 

between modes is approximately 40 GHz. The experimental setup depicted in Fig. 3.8 is used to 

investigate whether there is a beat signal generated at this frequency in the RF domain.  The 

signal produced by the beating of all the modes on a fast 50 GHz photo-detector (PD, u
2
t 

XPDV2020R) is analysed using a 40 GHz electrical spectrum analyser (ESA-2, Anritsu 

MS2668C) with resolution and video bandwidths set at 30 kHz.  
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Figure 3.8: Experimental setup for RF mode-beating linewidth investigation. 
 

 

The mode-beating signal measured from the QDash FP-LD is depicted in Fig. 3.9 for a bias 

current of IBias= 350 mA and temperature controlled at 25 ºC. At this bias condition, a peak at 

39.7 GHz is recorded. The measured data points are fitted with a Lorentzian shape (red trace), 

and the FWHM linewidth of 25 kHz is estimated from the width of the fitted curve at 10 dB 

drop from the maximum value following equation 3.1 [7], [15], [16]. Furthermore, this result in 

a Q-factor of 1588000, which is calculated with the following equation: 

 

 
  

 

      
 

(3.2) 

 

where   is the central frequency and    the bandwidth of the resonator. This high Q-factor 

value indicates that the device is a very good resonator, capable of generating optical pulses 

with high stability and with good efficiency. 

 

 
 

Figure 3.9: Mode-beating signal measured at the output of the QDash FP-LD at 350 mA. 

Measured data marked with open circles (o) and its Lorentzian fitting with solid red line. 
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The RF beating linewidth value is about three orders of magnitude lower than the sum of the 

optical linewidths associated to the optical modes produced by the laser and that contribute to 

that beating signal. This difference can be attributed to the high correlation between the modes, 

which results in a reduction of the noise of the beating signal, which is corroborated with the 

Q-factor calculated above. This is a signature of mode-locking [14-16].  

In order to complement this explanation and to support the phase correlation of the optical 

modes which derives from mode-locking, a setup is implemented, which is shown in Fig. 3.10. 

It is a setup similar to the one already shown in Fig. 3.8, but with the addition of an OBPF 

(Alnair Labs BVF-200) set to 0.4 nm. The filter allows selecting out a pair of adjacent optical 

modes and it is tuned within the range of wavelengths from 1520 to 1532 nm, and their beating 

signal is retrieved by a PD (u
2
t XPDV2020R) and ESA-2 (Anritsu MS2668C) for RF analysis.  

 

 

 
 

Figure 3.10: Experimental setup for RF mode-beating linewidth investigation. 

 

 

 

The mode-beating linewidth is obtained by a Lorentzian fitting of the photocurrent 

measurements. A fairly constant profile of the mode-beating FWHM linewidth is observed. 

Indeed, it fluctuates from a minimum value of 10 kHz to a maximum of 25 kHz regardless of 

the bias supplied to the QDash FP-LD (above threshold), as the example shown in Fig. 3.11(a) 

for a bias current of 350 mA. Since phase noise is the origin of spectral linewidth, from these 

results it is proven that the relative phases of adjacent modes have similar characteristics, and as 

a consequence all the longitudinal modes are strongly phase correlated, due to the passive 

mode-locking mechanism [2]. Fig. 3.11(b) depicts the superposition of the optical spectrum 

emitted by the QDash FP-LD along with the results already illustrated in Fig. 3.11(a). From 

Fig. 3.11(b), it is possible to identify a quasi-sinusoidal behaviour in the retrieved points 

regarding the mode-beating FWHM linewidth measurements, coinciding with a similar shape of 

the optical spectrum and revealing a main composition of 6 regions of emission. These 6 

regions can be attributed to the 6 layers of InAs Dash that comprise the active core, which might 

be the initiators of the multimode emission and the passive mode-locking condition in this kind 

of laser.  The initially formed modes provoke nonlinear interactions in the active medium that 

give rise to FWM, leading to a mutual injection locking, which results in the passive mode-

locking condition in the QDash FP-LD.  
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(a) 

 
(b) 

 

Figure 3.11: (a) Mode-beating linewidth associated with each pair of optical modes as a 

function of the OBPF central wavelength. (b) Comparison of the optical spectrum with the 

mode-beating linewidth associated with each pair of optical modes in a span from 1520 to 

1532 nm. 

 

 

From the results obtained throughout this Chapter such as the wide multimode optical spectrum, 

the narrow RF mode-beating linewidth and the demonstration of the mode-locking mechanism 

in these QDash Fabry-Pérot semiconductor lasers, it is expected that this device should generate 

optical pulses with low timing jitter. Moreover, it is envisaged that it should exhibit excellent 

synchronisation by external optical injection [2]. These statements are based on the results 

obtained in this Chapter along with the fact that this kind of laser is required to be only DC-

biased, with low power consumption and with a small footprint, this would enable it as a 

solution for developing applications in the field of optical fibre communications.  

 

3.4 Summary 

In this Chapter, a QDash Fabry-Pérot semiconductor laser was introduced in its two 

presentations available in the optics labs at Dublin City University and on which this entire 

thesis work is based. Regardless of the presentation (packaged or unpackaged), these lasers have 

the same characteristics in their optical and electrical spectrum, only varying in their optical 

power collected by a lensed fibre or a pigtail patchcord.  Moreover, the QDash laser generates a 

multimode optical spectrum with 12 nm bandwidth within the 3dB power range, suggesting the 

possibility of obtaining optical pulses from it. In addition, the optical linewidths of the 

longitudinal modes were measured, retrieving a value on the order of megahertz. Furthermore, 

the analysis of the mode-beating linewidth of the RF spectrum produced by the optical modes of 

the laser revealed a value of ~25 kHz when driving the laser at 350 mA, for instance. The 

difference of about three orders of magnitude between the RF beating linewidth and the optical 
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mode linewidths results helped to demonstrate the passive mode-locking mechanism in the 

QDash Fabry-Pérot semiconductor laser. This passive mode-locking mechanism was confirmed 

through the analysis of the RF mode-beating linewidth of the RF signal generated by pairs of 

adjacent optical modes, where their relatively similar values indicate a strong phase correlation 

among the modes. In addition, the high Q-factor value indicates that the QDash Fabry-Pérot 

laser is a good resonator capable of producing very stable pulses. In Chapter 4, an extension of 

the investigation of this quantum dash mode-locked laser diode (QDash-MLLD) will be 

performed, focusing on the demonstration of its applications for optical signal processing in 

subsequent Chapters. 
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Chapter 4  

 

Pulse generation by a quantum-

dash mode-locked laser diode  

 

4.1 Introduction 

For current telecommunications networks and future high-speed optical communications 

systems, the possibility to generate high quality pulses in terms of repetition rate, short pulse 

duration and low timing jitter from compact devices such as semiconductor lasers is very 

important. There are several techniques to generate pulses from semiconductor lasers, among 

which are: Q-switching, gain-switching and mode-locking. Recently, quantum dot/dash 

semiconductor lasers have attracted significant interest over their counter parts named, i.e. 

QWell, due to a smaller phase noise and lower timing jitter in the pulses that they can produce 

[1-4]. This chapter is presented as follows: in Section 4.2 an overview on the techniques for the 

generation of pulses is addressed. In Section 4.3, a short review about one of the techniques 

used nowadays to fully characterise short pulses and that is used in this Chapter to carry out 

pulse analysis is given. In Section 4.4, the demonstration of pulse generation from a passively 

mode-locked quantum-dash laser diode (QDash-MLLD) is presented. Section 4.5 deals with an 

application of the QDash-MLLD as a pulse generator at frequencies of up to 160 GHz with the 

aid of a time multiplexing system. In Section 4.6, the first step approach towards a clock 

recovery system is presented. It consists of the synchronisation of the quantum-dash to pulses at 

sub-harmonic and harmonic frequencies. Finally, a summary of the main results in the Chapter 

is provided.     
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4.2 Pulse generation techniques 

4.2.1 Q-switching 

This technique consists of the modulation of the intracavity losses of the laser [5]. The 

modulation is achieved by inserting an element inside the resonator, which creates saturable 

absorption regions [5]. These regions of absorption increase the losses of the cavity (Q-factor is 

degraded) and as a consequence the laser action is inhibited. Meanwhile the population 

inversion is pumped far above the threshold population so that the gain can be built up to a very 

high value. Then, suddenly the losses are drastically reduced. The laser exhibits a gain that 

greatly exceeds losses; the stored energy is released in the form of a short and intense light 

pulse. As a result, a train of short pulses is produced due to the quick periodic change in the 

Q-factor of the cavity (from low to high) [5]-[7].  Among the elements that can be used to 

control (switch) the cavity losses (cavity Q) are: saturable absorber, electro-optic crystals and 

acousto-optical switches [6], [7].  These elements are generally grouped into two categories, 

active and passive Q-switches. In active Q-switching, some external active operation must be 

applied to this device. On the other hand, in passive Q-switching, the switching operation is 

automatically produced by the optical nonlinearity of the element employed (usually the 

saturable absorber).  With this technique it is possible to achieve high power pulses, but at 

expenses of obtaining the pulses with low repetition rate and relatively wide pulse width.  

 

4.2.2 Gain-switching 

In this technique, the pulses are generated in analogous manner to Q-switching, but as the name 

suggests the gain is modulated instead of the losses.  Unlike Q-switching, gain-switching does 

not require the insertion of elements in its cavity [8-10], but it requires external elements to 

modulate the laser gain. These elements are a RF signal source and a DC-bias current source 

coupled by a bias-T. Gain-switching is produced by injecting very rapidly a large number of 

carriers into the active region of the device. This produces an increase of the population 

inversion and of the gain above the threshold leading to the formation of photons (light signal) 

that will reduce the gain to below the threshold, deriving in the reduction of the photon density, 

quenching the light signal [6], [8], [11], [12].  With this technique many longitudinal modes are 

created with a well-defined spectral envelope. The pulse repetition rates achievable are limited 

usually to the gain bandwidth of the laser, which can be extended by strong optical injection, 

resulting in pulses at repetition rates up to several gigahertz with pulse durations between nano 

and picoseconds, with low timing jitter, which can be useful for telecommunication applications 
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[13]. In addition, one important advantage when compared to Q-switching is that gain-switching 

is wavelength tunable [14].  

 

4.2.3 Mode-locking 

An overview of the mode-locking theory has been presented in Chapters 1 and 2 along with its 

different variations. Mode-locked diode lasers can generate pulses shorter than both gain-

switched and Q-switched lasers. In the case of semiconductor mode-locked lasers, the pulse 

repetition rate is determined by the optical length of the laser cavity. Pulses with durations in the 

order of femtoseconds at high repetition rates can be reached [15-19]. Depending on the 

application, one technique can be preferred over the other one, for instance Q-switching can 

produce pulses with more energy than gain-switching or mode-locking, but gain-switching 

provides more tunability. Mode-locking is simple to implement and can provide pulses with low 

phase noise and timing jitter. These aspects will be demonstrated later in this Chapter.  

 

 

4.3 Pulse measurement techniques  

 

One of the methods used to characterise a short pulse is by directly employing electronic 

techniques for temporal pulse-width measurements. This method consists of fast photodiodes 

and high bandwidth (electrical sampling) oscilloscopes. However, they are limited to pulses in 

the picosecond regime and normally they require a high quality clock to trigger the oscilloscope. 

These limitations make this method unsuitable for recording a pulse temporal profile [20]. The 

use of spectrograms can provide information of the intensity pulse purely in the frequency 

domain, but information of the phase is lost [21]. In order to fully characterise ultra-short 

pulses, optical correlation techniques that operate in the time-frequency domain are necessary. 

One of the most reliable techniques to analyse short pulses is the frequency resolved optical 

gating [20-26], better known as FROG. 

 

4.3.1 Frequency resolved optical gating (FROG) 

The FROG technique is built on an auto-correlator, and it is used to fully characterise the 

ultrashort pulses allowing the determination of the intensity and phase versus time or frequency 

[18-26].  An auto-correlator can only retrieve information of the amplitude or intensity versus 
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delay time of the second harmonic signal generated. Consequently, it can estimate the duration 

of pulses produced by a laser assuming an initial pulse shape. The FROG technique follows the 

same principle as the auto-correlator, but for the detection of the second harmonic signal, uses a 

spectrometer instead of a slow detector. 

In this technique, as in the case of the auto-correlation, the signal to analyse E(t) is split into 

two, one of the replicas is time delayed E(t- τ), and they are combined (Esig (t,τ)) in a second 

harmonic generation (SHG) crystal. In this crystal one of the replicas gates the other signal and 

the time delay is varied (see Fig. 4.1). The signal-pulse electric field obtained after crossing the 

SHG crystal has the form 

 

     (   )  | ( ) (   )|
  (4.1) 

 

This signal is then resolved by a spectrometer, to yield the FROG trace or spectrogram of the 

form 
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Figure 4.1: Schematic of the SHG FROG apparatus [27]. 

 

 

This measurement can be done on a single shot or many shots.  At this stage, the FROG system 

has no information about E(t), the recorded spectrogram is used as an input of an iterative 

algorithm which process and retrieves the full information of the electric field such as intensity 
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and phase of the pulse to analyse. E(t) is the solution that gives the lowest error between the 

measured spectrogram and that given by the algorithm calculation. 

 

4.4 Pulse generation from passively mode-locked quantum 

dash laser diode 

The experimental analyses performed on the QDash-MLLD in Chapter 3 indicate that the laser 

is passively mode-locked. In addition, due to its spectral optical and electrical features such as: 

multimode behaviour with more than 40 longitudinal modes in the 3 dB bandwidth contributing 

to 12 nm in a nearly flat spectrum, along with a narrow RF beating signal of < 50 kHz derived 

from the beating of the optical modes on a photo-detector, it is expected that the laser generates 

short optical pulses. Further investigations on pulse formation in this laser were carried out and 

are presented in the next subsection of this Chapter. They are based on the FROG technique 

explained above.  

 

4.4.1 Investigation of pulses at the output of the QDash-MLLD 

4.4.1.1 Experimental setup 

The experimental setup to investigate the optical pulse generation based on a QDash-MLLD is 

depicted in Fig. 4.2. The measurements shown in this Chapter are performed on the QDash-

MLLD in its unpackaged presentation, which is placed on a probe station, but similar results are 

expected for a packaged laser. The optical power of the QDash-MLLD is collected with a lensed 

fibre and coupled to an isolator (ISO) for suppressing back reflections from other elements of 

the setup which could disturb the operation of the investigated laser. This signal is amplified 

through (EDFA-1) and it can be either sent directly for analysis or, before that, be passed by an 

optical band-pass filter (OBPF-1, Santec OTF-950) centered at a wavelength of 1530 nm. The 

signal is split by a 50/50 optical coupler, where half of the power is amplified (EDFA-2) and 

optimized in polarisation (PC-1) then directed to the pulse analyser, frequency resolved optical 

gating (FROG, Southern Photonics HR 150). The EDFA-2 and PC-1 are components imposed 

by the FROG system. The other half of the power of the optical signal is photo-detected (PD, u
2
t 

XPDV2020R), amplified with a low noise broadband RF amplifier (RF Amp) and frequency 

divided (FDIV, Centellax Div/4 TD40MCA) from 40 GHz to 10 GHz in order to use this 

10 GHz signal as the electrical trigger for the optical sampling oscilloscope (OSO-Picosolve, 
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PSO-101) offering a 0.83 ps temporal resolution. The signal emitted by the QDash-MLLD is 

then visualised with the OSO-Picosolve and further analysed with the FROG. Neither technique 

relies on the synchronisation of the QDash laser to an external source. This means that the 

measurements presented have been carried out in free running and have not been distorted by an 

external signal applied to the device. 

 

 

 
 

Figure 4.2: Experimental setup for the analysis of the output of the QDash-MLDD under DC-

bias condition. Temperature is stabilised at 25 °C. QDash-MLLD: quantum dash mode-locked 

laser diode; ISO: optical isolator; EDFA: erbium-doped fibre amplifier; OBPF: optical band 

pass filter; OSA: optical spectrum analyser; PC: polarisation controller; PD: photo-detector; 

FDIV: frequency divider; FROG: frequency resolved optical gating; OSO-Picosolve: optical 

sampling oscilloscope (See appendix A for equipment specifications). 

 

 

4.4.1.2 Analysis 

Firstly, the signal transmitted by the QDash-MLLD without any filtering stage is analysed.  

Fig. 4.3(a) shows the eye diagram of the output of the QDash-MLLD obtained with the OSO-

Picosolve, when the device is DC-biased at 350 mA and controlled in temperature at 25 °C. 

Pulses are retrieved with a repetition rate of 39.8 GHz. It is not possible to have precise 

quantitative measurements from this temporal trace due to two main factors: the temporal 

resolution of the OSO-Picosolve is close to the expected pulse duration (below 1 ps); and its 

sensitivity to the quality of the trigger, as it is not at 40 GHz, but one quarter of it (10 GHz) 

[15]. However, it can be observed that the rising edge of the pulses is shorter than the trailing 

edge. Also, the trailing edge might present some features. The peak power is of 6 mW.  

Further investigation has been carried out with the FROG system. Fig. 4.3(b) presents the 

results. The black trace shows the temporal intensity versus time delay in picoseconds for the 
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characterised pulses featuring a pulse width of 2.6 ps, comparable to that measured with the 

limitation of the optical sampling oscilloscope. In addition, a feature can be observed beside the 

main pulse which looks like a secondary pulse, which can be attributed to the chirping of the 

pulses generated by the QDash-MLLD. The blue trace presents the chirp of the pulse generated. 

It confirms the positive chirped pulse at the QDash-MLLD output. 

 

 

 
         (a) 

 
(b) 

 

Figure 4.3: Pulse traces at the output of the QDash-MLLD retrieved with: (a) optical sampling 

oscilloscope; (b) frequency resolved optical gating. 

 

 

Secondly, the analysis of the pulses at the output of the QDash-MLLD is carried out after 

filtering of the optical spectrum with a 1 nm bandwidth filter. A trace of the pulse retrieved with 

the FROG system is shown in Fig. 4.4. A pulse duration of 6 ps is measured and the positive 

chirp is still present. The positive slope associated with the pulses emitted by the QDash-MLLD 

results in an interesting feature since it allows the introduction of a simple compression scheme 

based on group velocity dispersion in a standard single-mode fibre. This fact will be exploited 

in the following Section for pulse compression in order to achieve shorter pulse generation. This 

result is taken from a more extensive analysis on the dependence of the pulse duration with 

respect to the bandwidth of the filters performed in the Radio and Optical Communications 

Laboratory research group at Dublin City University [15], [27]. From those results it was 

demonstrated that the pulse duration varies inversely proportional to the spectral bandwidth.   
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Figure 4.4: Optical pulses generated from the QDash-MLLD and resolved with the FROG 

system after optical spectrum filtering with 1 nm bandwidth.   

 

 

4.4.2 Generation of pulses at the output of the QDash-MLLD with a 

compression scheme 

4.4.2.1 Experimental setup 

Following the results obtained in previous Section, where the pulses generated at the output of 

the QDash-MLLD exhibited a positive chirp,  it is worth investigating the changes in their pulse 

duration by adding a passive element, in this case, a single-mode fibre (SMF) [27],[28]. The 

standard SMF operates in anomalous dispersion regime for wavelengths around 1530 nm. This 

property allows compensating such positive chirp exhibited by the pulses when combined with a 

proper fibre length.  

In order to investigate the pulse compression, 450 m of SMF was added to the setup shown in 

Fig. 4.2 to obtain the configuration depicted in Fig. 4.5. The 450 m of SMF used in this 

experiment was the only fibre available in the Radio and Optical Communications Laboratory at 

Dublin City University to almost flatten the chirp shape. 
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Figure 4.5: Experimental setup for the analysis of the output of the QDash-MLDD under DC-

bias conditions. Temperature is stabilised at 25 °C. The 450 m of SMF is introduced for chirp 

compensation. 

 

 

4.4.2.2 Analysis 

The pulses are first visualised with the optical sampling oscilloscope (OSO-Picosolve); the 

corresponding trace is shown in Fig. 4.6(a). However, owing to the two drawbacks mentioned in 

previous Section regarding the OSO-Picosolve, the trace does not allow obtaining more accurate 

details on the pulse characteristics, but it provides a view of such pulses. The pulses present a 

reduction in their pulse width and an increase in the peak power from 6 mW to 18 mW, while 

remaining at a frequency of 39.8 GHz. Fig. 4.6(b) shows the FROG traces of intensity and 

chirp. It is confirmed the reduction in the pulse width when compared to Fig. 4.3(b), the pulse 

width is now approximately 720 fs. The chirp trace reveals that the length of SMF utilised is 

still not the optimum but the pulse has been compressed. 
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         (a) 

 
(b) 

 

Figure 4.6: Pulse traces at the output of the QDash-MLLD after the introduction of 450 m of 

SMF and retrieved with: (a) optical sampling oscilloscope; (b) frequency resolved optical 

gating. 

 

 

 

Fig. 4.7 depicts the FROG traces of intensity and chirp versus time delay for the pulses 

generated by the QDash-MLLD when the optical spectrum is filtered with a 1 nm filter 

bandwidth and the inclusion of 450 m of SMF.  The intensity versus time trace reveals the 

expected reduction in the pulse width compared with the trace shown in Fig. 4.4, but it is wider 

than the trace shown in Fig. 4.6(b) which was obtained without any filtering stage. However, the 

chirp is now negative but not fully flat, confirming that the length of the SMF utilised is not 

optimal. Chirp changes on the pulses associated to optical spectral filtering of the QDash-

MLLD when compared to the non-filtering case can be expected depending on the number of 

modes filtered out and the way in which they are transmitted through the filter. The length of 

450 m SMF was picked as is the shortest length of fibre available in the Radio and Optical 

Communications Laboratory research group at Dublin City University. A proper length of 

optical fibre would retrieve a flat chirp trace, indicating no chirping in the pulses generated.  
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Figure 4.7: Optical pulses generated from the QDash-MLLD and resolved with the FROG 

system after optical spectrum filtering with 1 nm bandwidth and the introduction of 450 m of 

SMF. 

 

 

A more detail analysis on the dependence of the pulse duration with respect to the bandwidth of 

the filters with or without inclusion of 450 m of SMF was performed in the Radio and Optical 

Communications Laboratory research group at Dublin City University and can be consulted in 

the following references [15],[27]. From those results it was demonstrated that the pulse 

duration varies inversely proportional to the spectral bandwidth and that the introduction of the 

piece of fibre helped to compensate for the initial positive chirp of the pulses emitted by the 

passively QDash-MLLD, as a consequence achieving the generation of shorter pulses.   

 

4.4.2.3 Analysis of the timing jitter in free running 

Furthermore, the width of the optical pulses produced by the passively QDash-MLLD, as well 

as the associated timing jitter (both of them retrieved from the FROG system), are shown in 

Fig. 4.8 as a function of the DC-bias current applied to the device, with no filtering of the 

optical spectrum but including the 450 m of SMF. For this experiment, the QDash-MLLD does 

not require any optical or electrical signal applied to it. In other words, the QDash-MLLD 

operates in free running and the timing jitter measured with this technique does not require any 

trigger signal that would affect the measurements. In the case of the timing jitter, it is calculated 

by considering the intensity auto- and cross-correlation traces obtained from the FROG system 

according to the equation 
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acccacpj

22)/(    (4.3) 

                           

where     and     are the full-width at half maximum (FWHM) of the auto- and cross-

correlation pulses, respectively. As can be observed in Fig. 4.8, the pulse width (  ) and 

associated timing jitter (  ) present a decreasing trend with the DC-bias. The slight increments 

of timing jitter for bias currents between 300 and 350 mA can be associated to the large 

differences in phase noise among the optical modes which are visualised from the optical mode 

linewidth measurements presented in Chapter 3, Fig. 3.7. The magnitude of such differences in 

the optical mode linewidth is proportional to the slopes of the traces; a bigger slope for a bias 

current of 350 mA is present when compared to the optical linewidth measurements for the 

other bias currents.  

The most widely used method for measuring the timing jitter is by the frequency domain 

technique, which is based in the utilisation of the Von der Linde method [29], which consists of 

integrating the single sideband phase noise spectral density around the frequency carrier 

measured on an RF spectrum analyser over a range of frequencies. Usually, this can be directly 

done by using spectrum analysers capable of performing the integration of the single side band 

phase noise by only capturing the RF beating signal from the optical signal to analyse. For this 

experiment we did not rely on such apparatus, but instead implemented a time domain approach 

for measuring the timing jitter, which is quantitatively comparable to the frequency domain 

technique. Its advantage is that it requires neither an extremely fast photo-detector nor a so-

called timing jitter analyser. For instance, the     associated with the widest measured pulse 

(   =1.6 ps, obtained at 150 mA) is above 350 fs, associated to the shortest pulse (  =720 fs, 

obtained in the range from 300 to 450 mA) is ~150 fs. This low value of timing jitter confirms 

the QDash-MLLD as a source of stable optical pulses. Furthermore, as it has been mentioned in 

this and the previous Chapter, if the QDash-MLLD is synchronised by an external optical 

signal, it would provide a quality clock signal. Notice that even though the 25 kHz mode-

beating linewidth of the QDash-MLLD is inferior with respect to the narrowest linewidth 

obtained in free running conditions from a 4-mm-long two-section passively mode-locked QD 

device at 10 GHz with saturable absorber section [30], its performance is comparable in terms 

of the timing jitter (minimum of 150 fs with respect to 147 fs reported in [30]). The timing jitter 

evaluated in the referred reference was made by using the Von der Linde method, integrating 

the single sideband phase noise spectral density around the 10 GHz carrier measured on an RF 

spectrum analyser over the 4 MHz to 80 MHz frequency range. The setup is comparable to the 

one shown in previous Section, since the optical output of the QDash laser is coupled via a 

single-mode lensed fibre to an angled connector and directed to the RF spectrum analyser [30]. 

On the other hand, considering a collected power of 4 mW at the QDash-MLLD output with 
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   = 2.2 ps at 40 GHz, a peak power of 40 mW is estimated, while for compressed pulses with 

  = 720 fs, the peak power is ~140 mW. 

 

 
 

Figure 4.8: Pulse width (○) and timing jitter (□) associated to the optically generated pulses in 

terms of the DC-bias current supplied to the QDash-MLLD. 

 

 

4.5 Multiplexing of pulses from a quantum dash mode-

locked laser 

In the previous Section, the generation of pulses from the passively mode-locked QDash laser 

diode was investigated. It was found that it is possible to obtain short pulses in the order of 

femtoseconds (below 800 fs). This fact along with the mode-locking theory provided in 

Chapters 1 and 2, encourage the investigation of pulse generation when the device is 

synchronised to a train of optical pulses with or without data. As a first approach, in this Section 

the synchronisation of the QDash-MLLD to a train of pulses at 10 GHz generated by a 

mode-locked laser source is studied. This synchronisation will allow the generation of very 

stable 40 GHz pulses at the QDash-MLLD output which can be used as a pulse source not only 

at that frequency but at higher frequencies after using a time multiplexing technique.  
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4.5.1 Experimental setup to generate pulses at high frequency from a 

synchronised QDash-MLLD 

The setup to examine the generation of pulses at a rate up to 160 GHz from a synchronised 

QDash-MLLD is depicted in Fig. 4.9. It consists of a u
2
t tunable mode-locked laser (TMLL) 

with central wavelength at 1552 nm and actively mode-locked with a 10 GHz clock signal from 

a RF generator (Yokogawa AP9945). This signal also triggers the OSO-Picosolve (PSO-101). 

Fig. 4.10 shows the optical spectrum and temporal (eye diagram) traces of the TMLL output 

signal taken with an optical spectrum analyser (OSA, Apex AP2443B) set at resolution 

bandwidth (RBW) of 20 MHz and an optical sampling oscilloscope (OSO-Picosolve) with 

resolution of 0.83 ps, respectively. The pulses at the output of the TMLL are passed through an 

isolator (ISO) to avoid back reflections, amplified with an Erbium doped amplifier (EDFA-1) 

and injected into the QDash-MLLD by using a circulator with an optical power of 3 dBm. The 

QDash-MLLD is DC-biased at 110 mA and stabilised in temperature to 25 °C.   

 

 

 
 

Figure 4.9: Experimental setup to generate pulses at up to 160 GHz: TMLL: tunable mode-

locked laser; ISO: optical isolator; EDFA: erbium-doped fibre amplifier; QDash-FP-MLLD: 

quantum dash Fabry-Pérot laser diode; OBPF: optical band pass filter; OSA: optical spectrum 

analyser; ESA: electrical spectrum analyser; PC: polarisation controller; SMF: single-mode 

fibre; OMUX: optical multiplexer; FROG: frequency resolved optical gating; OSO-Picosolve: 

optical sampling oscilloscope (See appendix A for equipment specifications). 
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(a) 

 
(b) 

 

Figure 4.10: u
2
t  tunable mode-locked laser  emitting at 10 GHz: (a) optical spectrum taken with 

RBW of 20 MHz (b) temporal trace with resolution of 0.83 ps.  

 

 

At the output of the QDash-MLLD, a 6 nm optical band-pass filter (OBPF-1, Alnair Labs 

BVF-200) centered at 1530 nm, is utilised to suppress both the spontaneous emission from 

EDFA-1 and the synchronising injected signal. At the output of the OBPF-1, 10% of the power 

is used for analysis and monitoring of the synchronised signal.  Fig. 4.11 presents the optical 

spectrum and eye diagram of the synchronised QDash-MLLD taken with resolutions of 0.02 nm 

(OSA-1, Yokogawa AQ 6370) and 0.83 ps, respectively. The optical spectrum trace 

(Fig. 4.11(a)) shows a nearly flat shape with 20 longitudinal modes separated by approximately 

0.33 nm, equivalent to ~40 GHz, which is confirmed by the eye diagram in Fig. 4.11(b) where 

the pulses have a temporal separation of 25 ps and which features an optical signal-to-noise-

ratio (SNR) of 15 dB. The variation in the amplitude of the temporal traces visualised with the 

optical sampling oscilloscope is due to the trigger signal of 10 GHz from the pulse generator 

which is not the ideal 40 GHz for the detected signal. 
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(a) 

 
(b) 

 

Figure 4.11: Synchronised QDash-MLLD emitting at 40 GHz: (a) optical spectrum taken with 

RBW of 0.02 nm (b) temporal trace with resolution of 0.83 ps. 

 

The remaining 90% of the optical power emitted by the QDash-MLLD is sent to the 450 m of 

SMF for pulse compression. It is amplified and passed into a two-stage optical time multiplexer 

(OMUX, Calmar Optcom BRM-T-16), which allows for the generation of pulses at repetition 

rates of 80 and 160 GHz. The pulses are visualised with the OSO-Picosolve, the OSA 

(Yokogawa AQ 6370) and an auto-correlator (Femtochrome Research FR-103MN).  

4.5.2 Analysis 

Fig. 4.12(a) presents the optical spectrum of the filtered QDash-MLLD after the first 

multiplexing stage measured within a span of 9 nm and resolution of 0.02 nm. Clearly, the main 

longitudinal modes have a peak power-to-noise ratio of 10 dB and a separation of 0.66 nm, 

corresponding to approximately 80 GHz. Ideally, a better time multiplexing process should 

retrieve a peak-power-to-noise ratio of at least 30 dB. Using the OSO-Picosolve it is possible to 

visualise and to record the time domain trace of the pulses provided by the QDash-MLLD. The 

eye diagram shown in Fig. 4.12(b) confirms the frequency of the pulses provided by the 

QDash-MLLD as the pulse separation is 12.5 ps, and features a SNR of 8 dB. Owing to the low 

temporal resolution of the OSO-Picosolve (0.83 ps), the trigger of 10 GHz from the generator 

and the low peak-power-to-noise ratio on the multiplexed pulses, it is not possible to obtain any 

further information on these pulses from Fig. 4.12(b). However, after averaging the optical 

pulses retrieved from the OSO-Picosolve and calculating their Fast Fourier Transform, it is 

verified that the pulses present a fundamental frequency component at the expected 80 GHz, as 

depicted in Fig. 4.12(c).  
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(b) (b) 

 
(c) 

 

Figure 4.12: Generated pulses at 80 GHz, after the first time multiplexing stage: (a) optical 

spectrum taken with RBW of 0.02 nm, (b) temporal trace with resolution of 0.83 ps, (c) RF 

spectrum. 

 

 

A similar analysis is performed on the pulses generated after a second time multiplexing stage. 

In this case, the generated pulses are at a frequency of 160 GHz, which can be corroborated 

from Fig. 4.13. The optical spectrum (shown in Fig. 4.13(a)) of the resulting signal is measured 

within a span of 9 nm and resolution of 0.02 nm. From this trace can be distinguished  five main 

longitudinal modes with a peak power-to-noise ratio of 10 dB and a separation of 1.32 nm, 

corresponding to approximately 160 GHz. Using the OSO-Picosolve, it is still possible to 

visualise and to record the time-domain trace of the pulses provided by the QDash-MLLD. The 

eye diagram shown in Fig. 4.13(b) provides a view of the multiplexed pulses with a separation 

of 6.25 ps which feature a signal-to-noise-ratio of 6 dB. The increase in the power of these 

pulses when compared to Fig. 4.12(b) is only due to an increment in the input power at the 

optical input port of the OSO-Picosolve. After calculating the Fast Fourier Transform of the 

pulses displayed on the OSO-Picosolve, it is confirmed that the pulse train presents a main 

frequency component at the expected 160 GHz, as shown in Fig. 4.13(c).  
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 (b)  (b) 

 
(c) 

 

Figure 4.13: Generated pulses at 160 GHz, after the second time multiplexing stage: (a) optical 

spectrum taken with RBW of 0.02 nm, (b) temporal trace with resolution of 0.83 ps, (c) RF 

spectrum. 

 

 

Unfortunately, for the experiments corresponding to subsection 4.5.1, it was not possible to 

analyse the pulses with the FROG system, but a conventional auto-correlator was used, 

retrieving only the pulse width values. The time domain multiplexed pulses exhibit a FWHM of 

1.8 ps irrespective of the pulse repetition rate after a passive compression scheme based on the 

reduction of the pulses’ chirp by the chromatic dispersion in a standard single-mode fibre [15], 

[31]. 

The sub-picosecond pulse generation at up to 160 GHz from a QDash-MLLD and multiplexing 

stage shows evidence for the potential of using this device for applications in OTDM systems. It 

should be possible to obtain pulses with this kind of device at higher frequencies, determined by 

the cavity length of the laser [16], [17] as well as by manipulating the optical longitudinal mode 

separation with a wave shaper [32].   
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4.6 Multi-pulse synchronisation of quantum dash mode-

locked laser 

The demonstration of the synchronisation of the QDash-MLLD to a train of pulses at 10 GHz 

shown in Section 4.5 indicates the possibility of achieving synchronisation not only to pulses at 

higher frequencies but also to data signals.  These can give rise to an application of the device to 

perform all-optical clock recovery of OTDM signals at high speed [33]. Therefore, in this 

Section, synchronisation of the QDash-MLLD to pulses from 10 up to 160 GHz is investigated.  

 

4.6.1 Experimental setup  

The experimental setup to assess the performance of the QDash-MLLD under synchronization 

with pulses at high frequency is illustrated in Fig. 4.14. Again the u
2
t TMLL at a central 

wavelength of 1550 nm, driven by an electrical clock from a pattern generator (PPG, Yokogawa 

AP9945), is used to generate a train of optical pulses at a 10 GHz repetition rate. The 10 GHz 

pulses are amplified and directed to the OMUX (Calmar Optcom BRM-T-16) where pulse 

sequences at 20, 40, 80, and 160 GHz are obtained. An optical bandpass filter (OBPF-1) set at 

∼1550 nm with 6 nm bandwidth suppresses part of the amplified spontaneous emission of the 

amplification modules (EDFA-1 and EDFA-2). Pulses at various repetition rates are then 

injected into the QDash-MLLD through an optical circulator.  

 

 

 

 

Figure 4.14: Experimental setup for sub-harmonic and harmonic pulse synchronisation: TMLL: 

tunable mode-locked laser; ISO: optical isolator; PC: polarisation controller; EDFA: erbium-

doped fibre amplifier; OMUX: optical multiplexer; OBPF: optical band pass filter; VOA: 

variable optical attenuator; QDash-FP-MLLD: quantum dash Fabry-Pérot laser diode; PPG: 

pulse pattern generator; ESA: electrical spectrum analyser; PD: photo-detector; SMF: single- 

mode fibre; FROG: frequency resolved optical gating; OSO-Picosolve: optical sampling 

oscilloscope (See appendix A for equipment specifications). 
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Eye diagrams of the generated multiplexed pulses to be injected into the QDash-MLLD at 

frequencies of 10 GHz, 20 GHz, 40 GHz, 80 GHz and 160 GHz are shown in Figs. 4.15(a)-

4.15(e), respectively. The pulses are resolved by the optical sampling scope (note that injected 

signals in Figs. 4.15(d) (for 80 GHz) and 4.15(e) (for 160 GHz) appear less discrete due to the 

0.83 ps resolution of the OSO-Picosolve). The spectral components of the generated pulses at 

20, 40, 80, and 160 GHz have been minimized below their corresponding fundamental 

frequency by optimizing the operational conditions of the OMUX in terms of delay and optical 

power balance between the time domain multiplexed pulses. Intensity (black trace) and chirp 

(blue trace) of the multiplexed pulses at frequencies of 10, 20, 40, 80, and 160 GHz are also 

resolved by the FROG system (Southern Photonics HR 150), as it is shown in Figs. 4.15(f)-

4.15(j). The pulses feature a FHWM pulse width of 1.6 ps, independent of the pulse frequency. 

In addition, from the same figures, it is possible to see that they present negative chirp. The 

complex phase (chirp in the frequency domain) dependence of the input signals is due to the 

presence of a saturable absorber in the TMLL cavity [34].  

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

     

 
(f) (g) 

 
(h) 

 
(i)  (j) 

 
Figure 4.15: Pulses generated at 10, 20, 40, 80, and 160 GHz: (a)–(e) Eye diagrams, resolved by 

the optical sampling scope; and (f)–(j) intensity versus time and chirp versus time delay traces, 

resolved by the FROG system.  

 

 

4.6.2 Analysis of the pulses generated by the QDash-MLLD after 

synchronisation 

The synchronisation of the QDash-MLLD resulting from the injection of the pulses at 10, 20, 

40, 80 and 160 GHz is found to be sustained for injected optical powers between +6 and 

+10 dBm, measured by the variable optical attenuator (VOA-1), along with a fine tuning of their 



56 

 

state of polarisation. The QDash-MLLD is operated at 90 mA and stabilised in temperature at 

25 °C. Synchronised recovered optical pulses from the QDash-MLLD are isolated from injected 

signals by the OBPF-2 set at ∼1530 nm with a 6 nm bandwidth. The pulses are passively 

compressed by a 450 m single-mode fibre [34]. The synchronisation is firstly analysed with the 

ESA-2 (Anritsu MS2668C), previously carrying out the photo-detection (u
2
t XPDV2020R) of 

the optical signal. Fig. 4.16 depicts the RF spectra of the QDash-MLLD in free running and in 

synchronisation by pulses at 40 GHz, taken with a span of 40 MHz and resolution of 10 MHz. A 

shift in the central frequency and a significant increase in the FWHM are observed on the 

40 GHz beat-tone signal when there is no external signal applied (free running), passing from 

~ 30 kHz (free running) to less than 10 Hz under synchronisation, irrespective of the frequency 

of the pulse injected into the laser as long as its harmonic frequency coincides with 40 GHz. 

 

 

 

Figure 4.16: Comparison of the RF spectra of the QDash-MLLD in free running and 

synchronisation. 

 

 

Moreover, the optical sampling oscilloscope (OSO-Picosolve) featuring a resolution of ∼0.83 ps 

is used as a visual aid to monitor the QDash-MLLD operation under external optical 

synchronisation. No eye diagrams are retrieved from the OSO in the absence of external locking 

of the QDash-MLLD because the trigger signal from PPG is not synchronised with the free-

running frequency of the laser.  Fig. 4.17(a) shows the eye diagram of the recovered pulses from 

the QDash-MLLD under pulse synchronisation. This trace allows verifying the pulse generation 

with a pulse separation of ~ 25 ps corresponding to ~ 40 GHz. In addition, the Fast Fourier 

Transform of such a trace results in a characteristic Sinc-like shape, featuring a fundamental 

component at 40 GHz, as shown in Fig. 4.17(b). The power spectral density of components at 

10 and 20 GHz is negligible, more than 40 dB below the main component, which implies that 
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injected frequencies at 10 and 20 GHz do not create any amplitude modulation in the active 

locking process achieved by the injection of pulses at 10 and 20 GHz [34].  

 

 

(a) (b) 

 

Figure 4.17: Recovered clock pulses at ~ 40 GHz, resolved by the optical sampling 

oscilloscope: (a) eye diagram; (b) frequency components after Fast Fourier Transform 

calculation. 

 

 

Similarly to the input pulses, an analysis of the recovered optical pulses is performed with the 

FROG system [22]. Shown in the temporal traces in Figs. 4.18(a)-4.18(e) are recovered clock 

pulses at 40 GHz after synchronisation from pulses at 10, 20, 40, 80 and 160 GHz, respectively. 

They exhibit a FWHM of ∼1.8 ps and nearly linear chirp regardless of their repetition rate. 

Time domain characteristics of the recovered clock pulses remain unchanged despite the shape 

and phase (or chirp) variations of the input pulses, (see Figs. 4.15(f)-4.15(j)). In addition, a 

maximum timing jitter of 0.4 ps is estimated for recovered clock pulses by implementing the 

method described in Subsection 4.4.2.3 [35]. 

 

 

 
(a)  (b) 

 
(c) 

 
(d) 

 
(e) 

 
Figure 4.18: Intensity versus time delay and chirp versus time delay traces, resolved by the 

FROG system, of recovered clock pulses from injection of pulses at: (a) 10 GHz, (b) 20 GHz, 

(c) 40 GHz, (d) 80 GHz (e) 160 GHz. 
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The optical injection at sub-harmonic and fundamental frequencies to achieve synchronisation 

of the QDash-MLLD laser can be explained with help of Fig. 4.19. Since the input signals as 

well as the intrinsic output signal generated by the QDash-MLLD are trains of pulses and not 

perfect sinusoidal functions, they present a part of their fundamental frequency, some 

components at higher harmonic and sub-harmonic frequencies, as depicted in Fig. 4.19, for 

input train of pulses at 10, 20 and 160 GHz (in color) and 40 GHz from the QDash-MLLD (in 

black). In the case of input signals at lower frequency than the fundamental frequency of the 

QDash-MLLD (40 GHz), their higher harmonic components interact with the fundamental 

component of the QDash-MLLD, as shown in the figure for input signals at 10 and 20 GHz. 

When the input signal has a higher frequency than the fundamental frequency of the 

QDash-MLLD, the interaction occurs between the fundamental component of this input signal 

and a higher harmonic frequency component of the QDash-MLLD (inherent from the presence 

of the other longitudinal modes originated in the laser cavity) as illustrated in Fig. 4.19 for the 

case of an input signal at 160 GHz. The interactions of those frequency components between the 

input and QDash-MLLD signals achieve the synchronisation. As a consequence, the phase 

correlation of the longitudinal modes of the laser is improved, resulting in an enhancement in 

the stability of the pulses generated by the QDash-MLLD as reflected in their low timing jitter. 

 

 

 

 

Figure 4.19: Schematic representation of the QDash-MLLD synchronisation by higher and sub-

harmonic frequency components from the input signals. 

 

 

The demonstration of the synchronisation of the QDash-MLLD with a resultant generation of 

optical narrow pulses with low values of timing jitter is a first step towards the demonstration of 

all-optical clock recovery from data signals. Such a study will be presented in Chapters 5 and 6. 
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4.7 Summary 

In this chapter a study on the generation of optical pulses by a QDash-MLLD has been 

performed. Firstly, an overview of the pulse generation and measurement techniques was 

presented in Sections 4.2 and 4.3. In Section 4.4 the generation of pulses from the passively 

QDash-MLLD with a positive chirp was demonstrated. This positive chirp on the pulses is 

exploited to achieve pulse compression by using anomalous dispersion of SMF. In theory, the 

proper length of SMF should cancel out the chirp of the MLLD. It is possible to achieve pulses 

as short as 720 fs and featuring a low timing jitter of less than 200 fs even though the laser is 

DC-biased with no modulation applied. Following this study, in Section 4.5 the use of the 

QDash-MLLD as a pulse generator at frequencies of up to 160 GHz with the aid of a time 

multiplexing system has been demonstrated. The obtained pulses feature a FWHM of 1.8 ps 

irrespective of the repetition rate, after being passively compressed with 450 m of SMF.  

Finally in Section 4.6, the demonstration of the synchronisation of the QDash-MLLD from 

pulses at 10, 20, 40, 80 and 160 GHz was carried out. As a result of the synchronization, the 

recovered optical pulses exhibit a FWHM of ∼1.8 ps and nearly linear chirp regardless of the 

repetition rate of the injected pulses and with low values of timing jitter (0.4 ps). The linewidth 

of the RF synchronised signal is less than the resolution of the ESA. The MLLD can be 

understood as an oscillator with a Q-factor of 5 billion. The synchronisation of the 

QDash-MLLD can give rise to a real application of the device to perform all-optical clock 

recovery of OTDM signals at high speed, as will be demonstrated in Chapters 5 and 6. 
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Chapter 5  

 

All-optical clock recovery at 

40 GHz from 40 Gb/s data streams 

 

5.1 Introduction 

As presented in Chapter 1, the possibility of developing all-optical functions for signal 

processing for future transparent networks is one of the main aims of many research laboratories 

in optical communications nowadays. Clock recovery is a key requirement for such all-optical 

signal processing at high speed. In a clock signal, the timing jitter is the most important 

parameter [1-4]. In addition, these all-optical networks are expected to support a variety of data 

formats and wavelengths in the C-band [5], [6]. Currently, the two standard data formats that 

are widely used are the return-to-zero (RZ) and non-return-to-zero (NRZ) formats. On one hand, 

NRZ presents a good option when looking for bandwidth efficiency, on the other hand RZ 

presents more tolerance to polarisation mode dispersion, inter-symbol interference and 

nonlinear effects. In an optical network, NRZ data format is commonly used in local area 

networks and RZ is employed where high data bit-rate is managed such as in between the nodes 

of the optical networks. The extraction of a clock signal from NRZ data is a difficult process 

due to the lack of a clock component in its spectrum [7- 9]. Normally, to accomplish the all-

optical clock recovery function from the NRZ data format a two-stage signal processing 

procedure is necessary [ 10-13].  

There is a wide variety of methods to perform all-optical clock recovery [1], [2], [4-8], [11-17]. 

However, among the various techniques, the ones based on mode-locked semiconductor laser 

diodes (MLLD) have attracted significant attention because of their stable operation, cost 

effectiveness, low energy consumption and small size, holding possibilities for monolithic 

integration [18-21]. Among the different approaches of clock recovery with MLLDs, those 

based on quantum dot/dash (QDot/QDash) lasers have demonstrated good performance in terms 

of frequency stability and low timing jitter [21] because of their narrow spectral linewidth and 

small associated phase noise [21-23]. 
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The assessment of clock-recovery operations based on mode-locked laser diodes can be 

performed either by re-modulating the recovered clock with the original data stream and then 

implementing bit error rate measurements, or by analysing the linewidth of the radio frequency 

(RF) beat-tone signals generated within the MLLD and then retrieving the root-mean-square 

(rms) timing jitter. In summary, the possibility to have a device capable of retrieving a quality 

all-optical clock signal insensitive to the data format is of great interest [24]. In this context, this 

Chapter presents the synchronisation of two QDash-MLLDs with the same features. One of the 

lasers is unpackaged which will be named QDash-MLLD-1 and another one is in a butterfly 

package which will be named as QDash-MLLD-2, subject to the injection of 40 Gb/s NRZ and 

RZ on-off keying (OOK) incoming data, respectively. The performance of the recovered clock 

is demonstrated over a large wavelength detuning between the data and recovered clock over the 

C-band. Furthermore, an application of the recovered clock from NRZ data signal is used to 

achieve re-timing, re-shaping and re-amplification (3-R) regeneration with data format 

conversion from NRZ to RZ. 

  

5.2 All-optical clock recovery at 40 GHz based on a QDash-

MLLD from 40 Gb/s NRZ data stream 

5.2.1 Experimental setup 

The experimental setup to investigate the clock recovery functionality based on a QDash-MLLD 

operating under injection of an optical NRZ-OOK data stream is illustrated in Fig. 5.1. It 

consists of three main parts: transmitter, clock recovery and detection stage. In the transmitter, a 

commercially available pulse pattern generator (PPG, Centellax TG1P4A) is utilised for 

producing a (2
31

-1) long pseudo random binary sequence (PRBS) in NRZ format at 40 Gb/s. 

The PRBS signal is applied onto an optical carrier obtained from a CW laser source 

(HP 8168F), whose wavelengths will be tuned from 1533 to 1556 nm, through a Mach-Zehnder 

modulator (MZM) and then amplified with an Erbium-doped fibre amplifier (EDFA-1). An 

optical band-pass filter (OBPF-1) centered at the data carrier wavelength suppresses part of the 

amplified spontaneous emission of EDFA-1. Data stream optical power (90 %) is injected into 

the QDash-MLLD-1 via an optical circulator and a lensed fibre whilst the remaining power is 

directed to the detection stage.  

The incoming data signal is preconditioned with a polarisation controller (PC-2) and a variable 

optical attenuator (VOA-2). Electrical and optical spectra of the data injected to the 

QDash-MLLD (or equivalently at the output of OBPF-1) are illustrated in Figs. 5.2(a) and 
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5.2(b), respectively. Radio frequency spectrum is obtained after optical to electrical conversion 

and subtracting the accumulative noise added throughout the detection stage. It features 

components at 20 and 40 GHz inherent to the operation of the utilised PPG. However, they do 

not affect the quality of the NRZ wave forms, as illustrated in the optical spectrum depicted in 

Fig. 5.2(b). The QDash-MLLD is DC-biased at 102 mA and temperature stabilised at 25 ºC.  

 

 

 

 

Figure 5.1: Experimental setup for the demonstration of all-optical clock recovery, based on a 

QDash-MLLD-1 subjected to an optical injection with a 40 Gb/s NRZ (2
31

-1) long data stream: 

MZM: Mach-Zehnder modulator; PC: polarisation controller; EDFA: erbium-doped fibre 

amplifier; RF Amp: RF amplifier; OBPF: optical band pass filter; VOA: variable optical 

attenuator; QDash-FP-MLLD: quantum dash Fabry-Pérot mode-locked laser diode; PPG: pulse 

pattern generator; OSA: optical spectrum analyser; ESA: electrical spectrum analyser; PD: 

photo-detector; SCOPE: electrical sampling oscilloscope (See appendix A for equipment 

specifications). 

 

 

 (a) 
 

(b) 

 

Figure 5.2: (a) Electrical and (b) optical spectra of the data signal injected into the QDash-

MLLD. 

 



67 

 

The optical signal from the laser output at third port of the circulator is amplified with EDFA-2. 

The optical spectrum at the output of the locked QDash-MLLD is shown in Fig. 5.3(a), 

retrieved with an optical spectrum analyser (OSA-1, Yokogawa AQ 6370) set at a resolution of 

0.02 nm. The figure shows the MLLD’s emission centered at 1525 nm and the spectrum at 

1550 nm due to the reflection of the injected optical signal at the input facet of the MLLD. The 

recovered optical clock is filtered out through OBPF-2. Such a filter has a Gaussian profile and 

is set with a central wavelength  of 1530 nm (the minimum tunable wavelength achievable in 

this device) and a 3 dB bandwidth of 2 nm, which is utilised to spectrally isolate the recovered 

clock at the QDash-MLLD output from the reflected injected data stream. Fig. 5.3(b) illustrates 

this optical spectrum of the recovered clock. Inset depicts the time trace of the recovered clock 

retrieved by an equivalent-time electrical sampling oscilloscope (SCOPE, Agilent 86100C).  

 

 

 (a) 
 

(b) 

 

Figure 5.3: Optical spectra: (a) output of QDash-MLLD, before OBPF-2, (b) output of QDash-
MLLD, after OBPF-2. 

 

 

The optical clock is then converted to the electrical domain by using a 50 GHz photo-detector 

(PD, XPDV2020R) and a 40 GHz RF amplifier (RF-AMP). The electrical clock directed to the 

detection stage is analysed with an electrical spectrum analyser (ESA-2, Anritsu MS2668C) and 

used as a trigger signal for an electrical sampling oscilloscope (SCOPE, Agilent 86100C) with 

40 GHz precision time base (PTB, Agilent 86107A).  Fig. 5.4, depicts a comparison of the RF 

spectra of the beat-tone at the QDash-MLLD output when the laser is in free running (no 

injection of an optical signal) and in synchronisation (under injection of the NRZ-OOK data 

signal at a wavelength of 1550 nm).  In Fig. 5.4 the reduction in the RF spectrum is visible 

when synchronisation is achieved. Further analysis is performed on this RF signal in the next 



68 

 

Section, as the RF beating linewidth is an important parameter to determine the quality of the 

clock signal [25].   

 

 

 
 

Figure 5.4: Comparison of the RF electrical spectra of beat-tones measured at the output of the 

QDash-MLLD, free running and injection locked. ESA is set at 20 MHz span and 30 kHz 

resolution bandwidth.  

 

 

5.2.2 Analysis of results 

The experiment is carried out by injecting a 40 Gb/s NRZ-OOK PRBS with pattern length of 

2
31

-1  signal into the QDash-MLLD at various carrier wavelengths whilst maintaining the same 

average power impinged onto the laser (kept at 12.7 dBm when measured at the second port of 

the circulator). Owing to the coupling efficiency measured as a ratio between the total emitted 

power and the power collected by the lensed fibre used in the system (for the same bias current 

and temperature conditions), injection coupling losses of at least 6.44 dB can be assumed. A 

fine tuning of the state of polarisation and average power of the injected data signal, as well as 

on the DC-bias current supplied to the QDash-MLLD allows for an optimized locking of the 

laser to the incoming data. As previously stated, the performance of the clock recovery 

operation, or in other words the locking/synchronisation of the QDash-MLLD under the 

injection of a 40 Gb/s NRZ data stream, is assessed by analysing the radio frequency beat-tone 

signals obtained at the laser output. For this analysis, the RF peak power-to-noise ratio (RF-

PPNR) is defined as the difference in power in dBs between the peak power of the RF spectrum 

and the beginning of the pedestal of its noise level, measured directly from the ESA. The RF 

spectra of the ~ 40 GHz beat-tones are depicted in Figs 5.5(a) and 5.5(b) for injected data 
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streams whose carrier wavelengths are set at 1535 and 1550 nm, respectively. In these 

measurements, the ESA is set to a 20 MHz span and 30 kHz resolution bandwidth (RBW). As 

illustrated in Figs. 5.5(a) and 5.5(b), the noise contribution on the beat-tone signals changes 

with the wavelength of the injected data. As a consequence, the RF-PPNR varies with the 

carrier wavelength, changing from 40 to 31 dB for carriers at 1535 and 1550 nm, respectively. 

The reduction of the RF-PPNR with the increment of the wavelength of the input signal is due 

to the reduced interaction between the injected signal and the optical gain spectrum of the 

QDash-MLLD.  

 

 

 (a) 
 

(b) 

 

Figure 5.5: RF electrical spectra of beat tones measured at the output of the QDash-MLLD 

subject to the injection of data signals whose carrier wavelength are set to (a) 1535 nm and, (b) 
1550 nm. The ESA is set to a 20 MHz span and 30 kHz RBW. 

 

 

A complete set of experimental RF-PPNR measurements is shown in Fig. 5.6 for carrier 

wavelengths ranging from 1533 to 1556 nm. The term    is defined as the wavelength 

separation (in nm) of the carrier of the input signal and the optical spectrum of the 

QDash-MLLD at 1530 nm. At this point, it is important to stress that the synchronisation of the 

QDash-MLLD with NRZ data has been performed in spite of the lack of strong clock tones on 

the injected signals. Furthermore, a linewidth of ~ 8 Hz is measured when setting the ESA at a 

600 Hz span and 10 Hz resolution bandwidth (maximum resolution achievable with the ESA 

utilised), regardless of the carrier wavelengths. This value of 8 Hz was obtained by measuring 

the linewidth at 10 dB down from the peak power of the RF beating signal retrieved with the 

ESA. The reduction of the beat-tone linewidth in comparison to that obtained when the 

QDash-MLLD is operating in passive mode-locking conditions is a signature of the good 

quality of the external locking process and therefore of the clock recovery operation [22], [25]. 
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The Q-factor as defined in equation (3.2) is now equivalent to ~ 5 billion. This demonstrates the 

high quality of the laser as an RF resonator.  

 

 

 
 

Figure 5.6: RF peak power-to-noise ratio of the ~ 40 GHz beat tones (solid squares) and timing 

jitter, measured directly with the scope (open circles), of the recovered clock signals in terms of 

the wavelength detuning between carrier and clock signals. 

 

 

In regard to the characteristics of the recovered clock pulses, on average they feature a temporal 

width of 1.6 ps and a time-bandwidth product (TBP) of 0.61, irrespective of the wavelength 

detuning. This TBP value indicates that the clock pulses are not transformed limited and that 

they are chirped. As was mentioned in Chapter 4, this chirp can allow using a piece of SMF to 

compress the pulses. Considering a collected power of 1.6 mW and a repetition rate of 40 GHz, 

the recovered clock pulses exhibit a peak power of 25 mW. In addition, root mean square (rms) 

timing jitter ranging from 260 to 370 fs is measured with the time precision module of the 

electrical sampling oscilloscope. As depicted in Fig. 5.6, an increasing trend in the rms timing 

jitter is observed with the wavelength detuning resulting from a reduction in the RF-PPNR and 

an increment in the phase noise. These values of timing jitter on the recovered clock signals are 

lower (< 400 fs) when compared to the RMS timing jitter of the injected data signals which in 

average are 1.5 ps. The results obtained here on the evaluation of the wavelength tunability of 

the synchronised signal in terms of RF-PPNR and linewidth of the 40 GHz beat-tones as well as 

in the timing jitter demonstrate the good quality of the recovered optical clock pulses at the 

QDash-MLLD output [26].  Owing to these results, it can be concluded that the device is 

suitable to build up more all-optical functions, such as 2R or 3R regeneration or data format 

conversion from NRZ to RZ. This will be demonstrated in the next Section. 
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5.3 All-optical 3R regeneration and modulation format 

conversion from NRZ to RZ at 40 Gb/s 

As regarded previously, clock recovery is an important element for developing all-optical 

functions. It can also give rise to the implementation of some other all-optical applications such 

as regeneration, from 2R (re-shaping and re-amplification) to 3R (re-timing, re-shaping and re-

amplification) regeneration or even data format conversion. 2R and 3R data regeneration 

operations are key functions in the development of communication networks at high bit rate. In 

a 3R regenerator, a clock signal should be first recovered from the transmitted data signal, and 

then launched into the regenerator along with the original data to allow the signal to be 

reshaped, retimed and re-amplified. In addition, the recovered clock from a NRZ data signal can 

be used to realize all-optical data format conversion from NRZ to RZ in order to increase the 

network management flexibility in future transparent networks. In order to achieve data format 

conversion from NRZ to RZ, it is required first to recover a clock from NRZ data and then to 

perform an AND logic operation between the clock and the incoming NRZ data signals.   

In this Section, the recovered clock pulses from NRZ data are utilised in the attempt to 

implement 3R regeneration. Furthermore, with the same scheme utilised for the 3R regeneration 

is also implemented a NRZ-to-RZ format conversion. 

 

5.3.1 Experimental setup 

The setup implemented for this study is depicted in Fig. 5.7, which is an extension of the setup 

shown in Fig. 5.1, in previous Section. The new blocks are displayed inside a blue-dashed box 

consisting of a semiconductor optical amplifier SOA (CIP SOA-XN-OEC-1550), an EDFA and 

an OBPF (Santec OTF-950) to achieve regeneration and data format conversion from NRZ to 

RZ. Firstly, the clock signal is extracted from a 40 Gb/s (2
31

-1) long NRZ PRBS data signal 

using the QDash-MLLD-1. Then the recovered clock is processed along with data signal inside 

a semiconductor optical amplifier (SOA), carrying out the AND function followed by a filtering 

stage to finalise the implementation of the 3R (re-timing, re-shaping and re-amplification) 

regeneration.   
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Figure 5.7: Experimental setup for the demonstration of all-optical 3R regeneration with NRZ-

to-RZ data format conversion based on a SOA.  

 

 

5.3.2 Analysis of results 

The optical spectra and eye diagrams of the 40 Gb/s NRZ PRBS input signal at 1553.5 nm 

injected into the QDash-MLLD-1  for clock extraction and the corresponding recovered clock 

are shown in Figs. 5.8(a) and 5.8(b), respectively. The eye diagram of the input signal presents a 

9 dB extinction ratio, and a signal-to-noise ratio (SNR) of 5.4 dB equivalent to a bit error rate of 

3.5E-8. The features on this signal are due to the performance of the modulator utilised. 

Furthermore, owing to the features of the utilised equipment for generating the PRBS binary 

sequence, such a signal presents a minimum RMS timing jitter equal to 1.57 ps at 1553.5 nm. 

However, after its injection into the QDash-MLLD laser, the extracted clock presents a 

significant reduction of the timing jitter (0.73 ps) in comparison to that of the injected signal. As 

depicted in Fig. 5.9, this important feature is observed throughout the whole interval of the 

analysed data signal wavelengths, which ranges from 1533 to 1553.5 nm [27]. These values of 

timing jitter are measured with the electrical sampling oscilloscope (SCOPE, Agilent 86100C). 

The reduction of the timing jitter by the QDash-MLLD subject to optical injection in clock 

recovery has been demonstrated by analysis of the second-order filtering transfer function on 

these kinds of semiconductor lasers [21], [28]. In order to record these reported measurements, 

the optical sampling scope is triggered by the extracted clock (optical signal) after its 

distribution and conversion to an electrical signal. 
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 (a) 
 

(b) 

 

Figure 5.8: Optical spectra of the signals at the input of the regenerator block: (a) NRZ data 

signal at the SOA input, (b) recovered clock. Insets: corresponding eye diagrams, with 

horizontal and vertical scales at 10 ps/div and 500 µW/div, respectively. 

 
  

 

 
 

Figure 5.9: Timing jitter evolution of the recovered clock in comparison to that of the input data 

signal. 

 

 

 

The recovered clock is amplified by using an EDFA and then passed through a 2 nm optical 

band-pass filter to reduce the excess of noise associated with the amplified spontaneous 

emission. The regenerating function is achieved by using cross-gain modulation (XGM) inside 

the SOA through the interaction of the extracted optical clock and data signal (already shown in 

Figs. 5.8(a) and 5.8(b)). The extracted clock power is larger than that of the data signal, 

functioning as the pump. This high power leads to the saturation of the amplifier during its high 

state. In order to retrieve the regenerated data signal, an optical square-shape band-pass filter 

with a 1 nm bandwidth is utilised at the SOA output. The quality of the regenerated data signal 
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is analysed through its eye diagram recorded after the optical band-pass filter. Figs. 5.10(a) and 

5.10(b) illustrate the optical spectrum and eye diagram of the regenerated signal, respectively, 

when the filter is set at 1553.5 nm central wavelength. As depicted in Fig. 5.10(b) for a data 

signal at 1553.5 nm, a format conversion from NRZ to RZ is accomplished additionally after the 

regeneration stage. Moreover, a minimum SNR of 4.9 dB in the recovered signal is obtained for 

an input SNR of 5.4 dB. In the reported eye diagram of Fig. 5.10(b), the sampling scope is also 

triggered by the extracted clock (optical signal) after its conversion to an electrical signal. The 

detection stage formed mainly by a PD (XPDV2020R) and two RF amplifiers (not depicted in 

Fig. 5.7) when converting the optical recovered clock to electrical, is the main source of 

degradation in the output clock signal. However, it resembles a realistic scenario where the 

clock pulses are extracted from the incoming data signal at the receiver [29]. 

 

 

 (a) 
 

(b) 

 

Figure 5.10: (a) Optical spectrum of the RZ data signal at the SOA output after passing through 

the band-pass filter, (b) eye diagram of the regenerated and data converted RZ PRBS data signal 

at a wavelength of 1553.5 nm. Horizontal and vertical scales are 10 ps/div and 500 µW/div, 

respectively.  

 

 

A complete set of experimental results is presented in Fig. 5.11 for a carrier wavelength of data 

signal ranging from 1533 to 1553.5 nm. Note that the SNR of the regenerated signal follows a 

similar trend to that of the extracted clock (see Fig. 5.9) even though a corresponding 

degradation is observed [29]. This SNR degradation affects the performance of the 3R 

regenerator, in special as the re-shaping function displays a poor quality. A larger SNR 

degradation occurs as the data signal wavelength approaches the optical spectrum of the 

recovered clock. The deterioration in the SNR of the data converted signal is due to the 

interaction of four wave mixing (FWM) and XGM phenomena inside the SOA. FWM gets 

stronger as the two signals interacting inside the SOA approach one another for less than 5 nm; 
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this affects and reduces the XGM phenomenon from which the regenerated and converted signal 

is obtained.  
  

 
 

Figure 5.11: Signal to noise ratio of the data signal at the input and output of the 3R regenerator 

as a function of the carrier wavelength. 

 

 

 

In this Section two all-optical functions were demonstrated, in one single experiment, using the 

recovered clock from an incoming NRZ data signal. They were 3R regeneration (re-timing, re-

amplification and re-shaping, the latter one with poor quality) and data format conversion from 

NRZ to RZ.  As has been already mentioned at the beginning of this Chapter, in order to 

demonstrate that the QDash-MLLD is a good candidate to develop real applications for all-

optical signal processing such as clock recovery, it is important to demonstrate that the clock 

recovery functionality is insensitive to the data format. In this sense, the next Chapter will deal 

with the study of the all-optical clock recovery from a RZ data signal at 40 Gb/s.  

 

5.4 All-optical clock recovery at 40 GHz based on a QDash-

MLLD from 40 Gb/s RZ data stream 

5.4.1 Experimental setup 

In this Section, the investigation on the clock recovery functionality based on a QDash-MLLD 

operating under injection of an optical data stream RZ-OOK at 40 Gb/s is carried out. Fig. 5.12 

illustrates the clock recovery experimental setup. It consists of two major blocks: an OTDM 

RZ-OOK transmitter and the clock recovery system based on the QDash-MLLD-2.  In the 
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OTDM RZ-OOK transmitter, a 40 GHz short pulse featuring 1.3 ps pulse width, from a mode-

locked fibre laser (MLFL, Calmar Optcom PSL-40-TT) is modulated by a 40 Gb/s 2
7
-1 or 2

31
-1  

long pseudo random binary sequence (PRBS), to produce the 40 Gb/s RZ-OOK signal. The 

2
31

-1 long PRBS will only be used when analysing and comparing the clock recovery 

dependence to pattern length in Section 5.4.2.3. Fig. 5.13(a) shows its optical spectrum recorded 

by an OSA (OSA-3, Agilent 86142B) with a resolution of 0.06 nm and the eye diagram of this 

optical data signal, which is characterised by a 18.95 dB extinction ratio. The centre wavelength 

of the 40 Gb/s is located at 1547 nm, and its spectral width is limited to 1.5 nm by an optical 

bandpass filter (not depicted in Fig. 5.12). The signal is split with 30% of the power sent to the 

detection stage for BER measurements, while the remaining 70% is sent to the all-optical clock 

recovery block. First, the optical signal is amplified with an Erbium-doped fibre amplifier 

(EDFA-1). An optical band-pass filter (OBPF-1) centered at 1547 nm and bandwidth of 5 nm 

suppresses part of the amplified spontaneous emission from EDFA-1. This optical data stream 

signal is injected into the QDash-MLLD-2 via an optical circulator. A polarisation controller 

(PC-1) is required to optimize the state of polarisation of the injected signal. The optical power 

of the injected signal is in the range of -3 dBm to +4 dBm controlled by a variable optical 

attenuator (VOA-1). The QDash-MLLD-2 is DC-biased at 120 mA and temperature stabilised at 

25 ºC.  The optical spectrum at the output of the locked QDash-MLLD is shown in Fig. 5.13(b). 

The figure shows the QDash-MLLD emission centered at 1527 nm and the spectrum at 1547 nm 

due to the reflection of the injected optical signal at the input facet of the QDash-MLLD.  

 

 

 
 

Figure 5.12: Experimental setup of the all-optical clock recovery from 40 Gb/s RZ-OOK: 

MZM: Mach-Zehnder modulator; MLFL: mode-locked fibre laser; PC: polarisation controller; 

EDFA: erbium-doped fibre amplifier; RF Amp: RF amplifier; OBPF: optical band pass filter; 

VOA: variable optical attenuator; QDash-FP-MLLD: quantum dash Fabry-Pérot mode-locked 

laser diode; PPG: pulse pattern generator; PD: photo-detector, BERT: Bit error rate tester (See 

appendix A for equipment specifications). 
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 (a) 
 

(b) 

 

Figure 5.13: Optical spectra: (a) 40 Gb/s RZ-OOK optical input, Inset: eye diagram time trace, 

horizontal and vertical scales are 5 ps/div and 10 mV/div, respectively; (b) QDash-MLLD 

output before filtering. 

 

 

 

The recovered optical clock is filtered out through OBPF-2 centered at 1530 nm and 5 nm 

bandwidth which is utilised to spectrally isolate the recovered clock at the QDash-MLLD output 

from the reflected injected data stream. Fig. 5.14 shows the optical spectrum of the recovered 

clock. Inset shows the time trace of the recovered clock retrieved by an electrical sampling 

oscilloscope. This signal looks like a sine wave due to the limitations in bandwidth of the 

electrical sampling oscilloscope utilised (LeCroy 100 H), being of 40 GHz. 

 

 
 

Figure 5.14: Recovered clock. Inset: time trace, horizontal and vertical scales are 10 ps/div and 

100 mV/div, respectively. 
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5.4.2 Analysis and results 

5.4.2.1 Phase noise and timing jitter 

The optical clock is then converted to the electrical domain by using a 50 GHz PD 

(SHF 41210B) and a 40 GHz RF amplifier (RF-AMP) for triggering a bit error rate (BER) tester 

(SHF 11100B) or to assess the recovered clock in the RF domain with an ESA (ESA-3, Rohde 

& Schwarz FSU67). Fig. 5.15(a) shows the RF spectrum of the QDash-MLLD in free running 

(black) and the one synchronised to the 40 Gb/s RZ-OOK signal (red). The traces have been 

offset by 40 GHz. The reduction in the RF beat-tone linewidth in the locking state to <1 kHz is 

clearly visible, as compared to free running. The RF linewidth of the synchronised clock 

exhibits a value of ~10 Hz, when measured with a span of 600 Hz and resolution bandwidth of 

10 Hz, as was demonstrated in the previous Section. In addition, this is in agreement with 

previous studies of mode-locking with these types of devices [26], [30]. For this experiment, we 

had access to an ESA Rohde & Schwarz FSU, 20 Hz to 67 GHz. This instrument combines the 

features of a spectrum analyser and a highly sophisticated phase noise tester. In addition, it 

allows calculations of the timing jitter from the phase noise measurement. Fig. 5.15(b) shows 

the single sideband phase noise spectral density (SSB-PSD) of the back-to-back (B2B) 40 GHz 

clock signal, i.e. the electrical clock signal provided by the transmitter, along with the 

corresponding traces of the recovered 40 GHz clock under injection of the 40 Gb/s (red trace), 

retrieved from the ESA. From this figure, it is possible to observe that the reference clock is 

slightly noisier than the recovered clock at low frequencies. From the trace corresponding to the 

recovered clock, it is possible to identify three regions [28]: in the first region from 100 Hz to 

200 kHz, the phase noise from the injected input signal dominates, in between 200 kHz and 

~ 2 MHz there is a transition region, in which the noise is dominated by the contribution of the 

free running QDash-MLLD. In this region, an increase in the timing jitter would be expected 

followed by its stabilisation. For frequencies higher than 4 MHz, the noise is determined by the 

QDash-MLLD and its filtering property, where a trending decrease in the phase noise level 

confirms it. In this region sudden increments in the timing jitter would not be expected.  
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 (a) 
 

(b) 

 

Figure 5.15: (a) Comparison of the RF spectra at the QDash-MLLD output, free running and 

injection locked. ESA set at a resolution of 1 MHz and span of 50 MHz; (b) Comparison of the 

single sideband phase noise of back-to-back and recovered clock. 

 

 

In order to evaluate the timing jitter σJ and to confirm the measurement retrieved from the ESA, 

equation (5.1) is used [31]: 
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where, L(f) is the phase-noise spectral density, fR is the repetition-rate, and fmin and fmax are 

boundaries of the frequency range. The timing jitter calculations, on the vertical right hand side 

axis, for the B2B and recovered clock are shown in Fig. 5.15(b). These traces represent the 

accumulated timing jitters which are calculated considering the fmin as 100 Hz and the fmax 

varied all along the frequencies retrieved from the phase noise trace.  From the timing jitter 

traces, the regions where the phase noise from the recovered clock and B2B signal differ can be 

better monitored. The major difference between the phase noise trace corresponding to the 

recovered clock and the B2B is in the region from 2 to 3 kHz, which is possibly due to a random 

fluctuation of the clock from the transmitter. After that region of frequencies both signals show 

similar features and the timing jitter increases again for the recovered clock signal after 

800 kHz. However, owing to the filtering properties of the QDash-MLLD the timing jitter from 

the recovered clock should not increase significantly. For the values of timing jitter reported in 

this Section, the integration boundary is from 100 Hz to 10 MHz. The recovered 40 GHz clock 

has a timing jitter of 66 fs. 
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5.4.2.2 Characterisation of the power locking range 

Determination of the dynamic power locking range is achieved by varying the optical power 

injected into the QDash-MLLD whilst preserving the same driving bias current to the 

QDash-MLLD, and no optimization of the state of polarisation of the input signal is sought 

(after adjusting the polarisation from an initial state of polarisation resulting in the locking 

condition). The optical power is varied from -3 dBm to +4 dBm at the input of the QDash-

MLLD-2. The initial state of the QDash-MLLD is in free running and then a given power is 

injected. The phase noise trace from the RF signal of the recovered clock is analysed for all the 

input optical powers and their accumulated timing jitter is calculated using equation (5.1). 

Fig. 5.16 shows the timing jitter dependence of the QDash-MLLD as a function of the injection 

optical power. The timing jitter of the synchronised QDash-MLLD presents almost a flat 

behaviour. This indicates no power dependence and a long range of utilisation of the clock 

recovery based on QDash-MLLD. Furthermore, it demonstrates that once the QDash-MLLD is 

locked, it is stable and the phase noise and the associated timing jitter are approximately 

constant with an average value of 65 fs. Note that for power levels outside the power range 

considered, the synchronisation is not stable. However, these optical power values might be 

adjusted depending on the operational conditions of the QDash-MLLD when synchronisation is 

sought. 

 

 
 

Figure 5.16: Timing jitter versus input power of the recovered clock from QDash-MLLD. 

 

 



81 

 

5.4.2.3 Clock recovery pattern length dependence 

Additional investigation of the clock recovery is performed by analysing the BER 

measurements on the incoming data signal synchronised by the recovered clock for 2
7
-1 and 

2
31

 -1 long patterns. Fig. 5.17 shows the single sideband phase noise spectrum density (SSB-

PSD) of the recovered 40 GHz for the two pattern lengths. From this figure, it is possible to 

observe the three regions mentioned previously for Fig. 5.15(b), where in the first region from 

100 Hz to 200 kHz, the phase noise from the injected input signal dominates; in the transition 

region between 200 kHz and ~2 MHz, the noise is dominated by the contribution of the free 

running QDash-MLLD. In this region, an increase in the timing jitter would be expected 

followed by its stabilisation. For frequencies higher than 4 MHz, where the noise is determined 

by the QDash-MLLD and its filtering property, the decreasing trend in the phase noise level 

prevails. In general, the SSB-PSDs obtained from the RF spectra of the recovered clock after 

synchronisation by the input signal for both pattern lengths are similar.  This indicates that the 

recovered clock system based on the QDash-MLLD is not dependent on the pattern length. 

Besides, after calculating the accumulated timing jitter is it found that for 2
7
-1 and 2

31
-1 long 

patterns the timing jitter is 66 fs and 69.1 fs, respectively [31].  This low timing jitter is a 

reference to verify the stability and high quality of the recovered clock pulses after 

synchronisation from 40 Gb/s RZ-OOK data signals. 

 

 
 

Figure 5.17:  Comparison of single sideband phase noise of the recovered clock under injection 

of 40 Gb/s RZ-OOK signals at different pattern length. 

 

 

Figs. 5.18(a) and 5.18(b), depict a comparison between the BER curves on the received 40 Gb/s 

incoming data signals (measured with the VOA-2 at the receiver of the BERT)  when the BERT 
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is triggered by the original clock from the transmitter, referred as back-to-back (B2B) 

measurement, and with the recovered clock resulting from the synchronised QDash-MLLD by 

the 40 Gb/s (2
7
-1) long data sequence Fig. 5.18(a) and to the (2

31
-1) long data sequence 

Fig. 5.18(b). The operational conditions of the QDash-MLLD in terms of temperature are 

similar for both data pattern lengths, but not in terms of bias current and optical injected power, 

being 100 mA and -1 dBm for a 2
7
-1 long pattern and 150 mA and 1 dBm for a 2

31
-1 long 

pattern [30].  From these figures, it is possible to determine that there is no penalty for clock 

recovery for an input signal with a 2
7
-1 long pattern, whilst a penalty of 0.5 dB exists for the 

recovered clock for an input signal with a 2
31

-1 long pattern. Besides, in both cases is achieved 

error free (10e
-9

) for received optical powers of at least -14.5 dBm and -14 dBm for data 

sequences of (2
7
-1) and the (2

31
-1) long pattern, respectively. These results validate the good 

performance and independence of the recovered clock to data pattern lengths. 

 

 (a) 
 

(b) 

 

Figure 5.18:  (a) BER results for an input with pattern length 2
7
-1; black dots, B2B; red squares, 

recovered clock; (b) BER results for an input with pattern length 2
31

-1; black dots B2B; red 
squares, recovered clock. 

 

 
  

5.5 Summary 

Two Dash-MLLDs were utilised to achieve synchronisation to incoming data signals at 40 Gb/s. 

The first QDash-MLLD-1, unpackaged laser, was synchronised to a NRZ data format signal and 

an optical clock signal was retrieved. The quality of the optical recovered clock signal was 

evaluated through the analysis of the RF beat-tone signal after its synchronisation to the 

incoming data. Good performance in terms of the RF peak power-to-noise-ratio, RF beating 

linewidth and timing jitter within a wavelength range of 23 nm. After achieving this reliable 
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optical clock signal, it was used to accomplish a 3R regeneration function (limited by the poor 

re-shaping function) with the bonus of an all-optical data format conversion from NRZ to RZ.  

Furthermore, the QDash-MLLD-2 (packaged laser), was synchronised to incoming RZ data 

signal over 17 nm of separation between the recovered clock and data signal injected. In this 

case, the clock was further analysed with phase noise and timing jitter measurements from the 

RF beat-tone signal retrieved from an ESA. The clock signal exhibits a timing jitter value of 

~ 65 fs. In addition, it displays a dynamic power locking range of 8 dB. Moreover, assessment 

on the dependence of the recovered clock to its synchronisation to injected data with pattern 

lengths of 2
7
-1 and 2

31
-1 was performed through BER measurements on the received data 

signals, demonstrating no penalty and 0.5 dB penalty, respectively.   

The results presented in this Chapter validate the transparency of the QDash-MLLD to be 

synchronised to NRZ and RZ data formats, as well as to their pattern lengths. In addition, clock 

recovery based on the QDash-MLLD has the potential to give rise to the demonstration of more 

functions such as all-optical wavelength conversion and data format conversion. 
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Chapter 6  

 

Sub-harmonic all-optical clock 

recovery and demultiplexing at 

40 Gb/s  

 

6.1 Introduction 

The development of novel optical devices is of great importance to realising an optical time 

division multiplexing (OTDM) system that will enable ultrafast signal processing functions 

beyond the speed capabilities of conventional electronics [1-3]. Moreover, the possibility of 

processing signals in the all-optical domain, with these devices, will allow reducing the energy 

consumption in networks and systems. As mentioned in the previous Chapter, all-optical clock 

recovery (OCR) is one of the crucial technologies in the ultra-high speed OTDM front end, in 

particular where synchronous operations are required to be performed such as in demultiplexing 

and 3R regeneration (re-amplification, re-shaping and re-timing) [2], [4] and [5]. Clock 

recovery at the line rate is indispensable for 3R regeneration, while sub-harmonic clock 

recovery is required at the network nodes to allow both demultiplexing and 3R regeneration 

operations on individual channels [5]. An OCR system capable of retrieving a high quality clock 

signal synchronised to the original data signal is mandatory in order to achieve error free 

demultiplexing [6]. In addition to that, in order to make sub-harmonic clock recovery practical, 

it is crucial to ensure that the discrete phase jump caused by the random nature of an optical data 

pattern multiplexed at high bit rates is suppressed [7]. Sub-harmonic clock recovery has been 

investigated using different methods, such as optoelectronic oscillators (OEO) [8-10], optical 

phase-locked loops [4-5], [11-14], and mode-locked lasers [15-21]. Normally, the techniques 

based on OEO and PLLs are used in combination with nonlinear elements such as periodically 

poled lithium niobate (PPLN) [12], semiconductor optical amplifiers (SOAs) [13], [22], or 

electro-absorption modulators (EAMs) [4], [5], [11], and [14]. These schemes feature a complex 

and bulky structure, which increases the cost of the system, energy consumption and makes 
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them difficult to implement. In addition, not all of them systematically meet the requirement of 

timing-jitter for ultra-high baud-rate OTDM systems. Among these three methods, all-optical 

clock recovery using mode-locked semiconductor laser diodes (MLLD) has shown great 

performance because of its extremely simple configuration, stable operation, cost effectiveness, 

low energy consumption and ability to generate high quality optical pulses [5]. Recently, sub-

harmonic clock recovery based on quantum dot/dash (QDot/QDash) lasers has been achieved 

with good performance in terms of frequency stability and low timing jitter [20], [23- 25] 

because of their narrow beat-tone linewidth (<50 kHz) and small associated phase noise [26-

28]. Moreover, the fast locking time of the QDash-MLLD allows the possibility to exploit the 

OCR for burst mode operation [29], [30]. Although an OCR based on a QDash-MLLD followed 

by a high speed photo-detector and an electro-optical modulator as time demultiplexing has 

been demonstrated for optical signals up to 160 Gb/s [31]. Recently, one of the first 

demonstrations have been conducted on QDash-MLLD based OCR operation using high speed 

return-to-zero on-off keying (RZ-OOK) featuring no component at 40 GHz [32], [33], [34], 

which is a break-through, as any 40 GHz component strongly contributes to the synchronisation 

of 40 GHz free running frequency of the MLLD.  

This Chapter details those results and some others in the following manner: firstly, two butterfly 

packaged QDash-MLLDs with the same features are studied. The first device, namely QDash-

MLLD-2 (the laser is the one used in Chapter 5 to perform synchronisation under 40 Gb/s 

RZ-OOK). It will be subject to the injection of coherent 80 and 160 Gb/s RZ-OOK incoming 

data. The second packaged laser is referred to QDash-MLLD-3, and is subject to the injection of 

coherent 320 Gb/s RZ-OOK incoming data. The performance of the recovered clocks from both 

QDash-MLLDs are demonstrated over a large wavelength detuning between the data and 

recovered clock over the C-band, with phase noise and timing jitter measurements. Finally, an 

application of the recovered clocks to perform demultiplexing of these high speed data signals 

to 40 Gb/s tributaries is demonstrated and evaluated with bit error rate (BER) measurements.  
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6.2 Sub-harmonic all-optical clock recovery based on a 

mode-locked quantum dash laser diode 

6.2.1 Experimental setup 

The experimental setup to investigate the sub-harmonic all-optical clock recovery based on a 

QDash-MLLD under injection of RZ-OOK data signals at 80, 160 and 320 Gb/s is shown in 

Fig. 6.1. It consists of two major blocks: an OTDM RZ-OOK transmitter (in the red box) and 

the clock recovery system based on the QDash-MLLD (in the blue box). In the black dotted 

box, the transmission link block is shown, which will be described below. The transmission 

block only applies for signals at 80 and 160 Gb/s data speeds. 

 

 

  
 

Figure 6.1: Sub-harmonic all-optical clock recovery experimental setup for high speed RZ-

OOK: MZM: Mach-Zehnder modulator; ISO: optical isolator; MLFL: mode-locked fibre laser; 

PC: polarisation controller; ECL: external cavity laser; SMF: single-mode fibre; DCF: 

dispersion compensation fibre; EDFA: erbium-doped fibre amplifier; RF Amp: RF amplifier; 

OBPF: optical band pass filter; VOA: variable optical attenuator; QDash-FP-LD: quantum dash 

Fabry-Pérot laser diode; PPG: pulse pattern generator; MUX: multiplexer; HNLF: highly 

nonlinear fibre; PD: photo-detector, BERT: Bit error rate tester (See appendix A for equipment 

specifications). 

 

 

In the OTDM RZ-OOK transmitter, a 40 Gb/s optical data stream is generated from a mode-

locked fibre laser (MLFL, Calmar Laser PSL-40-TT) after being modulated by a 40 Gb/s 2
7
-1 
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data signal. This 40 Gb/s data stream is optically time multiplexed via a fibre based interleaver 

(PriTel OCM-16) in order to produce the 80, 160 and 320 Gb/s OTDM RZ-OOK signals at a 

central wavelength of 1547 nm. Furthermore, the data pattern of the stream is limited to a length 

of 2
7
-1 symbol, due to the time interleaver. This high data rate multiplexing method still 

introduces a 40 GHz spectral component originated by the MLFL. In order to obtain a stable 

and phase coherent RZ-OOK signal, the original OTDM signal at 80, 160 or 320 Gb/s is 

wavelength converted. The high speed OTDM signals are fed into a nonlinear optical loop 

mirror (NOLM) based wavelength converter (WC) as the control signal, while a coherent CW 

light from an external cavity laser (ECL, Agilent 81989A) centered at λs=1558 nm or 1559 nm, 

is used as the probe. The principle of operation of the NOLM based wavelength converter has 

been reported in [35], [36]. At the output of the NOLM, the data information of the 80, 160 or 

320 Gb/s RZ-OOK sequence is replicated to the coherent CW probe light. 

At the output of the NOLM configuration, a 6 nm optical band pass filter with the center 

wavelength located at the coherent CW light is used to select out the phase coherent 80, 160, or 

320 Gb/s RZ-OOK signal. The coherent data signals at 80, 160 and 320 Gb/s are amplified by 

an Erbium-doped amplifier (EDFA-1) and filtered (OBPF-2) before being launched into the all-

optical clock recovery setup based on the QDash-MLLD. In the case of 80 Gb/s and 160 Gb/s 

both signals can be also passed through a dispersion compensated 52 km transmission link. This 

transmission block is composed of 50 km of single mode fibre (SMF), 2 km of dispersion 

compensating fibre (DCF) with  -220 ps/nm*km dispersion, and an EDFA-TX for amplification 

after the 50 km of SMF.  

The generation of the 80, 160 and 320 Gb/s RZ-OOK signal is obtained after the multiplexing 

1x2, 1x4, and 1x8 of the original 40 Gb/s signal from the MLFL, as explained above. Fig. 6.2 

depicts the optical spectra of wavelength conversion, in red, and of the phase coherent RZ-OOK 

signals after filtering by OBPF-1 and 13 dB of amplification, in blue, for a bit-rate of 80 Gb/s 

(Fig. 6.2(a)), 160 Gb/s (Fig. 6.2(b)), and 320 Gb/s (Fig. 6.2(c)), respectively, taken with 

resolution bandwidth (RBW) of 0.06 nm (OSA-3, Agilent 86142B). Before the filtering stage 

(OBPF-1), the WC spectra are characterised by a main peak at 1547 nm (control signal) and a 

secondary peak at 1558 nm (in the case of 80 and 160 Gb/s ) and at 1559 nm (for 320 Gb/s) due 

to the probe signal. The difference in wavelength between the optical spectra of the original 

high speed input signal and the wavelength converted signal (given by the ECL) is selected in 

order to avoid their overlapping during the wavelength conversion process inside the NOLM. 

From Fig. 6.2 it is possible to observe that for the three spectra at the output of the WC stage 

there is a spurious 40 GHz spectral component on the original OTDM signal. However, after 

filtering, it can be clearly verified that the WC and coherent signals produced at 80, 160 and 

320 Gb/s are free of the 40 GHz spectral component. In addition, by this wavelength conversion 

method, the phase jump inherent to multiplexed signal is eliminated [7]. The separation between 
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optical modes is measured as 0.66, 1.32 and 2.64 nm, resulting from the bit rate of the 

transmitter, at 80, 160 and 320 Gb/s, respectively. The insets in Fig. 6.2, present the eye 

diagrams of the optical input data signals before WC and after WC. For the cases of 80 and 

160 Gb/s, there are also provided the eye diagrams of the WC signals with and without 

transmission. The pulses are separated by 12.5 ps (a), 6.25 ps (b), and 3.125 ps (c) respectively. 

The extinction ratios for the eye diagrams are of 10 dB. These optical WC data signals can be 

injected directly into the QDash-MLLD or launched beforehand into a 52 km dispersion 

compensated transmission link with an injection power of 6 dBm. The signals going through the 

transmission stage (80 Gb/s or 160 Gb/s) are first amplified to 11 dBm, filtered and then fed 

into the clock recovery block based on QDash-MLLD.  

 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 6.2: Optical spectra at the output of the WC stage: (a) for input at 80 Gb/s, with RBW: 

0.06 nm. Inset: time traces of the corresponding signals, x-scale 5 ps/div.; (b) for input at 

160 Gb/s, with RBW: 0.06 nm. Inset: time traces (taken with the electrical sampling 

oscilloscope Agilent 86100C) of the corresponding signals, x-scale 5 ps/div.; (c) for input at 

320 Gb/s, with RBW: 0.06 nm. Inset: time traces of the corresponding signals, x-scale 2 ps/div. 
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The 40 GHz sub-harmonic optical clock recovery is achieved by injection locking the 

QDash-MLLD with the optical RZ-OOK signals at 80, 160 and 320 Gb/s. In this investigation, 

two packaged QDash-MLLDs with the same characteristics (except for the optical power 

emitted) are utilised, as mentioned in the introduction. These lasers will be referred throughout 

the Chapter as: QDash-MLLD-2 and QDash-MLLD-3. It is worth noting that the QDash-

MLLD-2 is the same laser utilised in Chapter 5, when clock recovery under injection of RZ-

OOK at 40 Gb/s was investigated. In this Chapter, the QDash-MLLD-2 will be used for 

synchronisation under injection of 80 and 160 Gb/s coherent data signal and QDash-MLLD-3 

will be employed for synchronisation under injection coherent 320 Gb/s RZ-OOK data signal.  

In the case of achieving synchronisation under 80 and 160 Gb/s coherent RZ-OOK signals, the 

QDash-MLLD-2 is operated with bias current of 86 mA and controlled at room temperature at 

25 ºC. The coherent 80 and 160 Gb/s RZ-OOK data signals before being injected into the 

QDash-MLLD are optimised in polarisation by the (PC-4). The polarisation dependence can be 

solved by cascading a bulk and a quantum dash mode-locked laser [37] or by using a 

semiconductor optical amplifier in a dual pump configuration [38]. However, these elements 

were not available at the moment of doing these experiments. The injection power is within the 

range of 4 dBm and 5 dBm in the case of incoming signals at 80 Gb/s and 160 Gb/s, 

respectively. At room temperature and at the same optical power injected levels it was not 

possible to achieve synchronisation of the QDash-MLLD-3 under injection of coherent 

320 Gb/s RZ-OOK. This can be explained better by reviewing the synchronisation mechanism 

of optical injection locking in Fabry-Pérot lasers along with some properties of the QDash 

material.  

The quantum dash material possesses an ultra-wide broad bandwidth [26], [39]. This large 

bandwidth allows its interaction with a signal even outside the emitted gain spectrum visible by 

the longitudinal modes. The strong optical power with data impinged into it causes a modulation 

of the refractive index, which modifies the carrier density and the gain. These changes in the 

refractive index affect the frequency and the phase of the longitudinal modes and improve their 

phase correlation, giving rise to an effect similar to active mode-locking. In addition, by these 

modifications in the refractive index and gain there is a cavity resonance shift and bandwidth 

enhancement [26], [40], [41]. As a consequence of these last statements, it can be understood 

that when increasing the bit rate of the signal injected into the QDash-MLLD, the modulation of 

the refractive index caused by this data signal is not enough anymore to modify the cavity 

resonance frequency which results in the synchronisation of the QDash-MLLD and its 

subsequent stable pulse generation. In other words, the fundamental frequency of the input 

signal interacts with a smaller QDash-MLLD high-harmonic spectral component making it 

more difficult to lock in. With regard to synchronisation at 320 GHz, a modification in the 

refractive index has to take place, which can be done by a combination of changes involving the 
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temperature, optical power and/or the DC-bias applied to the QDash-MLLD. Consequently, in 

order to achieve the synchronisation of the QDash-MLLD and therefore the clock recovery from 

a 320 Gb/s data signal, the QDash-MLLD operational conditions such as the bias current and 

temperature are changed to 117 mA and 21.7  ºC, respectively.  Furthermore, the optical 

injection power is increased to 7 dBm. 

Fig. 6.3 (a), Fig.6.3 (b) and Fig. 6.3 (c) represent the optical output of the QDash-MLLD under 

synchronisation before filtering from OBPF-3, in red, and of the recovered clock (after filtering) 

in blue, at bit rates of 80 Gb/s ,160 Gb/s and 320 Gb/s respectively. The optical spectrum of the 

synchronised signal centered at 1532 nm features a free-spectral range of 0.33 nm, 

corresponding to a frequency of 40 GHz.  In the three figures, it can be noticed that even though 

the injected signals are at 80 Gb/s, 160 Gb/s, or 320 Gb/s the synchronised signal is invariably 

set at 40 GHz, which is also confirmed with the insets, showing the eye diagrams of the 

recovered clocks.  

In summary, the QDash-MLLD is therefore able to synchronise to an incoming data signal at a 

multiple of its internal free running frequency and within a wavelength detuning of more than 

23 nm between the injected signal and the recovered clock optical spectra [34]. It is worth 

noting that it is difficult to observe a clear sine wave for the recovered clock from the figures 

and the difference among them. This is due to the limited bandwidth of the photo-detector 

(~ 40 GHz) and of the internal detection system in the electrical sampling oscilloscope utilised 

to retrieve the traces (LeCroy 100 H). As a consequence, it is required to do further analysis of 

the extracted clock. In this regard, the optical clock is photo-detected (PD, SHF 41210B) and 

amplified by an RF amplifier. The retrieved electrical clock is analysed through an electrical 

spectrum analyser (ESA-3, Rohde&Schwarz FSU67) as will be described in the following 

Section. 
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(a) 

 
(b) 

 
(c) 

 

Figure 6.3: Optical spectra at the output of the QDash-MLLD: (a) for input at 80 Gb/s, with 

RBW: 0.06 nm; (b) for input at 160 Gb/s, with RBW: 0.06 nm; (c) for input at 320 Gb/s, with 

RBW: 0.06 nm. Insets: recovered clock eye diagrams, x-scale 10 ps/div. 

 

 

6.2.2 Analysis of the all-optical clock recovery from coherent 80 Gb/s and 

160 Gb/s RZ-OOK with and without transmission over 52 km of 

optical fibre 

6.2.2.1 Phase noise and timing jitter analysis of the recovered clock under 

synchronisation of coherent 80 Gb/s RZ-OOK data signal 

Fig. 6.4 is dedicated to the analysis of the response of the QDash-MLLD-2 under optical 

injection of a 80 Gb/s data sequence detuned by 23 nm. Fig. 6.4(a) shows the RF spectra of the 

photocurrent from the beating of the QDash-MLLD lasing modes. The figure has been offset by 

40 GHz. In the black colour line, the RF beating signal of the QDash-MLLD in free running 

operation is shown. As demonstrated in Chapter 3, it features a Lorentzian distribution with a 
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linewidth of 25 kHz, which is largely narrower than that of any of the optical longitudinal 

modes of its optical spectrum. The synchronised RF beating after WC spectra with and without 

transmission (TX) (red and blue traces, respectively) are shown in Fig. 6.4(a), retrieved with 

span of 50 MHz and resolution bandwidth of 1 MHz. For the two traces, when measured with a 

span of 1 kHz and resolution bandwidth of 20 Hz, they exhibit a RF linewidth of <1 kHz, as was 

also demonstrated in Chapter 5. This compression of the RF linewidth and change in 

distribution confirm the synchronisation of the QDash-MLLD to the optical injected signals. 

Since the laser beating linewidth results from the phase noise of the optical modes, the phase 

noise of each mode must be highly correlated.  

Fig. 6.4(b) exhibits the single side band power spectral density (SSB-PSD) of the back-to-back 

(B2B) 40 GHz clock signal, i.e. the electrical clock signal provided by the transmitter along 

with the corresponding traces of the recovered clock under injection of the 80 Gb/s with and 

without transmission over fibre (TX) (red and blue traces, respectively). The SSB-PSD traces 

are retrieved directly from the ESA which enables that analysis. Note that the SSB traces in this 

figure for both synchronised signals are similar in the region below 1 kHz, but a few spikes 

make them higher than the reference clock phase noise trace. The spikes are due to the absence 

of 40 GHz components on the coherent signals injected into the QDash-MLLD. In between 

60 kHz and ~ 2 MHz a transition region is clearly visible, in which the noise is dominated by 

the contribution of the free running QDash-MLLD. In this region, an increase in the timing jitter 

of the recovered clock signals would be expected. For frequencies higher than 4 MHz, the noise 

is then dominated by the QDash-MLLD and its filtering property. This is confirmed by a 

decrease in the phase noise which is in agreement with previous observations [42], [43].  The 

timing jitter is calculated from the SSB-PSD, using equation (5.1), introduced in Chapter 5 and 

shown again below: 
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where, L(f) is the phase-noise spectral density, fR is the repetition-rate, and fmin and fmax are 

the boundaries of the frequency range. For the values of timing jitter reported in this Chapter, 

the integration boundary is from 100 Hz to 10 MHz.  

The timing jitter accumulated from 100 Hz to 10 MHz is of 50 fs for the reference B2B signal. 

The 40 GHz recovered clock signal under injection of the 80 Gb/s coherent wavelength 

converted signal has a timing jitter of 62 fs. In the same condition, but after 52 km of data 

transmission in SMF and DCF, the timing jitter is 83 fs. The penalty is mostly due to the 

chromatic dispersion of the fibre as would be expected. 
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(a) (b) 

 

Figure 6.4: (a) Comparison of the RF spectra at the QDash output, in free running and under 

locking conditions with a frequency span of 50 MHz and resolution bandwidth of 1 MHz; (b) 

Comparison of single sideband phase noise of  back-to-back with recovered clock under 

injection of coherent 80 Gb/s RZ-OOK with and without transmission. 

 

 

6.2.2.2 Phase noise and timing jitter analysis of the recovered clock under 

synchronisation of coherent 160 Gb/s RZ-OOK data signal 

Similar experiments have been carried out to analyse the recovered clock under injection of 

coherent 160 Gb/s RZ-OOK signal. Fig. 6.5(a) depicts the comparison of the RF spectra of the 

QDash-MLLD in free running (black line), and as a result of the synchronisation from the 

injected signal at 160 Gb/s with and without transmission (TX) ) (red and blue traces, 

respectively), retrieved with a span of 50 MHz and resolution bandwidth of 1 MHz. In the same 

way as previously shown for the signals at 80 Gb/s, they reveal a distribution different from that 

of the laser in free running, exhibiting a RF linewidth of <1 kHz. The compression in their 

linewidths demonstrates again that the 40 GHz QDash-MLLD is synchronised, but in this case 

by a 160 Gb/s data stream. In Fig 6.5(b), the SSB-PSD of the B2B from the electrical 40 GHz 

clock signal (black trace) is compared with the synchronised signals from the injection of the 

160 Gb/s coherent signal with and without transmission over 52 km of dispersion compensated 

fibre link (red and blue traces, respectively). These two SSB-PSD traces present an initial major 

amount of phase noise than the B2B trace in the region of 1 kHz and between them there is a 

slight difference, which can be attributed to the changes in amplitude and chromatic dispersion 

as a consequence of the transmission over the fibre link. In this case, it is expected to find more 

timing jitter than the shown by the reference clock, which is confirmed through their 

corresponding timing jitter traces shown in Fig. 6.5(b). Then, there is the transition region 

between 60 kHz and approximately 2 MHz, in which the noise is dominated by the contribution 

of the free running QDash-MLLD. In this region, an increase in the timing jitter of the 
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recovered clock signals would be expected. For frequencies higher than ~ 2 MHz, the expected 

reduction in phase noise of the synchronised signals is confirmed as a consequence of the direct 

influence of the QDash-MLLD filtering attribute [21]. Consequently, the timing jitter would not 

be expected to increase drastically. The timing jitter accumulated from 100 Hz to 10 MHz is 

50 fs for the reference B2B signal. The added timing jitters resulting from the synchronisation 

of the QDash-MLLD from the injected signal at 160 Gb/s with or without transmission within a 

frequency span of 100 Hz and 10 MHz are 84 fs and 92 fs, respectively. The difference is only 

8 fs at 10 MHz. These results make the recovered clock of the same quality regardless of the 

transmission of the 160 Gb/s coherent data signal. 

According to these results in terms of timing jitter on the recovered clock signals from data 

streams at 80 and 160 Gb/s, this study has been pushed at higher bit rate to find out the eventual 

limitation of the optical recovered clock system, as will be shown in the next Subsection. 

 

 

 
(a) 

 
(b) 

 

Figure 6.5: (a) Comparison of the RF spectra at the QDash-MLLD output, in free running and 

under locking conditions with a frequency span of 50 MHz and resolution bandwidth of 1 MHz; 

(b) Comparison of single sideband phase noise of  back-to-back with recovered clock under 

injection of coherent 160 Gb/s RZ-OOK with and without transmission. 

 

 

6.2.2.3 Phase noise and timing jitter analysis of the recovered clock under 

synchronisation of coherent 320 Gb/s RZ-OOK data signal 

In this Section, the analysis of the response of the QDash-MLLD-3 under injection of a 

320 Gb/s data sequence is analysed. Fig. 6.6(a) depicts, in the black colour line, the RF 

spectrum of the QDash-MLLD output in free running along with the corresponding RF 

spectrum of the QDash-MLLD under synchronisation from the 320 Gb/s injected optical data, 

in the blue colour line. In the same manner as in the two previous studies, the RF beating 
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linewidth features a value of <1 kHz when synchronised to an optical data signal. This 

compression of the RF linewidth and change in distribution when compared to free running 

conditions is a signature of synchronisation and enhancement of phase correlation of the optical 

modes. As a consequence, a low level of timing jitter for the optical signal generated from the 

QDash-MLLD output is expected. This can be confirmed through phase noise and timing jitter 

measurements. Fig. 6.6(b) exhibits the comparison of SSB-PSD of the back-to-back 40 GHz 

clock signal and the corresponding SSB-PSD trace of the recovered clock under injection of 

320 Gb/s. In the region below 60 kHz, it is possible to see spikes attributed to the coherent 

injected signal. From 60 kHz is the transition region [21], it contains the noise contributions 

from both the incoming signal and the laser itself.  At frequencies higher than 4 MHz, there is a 

decrease in the phase noise and as a consequence the timing jitter would be reduced, as it is 

confirmed in its analogous timing jitter trace in Fig. 6.6(b). Finally, the synchronised and 

recovered clock signal features an accumulated low timing jitter of 94 fs when integrated from 

100 Hz to 10 MHz.  

It is important to mention that in spite of only showing the phase noise traces up to 10 MHz, it is 

expected that for frequencies above 10 MHz the phase noise gets reduced due to the filtering 

effect imposed by the QDash-MLLD which derives in a settling down of the timing jitter value 

which would be represented by a no more rapid increase in the accumulated timing jitter trace at 

a value around 100 fs.   

 

 

 
(a) 

 
(b) 

  
Figure 6.6: (a) Comparison of the RF spectra at QDash output, in free running and under 

locking conditions with a frequency span of 50 MHz and resolution bandwidth of 1 MHz; (b) 

Comparison of single side band phase noise of  back-to-back with recovered clock under 

injection of coherent 320 Gb/s RZ-OOK. 
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6.2.2.4 Characterisation of the dynamic power locking range 

With the intention to verify the clock recovery performance for implementation in a real 

network it is worth assessing the dynamic power locking range for optical injection of 80 Gb/s, 

160 Gb/s and 320 Gb/s data sequences. This analysis is achieved by varying the optical power 

injected into the QDash-MLLD whilst preserving the same driving bias current and temperature 

of the QDash-MLLD in which synchronisation was achieved and analysed in previous 

Subsections for each of the three data rates injected into it; and no optimisation of the state of 

polarisation of the input signal is sought. The optical input power is controlled to vary from 

3.5 dBm to 4.5 dBm for an optical input data rate at 80 Gb/s, from 4.5 to 5.5 dBm at 160 Gb/s 

and from 6 dBm to 8 dBm at 320 Gb/s. The RF signal of the recovered clock is analysed by 

retrieving the phase noise trace from the ESA and calculating the accumulated timing jitter. 

Fig. 6.7 shows the timing jitter dependence of the recovered clock from the QDash-MLLD as a 

function of the optical input power at data rates of 80 Gb/s, 160 Gbs and 320 Gb/s. From 

Fig. 6.7, two important results are found. Firstly, the dynamic range at 80 Gb/s and 160 Gb/s is 

1 dB and both present an increment in the timing jitter as the optical input power increases. 

These traces are labeled with black squares for 80 Gb/s and black circles for 160 Gb/s, 

averaging timing jitter values of 75 fs and 100 fs, respectively. This increase in the timing jitter 

with the increase in optical power injected is due to the added noise from the EDFA-1 and the 

induced wavelength shift between the QDash-MLLD and the input signals at such data rates. 

The shift of the QDash-MLLD longitudinal spectrum is a consequence of variations in the gain 

and refractive index of the cavity under high power injection. The timing jitter of the 

synchronised QDash-MLLD at 320 Gb/s data sequence presents a decreasing trend with the 

increase of input power, represented in black triangles. This indicates that the interaction among 

the modes in the QDash-MLLD with the wavelength of the input signal at this data rate is better 

detuned with the increment in power, giving rise to an enhancement of the phase correlation of 

the QDash-MLLD, averaging 110 fs. The second result derived from Fig. 6.7, is that in order to 

achieve the synchronisation of the QDash-MLLD at higher bit rates it is necessary to increase 

the power injected into the QDash-MLLD, leading to an increase in the phase noise and 

associated timing jitter but decreasing the dynamic power locking range when compared to the 

results derived from a base-line synchronisation, as analysed in Chapter 5.  

It is worth mentioning that outside the limits of the dynamic range values shown in Fig. 6.7, for 

lower power input unstable synchronisation is achieved. At higher values of optical power 

injected in the case of incoming data signals at 80 and 160 Gb/s the synchronisation is lost, but 

for 320 Gb/s it would be improved. Due to limitations in the equipment available, however, it 

was not possible to inject more optical power.    
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Figure 6.7: Timing jitter vs. input power of recovered clock from QDash-MLLD under injection 

of coherent 80, 160 and 320 Gb/s RZ-OOK. 

 

 

6.2.2.5 Summary and comparison of clock recovery results 

Having characterised the recovered optical clock signals for different incoming data rates, it is 

worth comparing the results obtained. Table 6.1 summarises the main attributes of the recovered 

clock for each of the data rates considered without transmission. First of all, two QDash-

MLLDs were utilised, QDash-MLLD-2 and QDash-MLLD-3. The former laser was used to 

achieve synchronisation to incoming coherent 80 and 160 Gb/s RZ-OOK signals, and the latter 

one to accomplish synchronisation to coherent 320 Gb/s RZ-OOK. On one hand, the QDash-

MLLD-2 was operated at room temperature and only 1 dB of optical power penalty to achieve 

synchronisation at a higher bit rate. On the other hand, operation of the QDash-MLLD- 3 at 

room temperature was not possible and it had to be controlled at a lower temperature to 

accomplish synchronisation at 320 Gb/s. As the bit rate increases more injected optical power is 

required. The main reasons for these differences have been given in Subsection 6.2.1; it is also 

expected that synchronisation of a QDash-MLLD at high speed relies on fewer modes due to the 

increase in the mode spacing at higher multiples of the original mode spacing of the 

QDash-MLLD spectrum. To compensate for the reduction in the number of modes, the 

contributing modes must be more powerful. This can explain a deterioration in the RF peak to 

noise ratio of the RF spectra (as analysed in Chapter 5) resulting in more phase noise as well as 

timing jitter (see table 6.1). Nevertheless, based on the experimental works carried out in this 

Section, some good ways to overcome the increment of phase noise associated to the increase in 

the bit rate of the injected data signal can be identified. This can be done by injecting more 

optical power into the QDash-MLLD (as mentioned above for the dynamic range analysis) as 
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well as an adjustment to lower temperatures of the laser from the room temperature (25 °C), 

(see table 6.1). The changes in temperature help to reduce the amount of spontaneous emission 

and as a consequence the longitudinal phase correlation of the modes is stable enough to 

achieve the synchronisation. 

The results presented in table 6.1 are consistent with our expectations as it was shown 

previously in Chapters 3 and 5. It can be concluded in this regard, that once the synchronisation 

of the QDash-MLLD to incoming optical data signals is achieved, the RF spectral linewidth is 

reduced (when compared to its free running condition) and a linewidth of less than 1 kHz is 

resolved. Moreover, an increment in the timing jitter of the recovered clock signal is obtained 

with the increase in the data speed of the incoming optical data signals but still providing less 

than 300 fs. In terms of temperature control, they indicate that it is still possible to reach lower 

timing jitter for 80 Gb/s and 160 Gb/s than the ones listed in table 6.1 if a reduction in the 

operating temperature is implemented. Furthermore, these results allow speculating that it 

would be possible to achieve synchronisation to a 640 Gb/s data signal. Even more important 

are the outcomes shown in this Chapter, as the synchronisation is demonstrated with injected 

signals lacking in the 40 GHz component [34].  Otherwise, the synchronisation would be easier 

for an incoming signal with such a spectral component. This reinforces the explanation on the 

dependence of the power injection with the bit rate. 

Finally, the low values of timing jitter displayed in table 6.1 are also suitable for demultiplexing 

of data signals, as will be shown in the next Section of this Chapter. 

 

 

Bit rate 80 Gb/s 160 Gb/s 320 Gb/s 

QDash-MLLD: 2 2 3 

Temperature (QDash-MLLD): 25 °C 25 °C 21.7 °C 

Bias current (QDash-MLLD): 86 mA 86 mA 117 mA 

Power injected: 4 dBm 5 dBm 7 dBm 

RF linewidth: < 1 kHz < 1 kHz < 1 kHz 

Timing jitter 

(100 Hz to 10 MHz): 

62 fs 92 fs 94 fs 

 

Table 6.1: Comparison of the QDash-MLLD operational conditions and main attributes of the 

recovered clock signal for the three data rates analysed for the sub-harmonic synchronisation 

without transmission over fibre. 

 

 

6.3 Demultiplexing of high bit rate signals 

As demonstrated in the previous Section, the recovered clock from the high speed data rates 

used in this work presents an exceptionally low timing jitter. This feature allows using the 
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recovered clock to demultiplex the incoming signals into tributaries at 40 Gb/s providing a 

direct evaluation of the clock recovery based QDash-MLLD as well as enabling more functions 

for the OTDM high speed networks. Demultiplexing is an important element as it allows the 

establishment of a direct connection between the ultrafast optical signals on OTDM systems and 

the lower speed electronic systems at the receiver end [31]. In this Section, demultiplexing of 

the incoming data signals to tributaries at 40 Gb/s is performed and analysed with BER 

measurements by using two techniques available in the laboratory. These techniques involve the 

use of an EAM for demultiplexing of incoming signals at 80 and 160 Gb/s and a fibre based 

NOLM configuration to all-optical demultiplexing of incoming signals at 320 Gb/s.  

The optical demultiplexing of the signals based on an EAM is performed by electrically driving 

the EAM with the recovered base-line clock signal. The optical demultiplexing of signals 

employing a single EAM has been used for demultiplexing of signals up to 160 Gb/s with good 

performance [44-46]. EAMs are suitable for demultiplexing owing to their advantages in terms 

of stability, easy controlling, and high integrability [11], [47]. However, it presents some 

drawbacks due to its relatively high insertion loss and relatively wide time switching window. 

This may cause adjacent-channel crosstalk limiting its performance when demultiplexing 

signals beyond 160 Gb/s. In order to go beyond 160 Gb/s, it would be required to increase the 

complexity of the system by using some other components, such as another EAM, RF 

amplifiers, etc., which would increase its cost [48]. In this regard, a fibre based method such as 

the use of a NOLM is a good solution. The NOLM has been demonstrated for all-optical 

demultiplexing of signals beyond 160 Gb/s [49-52]. It is based on the Sagnac interferometric 

configuration, where two interfering light beams follow the same path in opposite directions 

[35], [36], [53-54]. Basically, it consists of two couplers, one of which is a bidirectional coupler, 

whose two outputs are connected to a fibre loop as depicted in Fig. 6.8. The other coupler, 

which is a WDM coupler, is used to introduce the control pulses into the loop. The input OTDM 

data field (signal) is divided by the directional coupler into two counter propagating pulse 

streams. The control pulse (clock pulse) propagating on the clockwise direction is synchronised 

to the OTDM target channel (in red) in the fibre loop with nonlinear coefficient. In the absence 

of the control signal, the device acts as a mirror and the signal is returned to the input.  Inside 

the fibre, the two counter propagating signals interact through cross phase modulation (XPM) 

and are phase shifted creating constructive interference switching the pulse from one output arm 

to the other of the coupler [49-52], [54]. As it is shown in Fig. 6.8, the target channel is 

transmitted by the NOLM as the demultiplexed field, while the remaining OTDM channels are 

reflected. Normally, an optical bandpass filter is used at the output of the NOLM to block the 

control pulses.  
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Figure 6.8: Representation of the NOLM based demultiplexer. 

 

6.3.1 Demultiplexing of 80 Gb/s and 160 Gb/s RZ-OOK data signals to 

40 Gb/s tributaries 

6.3.1.1 Experimental setup 

The experimental setup to investigate the synchronisation and demultiplexing of the 80 and 

160 Gb/s data rate signals is depicted in Fig. 6.9. The synchronised 40 GHz optical pulses, after 

being photo-detected and amplified, are fed into an electro-absorption modulator (EAM, OKI 

OM5642W-30B) optical demultiplexer to select each of the two 40 Gb/s tributaries of the 

80 Gb/s or four tributaries of the 160 Gb/s signals, respectively. This selection of channels is 

performed through the optical delay line (ODL). The obtained 40 Gb/s channels are then 

detected and tested by a bit error rate tester (BERT, SHF 11100B), which is also triggered by 

the recovered 40 GHz clock. It is worth mentioning that it is not possible to demultiplex the 

OTDM 320 Gb/s signal with this scheme, since beyond 160 Gb/s the switching window of 

OTDM based on fast electro-optical-modulators (EOM) is too large to resolve the high speed 

modulated pulses. This leads to a larger crosstalk as the data rate increases and thus to a larger 

power penalty, as previously mentioned at the beginning of this Section. 
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Figure 6.9: Experimental setup for the demultiplexing of 80 and 160 Gb/s RZ-OOK data 

signals. 

 

 

6.3.1.2 Analysis of results 

The BER results are given in Fig 6.10. They provide a direct evaluation of the quality of the 

clock and the performance of the 80-to-40 Gb/s demultiplexer. The 80 Gb/s back-to-back (B2B) 

BER curves labelled by a black dot are achieved by varying the optical power of the original 

OTDM signal received into the demultiplexer and using the electrical clock signal provided by 

the transmitter. They are used as the reference for the measurement of the power penalty. The 

BER curves are similar since they represent the two tributary contributions to the 80 Gb/s 

channel. The 80 Gb/s B2B after WC curves have been achieved by varying the optical power of 

the wavelength converted signal going into EAM based optical demultiplexer while triggering 

the EAM with 40 GHz clock from the transmitter. They are labelled with red squares. The 

80 Gb/s BER curves after wavelength conversion and demultiplexing by the optical recovered 

clock signal are labelled with a blue star. With the same scheme but after 52 km of SMF, the 

curves are labelled with a reverse green triangle. It can be seen from these two curves that the 

optical synchronised signal can be used as a 40 GHz optical clock for the demultiplexing of 

optical signals achieving error free (10e
-9

) for an optical injection power of at least -12 dBm. A 

power penalty of 1.5 dB is measured when compared with the B2B [34]. The primary source of 

this penalty is the pulse broadening of the input signals (caused by the chromatic dispersion of 

the HNLF) and the extra amplitude noise introduced during the wavelength conversion scheme 

at this bit rate. 
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Figure 6.10: BER results for an input at 80 Gb/s; black dots, B2B; red squares, B2B after WC; 

blue stars, after WC and using the recovered clock; green inverted triangles, after WC and 

transmission using the recovered clock. 

 

 
 

Similar experiments have been carried out at 160 Gb/s (see Fig. 6.11). In the case of 160 Gb/s, 

four tributaries at 40 Gb/s are demultiplexed. It can be observed that when the power 

dependence of the BER of the original B2B 160 Gb/s OTDM signal is compared with that of the 

phase coherent 160 Gb/s RZ-OOK a 1.5 dB penalty is present. It can be concluded that the WC 

is the main source of power penalty. This is due to the data pulse broadening and extra 

amplitude noise introduced during the wavelength conversion. In addition, there is an 

interesting result when comparing between the BER traces of the phase coherent WC 160 Gb/s 

RZ-OOK without transmission, while using the original clock and the recovered clock, 

respectively. It is found that there is a negligible penalty between the two cases, which indicates 

that the recovered clock, in spite of having 34 fs more timing jitter than the original clock (see 

Fig. 6.5), is still very good quality (sufficiently low timing jitter) and capable of efficiently 

demultiplexing  a 160 Gb/s data signal. The transmission over 52 km introduces a further power 

penalty of 1.5 dB. The overall penalty of the tributaries after transmission is 3 dB with respect 

to the B2B electrical scheme. However, the BER is still error free (10e
-9

) for a reasonable 

received optical power of -8 dBm.  

An important fact from these results when comparing BER traces at 80 Gb/s and at 160 Gb/s 

with the transmission scheme and reaching error free (10e
-9

) is that by doubling the data rate, it 

was necessary to increase power by 4 dB, as can be seen by comparing Figs. 6.10 and 6.11. 
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Figure 6.11: BER results for an input at 160 Gb/s; black dots, B2B; red squares, B2B after WC; 

blue stars, after WC and using the recovered clock; green inverted triangles, after WC and 

transmission using the recovered clock. 

 

 

6.3.2 All-optical demultiplexing of coherent 320 Gb/s RZ-OOK data signal 

to 40 Gb/s tributaries 

6.3.2.1 Experimental setup 

Fig. 6.12 shows the experimental setup corresponding to the receiver for demultiplexing of the 

coherent 320 Gb/s RZ-OOK. As it is not possible to demultiplex the 320 Gb/s signal with the 

previous scheme, for the reasons already given in the introduction to this Section, an all-optical 

scheme based on a nonlinear optical loop mirror (NOLM) is used. At the output of the injection 

locked QDash-MLLD, the recovered optical 40 GHz clock is selected out through a 5 nm 

optical band-pass filter (OBPF-3). Owing to the positive chirp of the optical pulses, 125 m SMF 

(piece of fibre available) are deployed to compress the pulses to a 1.9 ps width. The 40 GHz 

optical clock pulse is then amplified (EDFA-2) and filtered (OBPF-4) before being fed into the 

NOLM to all-optically time demultiplex the 320 Gb/s into 8x40 Gb/s tributaries. The selection 

of tributaries is performed with the ODL. After the all-optical time demultiplexing, the 40 Gb/s 

signals are detected and analysed by a BERT (SHF 11100B), which is clocked by the recovered 

40 GHz clock. 
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Figure 6.12: Experimental setup for all-optical demultiplexing of coherent 320 Gb/s RZ-OOK. 

 

 

6.3.2.2 Analysis of results 

The BER results are given in Fig 6.13. They provide a direct evaluation of the quality of the 

clock and the performance of the 320-to-40 Gb/s all-optical demultiplexer. In this figure, the 

40 Gb/s back-to-back (B2B) BER curve labelled by a black dot is achieved by using the 40 GHz 

optical clock from the transmitter. This curve is used to benchmark the performance of the 

QDash-MLLD. The B2B BER curves of the coherent 320 Gb/s OTDM signal demultiplexed by 

the 40 GHz optical clock pulses directly provided by the transmitter are labelled with red 

squares. In addition, the BER curves of the 320 Gb/s signal demultiplexed by using the 40 GHz 

optical clock pulse recovered from the QDash-MLLD are shown in blue stars. They provide 

similar performance to the 320 Gb/s B2B BER curves, and have only a 1 dB penalty when 

compared to the 40 Gb/s B2B BER curve. These results indicate that in spite of 44 fs more 

timing jitter in the recovered clock signal, when compared to the original clock from the 

transmitter (see Fig. 6.6), the timing jitter of the recovered clock is low and sufficiently enough 

to achieve high quality pulses to efficiently demultiplex data signals at 320 Gb/s. Moreover, it 

can be seen from these two curves that the optical synchronised signal can be used as a 40 GHz 

optical clock for the demultiplexing of optical signals achieving error free performance for an 

optical injection power at the receiver of at least -10 dBm, reaching the same performance as for 

160 Gb/s, as can be seen in Fig. 6.11. 
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Figure 6.13: BER results for an input at 320 Gb/s; black dots, B2B; red squares, B2B after WC 

and using clock from the transmitter; blue stars, after WC and using recovered clock. 

 

 

6.4 Summary 

In this Chapter, sub-harmonic all-optical clock recovery for data rates up to 320 Gb/s was 

demonstrated. Two packaged Dash-MLLDs were utilised. The first QDash-MLLD-2 was 

synchronised to incoming coherent RZ-OOK data signals at 80 and 160 Gb/s and an optical 

clock signal was recovered. In addition, this investigation was expanded by propagating such 

signals over 52 km of optical fibre. The quality of the optical clock signals were evaluated 

through the analysis of the RF beat-tone signal with phase noise and timing jitter measurements. 

The recovered clocks have timing jitter values of less than 100 fs. Furthermore, the second 

QDash-MLLD-3 was subjected to synchronisation of coherent RZ-OOK data signal at 

320 Gb/s. The assessment of the recovered clock was performed in the same way as that for the 

synchronisation to 80 and 160 Gb/s. The recovered clock features a timing jitter of 94 fs.  For 

the three different data speeds, the clock recovery systems based on the QDash-MLLDs 

demonstrated good results within no less than 20 nm of detuning between the recovered clock 

and input data optical spectra.  

Owing to the good performance of the recovered clock signals obtained from the 

synchronisation to the incoming data signals at 80, 160 and 320 Gb/s, the next step was to 

enable them to demonstrate more functions for the high speed OTDM system. In this regard, the 

optical clock pulses were used to demultiplex the incoming signals to tributaries of 40 Gb/s. 

Firstly, the demultiplexing of the signals at 80 and 160 Gb/s with and without transmission to 

40 Gb/s tributaries were performed using an EAM, clocked by the recovered pulses from 

QDash-MLLD, and assessed through BER measurements and retrieving error free performance. 
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Finally, a 320 Gb/s to 40 Gb/s all-optical demultiplexing system was demonstrated by using a 

NOLM, also achieving error free performance.    

The results presented in this Chapter confirm that the QDash-MLLD is a reliable and cost-

effective solution to all-optical signal processing at high bit rates. In the next Chapter, a further 

analysis of the QDash-MLLD dynamic is carried out in order to investigate the capability of the 

device to achieve clock recovery for burst/packet switched networks. 
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Chapter 7  

 

Experimental investigation on the 

dynamics of a quantum dash 

mode-locked laser towards the 

synchronisation and clock recovery 

of data packets 

 

7.1 Introduction 

We have seen in Chapter 4 that the QDash-MLLD is capable of generating optical pulses as 

well as of being synchronised to series of pulses. The recovered synchronised signal comprises 

stable 40 GHz clock pulses featuring a pulse-width of 1.8 ps and sub-picosecond timing jitter 

[1]. That was the first step towards the investigation of the capability of the device to 

synchronise its frequency to OTDM data or in other words, to achieve clock recovery.  

In Chapters 5 and 6 all-optical clock recoveries at line bit rate of 40 Gb/s and sub-harmonic 

from up to 320 Gb/s data rate were demonstrated, respectively. As has been already mentioned 

in Chapter 1, clock recovery is a key function for all-optical signal processing at high bit rate, 

not only for OTDM systems but also for packet switching data in current and future optical 

networks. In this sense, the next step is to demonstrate that the QDash-MLLD can be used for 

clock recovery of data packets. 

Current optical networks are not fully deployed with packet switching technology due to 

technological constraints directly associated with the switching operation at the receivers of the 

nodes of the network [2-5]. However, in the metro access networks (MAN) optical burst 

switching (OBS) is used as an alternative technology [3], [4]. In OBS, a burst data consists of 

multiple packets which are grouped and switched through the network all-optically [2], [5]. As 
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mentioned above, one of the main issues in present burst networks, is regarding the receiver. 

Burst-mode receivers have to be dynamic to the arrival of the data packets [2], [6]. 

An important function to study in the receivers is its synchronisation to incoming data. Indeed, a 

system where an asynchronous packet based clock extraction circuitry at the receiver end 

operates at very fast locking and unlocking times (few tens of ns) is necessary. For instance, 

assuming packets typically comprised of 1500 bytes and transmitted at 100 Gb/s data rate, it 

results in time slots of 120 ns per packet. To optimise the load at which such a system can 

operate, the guard times between the packets have to be small, in the order of a few tens of 

nanoseconds. In current MANs, clock recovery is achieved by using optoelectronic means such 

as global clocks or phase-locked loop (PLL) oscillators. However, they are limited to the speed 

of their electronic components [3], [6], [7]. Consequently, more work still has to be done in 

regard to faster data rates (>40 Gb/s). There have been a variety of approaches for clock 

recovery; in some of these techniques, CR circuits still based on electronic phase-locked loops 

and mode-locked ring-lasers exhibit a relatively long time for synchronisation and are not 

suitable for asynchronous short optical packets. On the other hand, a synchronisation time of 

1 ns has been reported after extracting an inline bit rate clock signal from 10 Gb/s data packets 

using a SPL based on a distributed Bragg reflector with detuned gratings [8]. Packet based clock 

recovery approaches featuring a faster response have also been investigated utilising low finesse 

Fabry-Pérot filters (FPF). An instantaneous synchronisation and a 400 ps persistence time (or 

de-synchronisation) from short and closely spaced optical packets at 40 Gb/s has been obtained 

using a FPF followed by an  ultrafast nonlinear interferometer based on a semiconductor optical 

amplifier (SOA) [9]. A photonic integrated version of this concept but utilising a Mach-Zehnder 

interferometer was reported in [10]. Unlike the aforementioned experiments with on-off keying 

(OOK) return-to-zero (RZ) pulsed data streams, inline bit rate optical clock has also been 

extracted from 10 Gb/s non-return-to-zero (NRZ) differential phase shift keying data utilising a 

FPF followed by an SOA gate [11]. Instantaneous synchronisation and de-synchronisation was 

obtained. Despite the remarkable achievements in terms of ultrafast synchronisation and de-

synchronisation times, the complexity, bulkiness, and limited operation speed of some 

experimental demonstrations, in addition to a reduction of the components (which eventually 

translates into less energy consumption for operation) seem to be motivating aspects for further 

improvement. In this sense clock recovery based on quantum dash mode-locked lasers are 

potentially a good option owing to their small size, low energy consumption, and low cost as 

well as some of the other features previously mentioned in Chapters 1 and 3. 

This Chapter presents experimental investigations of the fast dynamic characteristics of the 

QDash Fabry-Pérot (FP) passively mode-locked laser diode (PML-LD) for all-optical packed 

based clock recovery applications. Firstly, in Section 7.2, the switching on and characteristic 

times of the passive mode-locking mechanism with pulsed biasing current are assessed. 
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Secondly, in Section 7.3, the locking and unlocking characteristic times of the QDash-MLLD 

subject to external optical injection are estimated by using two methods. The first method, is 

based on the concept presented in [12] and focuses on an analysis of the instantaneous 

frequency of the 40 GHz beat-tone signal measured at the output of the laser under 

investigation, which after a frequency down-conversion (FDC) stage, is recorded by a real-time 

oscilloscope (RTO). The second method is based on a direct measurement with an electrical 

sampling oscilloscope synchronised to the incoming burst data signal [13].  

 

7.2 Switch-on and passive mode-locking times of a quantum 

dash mode-locked laser diode 

In this Section, investigation of the switch-on and passive mode-locking times of the 

QDash-MLLD is carried out. This study is important as a first step prior to determining the 

suitability of the device to be employed as an active element for packet/burst switching clock 

recovery applications.    

 

7.2.1 Experimental setup 

The experimental setup to investigate the switching on and passive locking/unlocking times 

when the bias current of the QDash-PML-LD is turned on and off is depicted in Fig. 7.1. The 

pulsed bias current is provided by a synthesized clock generator (Stanford research system 

CG635) set at 40 kHz and 50 % duty cycle, with low and high current levels set at 0 and 

100 mA, respectively. The temperature of the QDash-MLLD is set to 25°C (room temperature). 

The selected frequency of the clock generator allows an efficient use of the real-time scope 

(Agilent DSO-81004B) in terms of its internal buffer size and sampling rate, whereas it is 

sufficient to observe the dynamic behavior of the tested device. Moreover, the selection of the 

high level of the bias current relies on the operating conditions at which the QDash-PML-LD 

synchronises to an externally injected signal, as seen in Chapters 4, 5 and 6 [1], [14-18]. In this 

experiment the QDash-MLLD in its unpackaged presentation is utilised. The optical power 

emitted from the laser is collected through a lensed fibre and passed through an optical isolator 

(ISO) to avoid back reflections and the ~ 40 GHz beat-tone signal is detected on a fast (50 GHz) 

photo-detector (PD, u
2
t XPDV2020R) followed by an RF amplifier. Taking into account the 

features of the real-time oscilloscope used in this experiment (10 GHz frequency bandwidth and 

40 GSa/s sampling rate), the beat-tone signal of interest is frequency down-converted (FDC) to 

~ 1 GHz by using an RF-mixer and a local oscillator (LO, Rohde & Schwarz SMR 40) set at 
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~ 39 GHz. It is worth mentioning two aspects merit consideration in this study. Firstly, the 

signal from the LO features a linewidth of a few hertz, affecting to a minimal extent the 

characteristics of the ~ 40 GHz beat-tone signal measured at the mixer output. Secondly,  in 

order to obtain the passive mode-locking characteristic times with the supplied pulsed current 

reported in this Section, the time delay experienced by the electric signals biasing the QDash-

MLLD (i.e, from the clock synthesizer to the laser p-n junction) and the synchronised beat-tone 

(i.e, from the QDash-MLLD output to the real-time oscilloscope) have been taken into account. 

 

 

 

 

Figure 7.1: Experimental setup. Continuous (—) and dashed (---) lines denote optical and 

electrical links, respectively. QDash-MLLD: quantum dash mode-locked laser diode; ISO: 

optical isolator; PD: photo-detector; RF Amp: RF amplifier; Mix: electrical mixer; LO: local 

oscillator; ESA: electrical spectrum analyser (see Appendix A for equipment specifications). 

 

 

7.2.2 Analysis and results 

Firstly, the study of the free-running (neither external optical injection nor electrical modulation 

is applied to the laser) operation of the QDash-MLLD biased at 100 mA is performed.  

Fig. 7.2(a) shows the FDC beat-tone measured with the real-time oscilloscope within a span of 

20 µs. A stable frequency component of ~ 1 GHz is observed in this signal, as depicted in the 

zoom-in trace of Fig. 7.2(b) within a span of 22 ns and with the help of an electrical spectrum 

analyser (ESA-2, Anritsu MS2668C), set at a resolution of 30 kHz and a span of 5 MHz, in 

Fig. 7.2(c). Moreover, the full width at half maximum (FWHM) linewidth of the down-

converted signal is less than 25 kHz. 
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(a) (b) 

 

(c) 

 

Figure 7.2: Frequency down-converted beat-tone in constant current conditions. (a)-(b) 

Measured with real-time oscilloscope. (c) Measured with electrical spectrum analyser set at a 

resolution of 30 kHz and a span of 5 MHz. 

 

 

As a second part of the experiment, the current applied to the QDash-PML-LD is modulated by 

a clock signal at 40 kHz as shown in Fig. 7.3(a). Analysing this signal more in detail, it is 

measured a rising time of 41 ns (from 10% to 90% of the pulsed biasing current  level) and a 

falling time of 39 ns  (from 90% to 10 % of the pulsed biasing current  level), as depicted in 

Figs. 7.3(b) and 7.3(c), respectively [19].  
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(a) 

 
(b) 

 
(c) 

 

Figure 7.3: Time traces of the modulating bias current source: (a) full span, (b)-(c) zoom-in, of 

rising and falling times, respectively. 

 

 

 

The time domain trace of the FDC beat-tone taken with the real-time scope is shown in 

Fig. 7.4(a). The starting point (time=0 ) of the FDC beat-tone signal is obtained after triggering 

the real-time oscilloscope with the electric signal biasing the QDash-MLLD visualised in 

another channel and adjusting the delay to a time equal to zero on both signals. Analysing the 

emitted power of the QDash-PML-LD (visualised in these plots as the envelope of the beat-

tone), it does not exhibit an instantaneous response with the current supplied, particularly after 

the threshold current (Ith) has been reached. By zooming in the trace within 300 ns span in its 

leading edge, a switch-on time τ0 of around 30 ns is observed, as showed in Fig. 7.4(b). In the 

same manner, Fig. 7.4 (c) illustrates the zoom in trace within a span of 300 ns for the falling 

edge. A mark at the time 12.539 µs indicates the point corresponding to the modulating current 

square shape falling time at 10% [19], [20].  
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(a) 

 
(b) 

 
(c) 

 

Figure 7.4: Time traces of the FDC beat-tone taken with the real-time scope: (a) full span, (b)-

(c) leading and falling edges, respectively. 

 

 

Furthermore, in order to determine the passive mode-locking characteristic time, relative to the 

point where the 90% of the supplied bias current is reached (which occurs at 41 ns), the 

instantaneous frequency exhibited by the recorded FDC beat-tone over 20 µs is analysed. The 

analysis is performed by implementing a fast-Fourier-transform (FFT) calculation in time-

windows or frames of 10 ns size. The selected window sets a resolution of ~ 100 MHz for the 

calculation of the instantaneous frequency of the down-converted beat-tone signal. The 

instantaneous frequency exhibited by the recorded FDC beat-tones is shown in Fig. 7.5(a). The 

red and black traces represent the frequency of the beat-tone when the passively QDash-MLLD 

is constantly DC-biased at 100 mA and with the 40 kHz modulated current, respectively. In the 

case of constantly DC-biasing the laser, a stable frequency of 1 GHz is observed in the entire 

time 20 µs span, whereas for a modulated DC-bias two regions are identified. One of the 

regions depicts a random frequency magnitude and another one with a stable frequency value 

corresponding to 1 GHz. This stabilisation in the frequency allows determining the time in 

which the passive mode-locking condition is reached. A trace of the frequency power spectrum 

of one of the frames analysed at a time corresponding to the range from 5.0035 µs to 5.0135 µs 
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in the total 20 µs of the recorded data is displayed in Fig. 7.5(b). This figure shows the 

frequency of the FDC beat-tone signal at a stable frequency of approximately 1 GHz.  

In order to analyse in detail the time in which the passive mode-locking occurs, the analysis of 

the FDC signal is extended. By maintaining the same frame size and as a consequence the same 

resolution, the FFT analysis is performed five times within a time span of 60 ns around both end 

regions where the stabilisation is not maintained and which correspond to the leading (0 to 

60 ns) and trailing edges (12.5 µs to 12.56 µs) of the FDC signal. This approach would allow 

only 6 frames in that span, but additionally, each frame is time shifted by 2 ns. The first analysis 

is carried out for the time frame [0 ns, 10 ns], the second analysis for [2 ns, 12 ns], the third one 

for [4 ns, 14 ns] and so on and so forth, for the analysis of the leading edge for instance, 30 

records for the establishment of the mode-locking are achieved between 0 ns and 60 ns [20]. 

The results of this analysis are presented in Fig. 7.5(c). They show that the frequency of the 

down converted beat-tones stabilises to a constant value of ~ 1 GHz after a response time τ1, of 

approximately 42 ns. This means that the passive mode-locking process taking place in the 

QDash-MLLD occurs approximately 12 ns after the switch on time and only 1 ns after the 90% 

of the pulsed biasing current is reached. These results obtained with this method of analysis 

complement those obtained in [12], [19], [20], where a single analysis along the recorded data 

was performed and the information in each frame allowed an uncertainty of at least 10 ns from 

frame to frame, as demonstrated when the results are compared. Following the same approach, 

but for the expected falling edge region of the recorded FDC, unstable frequency beat-tones are 

retrieved and shown in Fig. 7.5(d). The passive mode-locking process exhibits a deterioration 

time τ2 of 33 ns after the 90% of the pulsed biasing current falling time is achieved, which is 

less than the 39 ns that it takes to reach the 10%. This means that the passive mode-locking 

condition is still present meanwhile the threshold current is not reached.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 7.5: Instantaneous frequency of the recorded beat-tone: (a) full span, for both in constant 

current (red) and after current modulation (black); (b) for a frame of 10 ns span; (c)-(d) zoom in 

within a 60 ns span to measure the passive locking and unlocking times, respectively.  
 

 

The results obtained in this Section suggest the suitability of the QDash-MLLD for clock 

recovery of burst data under transmission. It is even possible to imagine a solution where some 

energy can be saved up by keeping the device switched-off and switching it on only when 

needed. In the next Section, more investigations on the time dynamics of the laser are carried 

out in order to determine the time that takes the laser to synchronise to data packets.  

 

7.3 Locking dynamics of the quantum dash under injection 

of data sequences  

In this Section, investigation of the locking times of the QDash-MLLD under injection of data 

signals is performed. Two different methods are shown and analysed providing locking times in 

the order of nanoseconds, which support the possibility to use this device as an element for all-
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signal processing in the optical networks. It is worth to mention that these two techniques were 

performed at different laboratories and times. 

 

7.3.1 Method 1 

7.3.1.1 Experimental setup 

In this Section, the locking dynamics of the QDash-MLLD, under the injection of packets 

formed with 10 Gb/s non-return-to-zero (NRZ) pseudo-random binary sequences (PRBS) whilst 

it is DC-biased at 110 mA, are investigated [19]. The data rate of 10 Gb/s for this investigation 

was used due to the availability of equipment at the time of the experiment. The experimental 

setup is depicted in Fig. 7.6. A tunable external cavity laser (ECL, HP 8168F) set at a 

wavelength of 1540 nm is intensity modulated by 10 Gb/s PRBS NRZ data signals (Yokogawa 

AP9945). The generation of the 25 µs long packets is implemented by a built-in feature of the 

ECL, applying an internal direct modulation at 20 kHz through an embedded electrical square 

pulse signal. The optical 10 Gb/s NRZ signal is amplified by EDFA-1 and filtered out, to 

supress its spontaneous emission, through 2 nm optical bandpass filter (OBPF-1) centred at the 

input signal wavelength from ECL. This signal is injected into the QDash-MLLD, where at the 

upper level of the modulating signal, an average power of +6.5 dBm at the variable optical 

attenuator display (VOA-1) is measured, which is high enough to allow an external 

synchronisation to the PRBS NRZ data signal. Special care has been taken for optimizing the 

signal injected into the QDash-MLLD. To achieve synchronisation, the centre wavelength of the 

injected signal must match at a large extent one of the Fabry-Pérot weak resonances far away 

from the QDash-MLLD emission. When external synchronisation is accomplished, modulation 

sidebands in coincidence with adjacent Fabry-Pérot resonances (~40 GHz apart) appear in the 

optical spectrum (not shown here) created by four wave mixing [19]. This synchronisation is 

justified by the mechanism behind the passive mode-locking in the Fabry-Pérot semiconductor 

laser as explained in Chapter 2. 

At the lower level of the modulating signal, an optical power of only around -12 dBm 

(measured at VOA-1 and supplied from the amplified spontaneous emission of the EDFA) is 

injected to the QDash-MLLD. In this case, synchronisation of the mode-locked laser diode to 

the injected signal is not achieved, and hence it operates in free-running conditions. Fig. 7.7 

depicts the optical spectrum at the output of the QDash-MLLD before the band-pass filter 

(OBPF-2) after injection of the data signal within a span of 30 nm and RBW of 0.02 nm 

(OSA-1, Yokogawa AQ6370). The figure shows the optical spectra of both the QDash-MLLD 

(black trace) and the data signal (red trace).  After injection to the QDash-MLLD, the recovered 
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clock signal is amplified (EDFA-2) and filtered by OBPF-2, which features a band-pass of 5 nm 

and central wavelength of 1530 nm. Synchronised (or de-synchronised) clock pulses are 

detected on a fast (50 GHz) photo-detector (PD, u
2
t XPDV2020R) followed by an RF-amplifier. 

In a similar manner to the experiment shown in Section 7.2 of this Chapter, taking into account 

the features of the real-time oscilloscope used in this experiment (10 GHz frequency bandwidth 

and 40 GSa/s sampling rate, DSO-81004B), the beat-tone signal of interest is frequency down-

converted to approximately 1 GHz by using an RF-mixer and a local oscillator (LO, Rohde & 

Schwarz SMR 40) set at around 39 GHz. The FDC signal is analysed via an electrical spectrum 

analyser (ESA-2, Anritsu MS2668C), a real-time oscilloscope, and an electrical sampling 

oscilloscope (SCOPE, Agilent 86100C). The injected PRBS NRZ data and recovered clock 

pulses at the input and output of the QDash-MLLD are also recorded by an electrical sampling 

oscilloscope, respectively. In this case, the output clock from the PRBS generator is connected 

to the trigger port of the sampling oscilloscope.  

 

 

 

 

Figure 7.6: Experimental setup. Continuous (—) and dashed (- - -) lines denote optical and 

electrical links, respectively. ECL: external cavity laser; PC: polarisation controller; MZM: 

Mach-Zehnder modulator; QDash-MLLD: quantum dash mode-locked laser diode; PPG: pulse 

pattern generator; EDFA: Erbium-doped fibre amplifier; OBPF: optical band pass filter; VOA: 

variable optical attenuator; SCOPE: electrical sampling oscilloscope; PD: photo-detector; RF 

Amp: RF amplifier; Mix: electrical mixer; LO: local oscillator; ESA: electrical spectrum 

analyser (see Appendix A for equipment specifications). 
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Figure 7.7: Optical spectrum at the output of the QDash-MLLD when synchronised to the input 

data signal. 

 

 

7.3.1.2 Analysis of results 

The dynamics of the QDash-MLLD are experimentally analysed by switching on and off the 

injected data stream at a frequency of 20 kHz. The bit rate of the injected NRZ data stream is set 

at 10 Gb/s, whilst the free-running frequency of the beat-tone occurs at 40 GHz. This implies 

that the QDash-MLLD is synchronised to the third harmonic of the incoming signal spectrum, 

which is not as efficient as a 40 Gb/s data stream. A period of the ECL’s modulating signal is 

illustrated in Fig. 7.8(a) after being recorded by the real-time oscilloscope. A zoom-in of this 

trace is depicted in Fig. 7.8(b) and (c), where a rising (from 10% to 90% of the ECL’s 

modulating signal amplitude) and falling time (from 90% to 10% of the ECL’s modulating 

signal amplitude) of 100 and 27 ns are estimated, respectively [19].  
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(a) 

 
(b) 

 
(c) 

 

Figure 7.8: (a) Normalised electrical square pulse signal utilised for modulating the intensity of 

the ECL. (b)-(c) zoom-in illustrating the rising and falling times of the modulating signal, 

respectively. 

 

 

The analysis of the FDC synchronised signal is performed by direct measurements from the 

real-time oscilloscope. As shown in Fig. 7.9(a), a change in the amplitude of the recorded FDC 

beat tones is observed whilst switching from free-running to external synchronisation and vice-

versa. Unlike the free-running operation, the FDC beat tones exhibit an amplitude reduction 

while the QDash-MLLD is externally synchronised. The reduction in the amplitude of the FDC 

can be attributed to the decrease of the QDash-MLLD emitted power as a consequence of the 

decrement of the laser gain by depletion of the carrier density caused by the external optical 

signal applied into the QDash-MLLD. In addition, relative to the 100 ns mark imposed by the 

rising time of the electrical modulating signal applied to the ECL (red dashed-line), 

synchronisation of the QDash-MLLD to the injected data signal is achieved in 25 ns after the 

emission of the ECL is switched on, as depicted in Fig. 7.9(b). Once the synchronising signal is 

switched off, the mode-locked laser diode switches to the free-running condition in 20 ns after a 

holding time of around 128 ns (Fig. 7.9(c)). Note that the 100 ns turn on time of the directly 

modulated external cavity laser obeys to the response of its embedded modulation function 
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which is represented by the square modulating signal illustrated in Fig. 7.8(b). The ECL 

emission turns on only after the 90% of the relative amplitude of the internal control signal is 

reached. Before the 100 ns mark, the input optical power at the QDash-PMLL diode is very 

small (and is contributed only by the filtered amplified spontaneous emission of the EDFA). For 

this reason, in Fig. 7.9(b) is observed no transition from free-running to synchronisation of the 

QDash-MLLD until after the 100 ns mark is reached. This also indicates that there is no holding 

time for this transition. As illustrated in Fig. 7.9(b), a clear transition from free-running to 

external synchronisation is exhibited by the beat-tone signal relative to this reference mark, 

making possible the assessment of the synchronisation time.  

 

 
(a) (b) 

 
(c) 

 

Figure 7.9: (a) Normalized frequency down-converted beat-tones measured at the output of the 

RF-mixer. (b)-(c) zoom-in of the beat-tones illustrating the synchronisation and de-

synchronisation characteristic times, respectively. 

 

 

The reported dynamics in the QDash-MLLD for packet based all-optical clock recovery are 

hence conclusive. At 10 Gb/s, the injection locking characteristic times indicate that the 

QDash-MLLD synchronises after 250 bits of the incoming data signals. Furthermore, a holding 
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time of 128 ns implies that the device under investigation can remain in a synchronised 

condition after a train of 1280 consecutive zero-data bits. 

The reported synchronisation and de-synchronisation times are obtained after taking into 

account the delays from the electric modulating signal to the real-time oscilloscope, from optical 

components to the QDash-MLLD input as well as from the laser output to the input of the 

photodiode plus the delay from this point to the real-time oscilloscope. 

Illustrated in Fig. 7.10 are the two frequency components obtained after computing the FFT 

from the 50 µs long recorded signal of the FDC beat-tones: a spectral component is retrieved 

while the QDash-MLLD is synchronised (0 to 25 µs) and another one while it is de-

synchronised (25 to 50 µs).  

The spectral analysis reveals a reduction of the amplitude under synchronisation (component 

around 1 GHz) relative to the free-running condition (component around 1.01 GHz), which is 

consistent with the normalized frequency down converted beat-tones depicted in Fig. 7.9. In 

addition, the beat-tone retrieved for the synchronisation condition features a larger linewidth, 

which in this case is a result of a frequency drift (in the order of a few megahertz) of the 

external cavity laser utilised in this experiment whilst operating in direct modulation mode [19]. 

It is worth mentioning that in this experiment, it was not possible to analyse the FDC in frames 

of time and to calculate the FFT on them, as there were not enough points in the recorded data 

to provide reliable results.  

 

 

 
 

Figure 7.10: FFT computed from the recorded FDC beat-tones for the entire time span of 50 µs. 
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7.3.2 Method 2 

7.3.2.1 Experimental setup 

The experimental setup to evaluate the QDash-MLLD based on burst mode optical clock 

recovery (BMOCR) of 40 Gb/s return-to-zero on-off-keying (RZ-OOK) is depicted in Fig. 7.11 

[13]. 40 Gb/s RZ-OOK packets are generated via a SHF RZ-OOK optical transmitter module 

(SHF 46210C) centered at 1550 nm. The data packet has a payload duration length of 286 ns 

(for the sake of simplicity, it consists of multiples of 2
7
-1 PRBS patterns) and a guard time of 

45 ns. The PRBS pattern length is limited by the payload duration. OCR based on QDash-

MLLD with higher order PRBS pattern (2
31

-1 PRBS) is also feasible [21]. The 40 Gb/s optical 

packets are first amplified to 10 dB and split with 99:1 power splitting ratio. 99% of the power 

signal is injected into the QDash-MLLD via an optical circulator; a polarisation controller is 

used before the QDash-MLLD to optimise the polarisation state of the external injected signal. 

1% of the optical power is detected by a low speed optical receiver (622 Mb/s receiver) as the 

envelop detector to extract the packet envelope. The detected envelope signal is used as the 

control signal to switch on/off a current driver that powers up the QDash-MLLD. Hence the 

QDash-MLLD is activated only when a data packet arrives. Due to the lack of the proper 

current driver, a 400 MSa/s arbitrary waveform generator (AWG, LeCroy LW420) is used in 

this experiment. The AWG is externally triggered by the packet envelope signal. It produces a 

square gating current varying from 0 mA to 82 mA, with the same duration length as the data 

packets. The key device of the BMOCR is the QDash-MLLD. For this experiment, the QDash-

MLLD referred to in Chapter 6 as QDash-MLLD-3 (butterfly packaged device) is used. The 

QDash-MLLD-3 is placed on a mounting board with an external RF current drive port, and is 

temperature stabilised at 20.5 °C. When the data packet is present, the packet envelope triggers 

the AWG output to activate the QDash-MLLD. Meanwhile, with the data packet injection, the 

QDash-MLLD is locked. When a data packet is absent, the QDash-MLLD is switched off 

without optical power output. Therefore, the QDash-MLLD is able to recover a packetized 

clock that is synchronised to the data packets. At the output of the BMOCR, the recovered clock 

is selected out by a 5 nm optical filter (OBPF-2) and detected by a 40 GHz photo-detector 

(SHF 41210B). The clock quality is analysed in an electrical spectrum analyser (ESA-3, Rohde 

& Schwarz FSU67) and electrical sampling oscilloscope (SCOPE, LeCroy 100 H). Further 

evaluation is implemented by mixing the recovered clock with the reference 40 GHz clock from 

the source. Time trace is acquired afterwards by using a real-time oscilloscope (Tektronix DPO-

71254C) with a sampling rate of 1.25 GSa/s. 
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Figure 7.11: Experimental setup of burst mode optical clock recovery based on QDash-MLLD. 

ECL: external cavity laser; PC: polarisation controller; QDash-MLLD: quantum dash mode-

locked laser diode; EDFA: Erbium-doped fibre amplifier; OBPF: optical band pass filter; VOA: 

variable optical attenuator; SCOPE: electrical sampling oscilloscope; PD: photo-detector; RF 

Amp: RF amplifier; AWG: arbitrary waveform generator; Mix: electrical mixer; ESA: electrical 

spectrum analyser (see Appendix A for equipment specifications). 

 

 

7.3.2.2 Analysis of results 

Fig. 7.12 shows the electrical spectrum of the recovered clock from data packets in a 1 kHz 

span. This demonstrates successful synchronisation of the QDash-MLLD to the incoming 

packets; the clock tone has a peak power signal-to-noise floor suppression ratio of 46 dB. 

 

 
 

Figure 7.12: RF spectra of the QDash-MLLD when synchronised to the data packets. 

 

 

The locking and unlocking times of the BMOCR are characterised with the injection of the 

40 Gb/s RZ-OOK packets. The injected optical power is 4 dBm measured at the VOA-1 display. 
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Fig. 7.13 presents the time domain response of the QDash-MLLD under BMOCR operation. 

The traces are retrieved with the electrical sampling oscilloscope.  Fig. 7.13(a) shows the time 

trace of the packets to be injected into the laser. Fig. 7.13(b) depicts the response of the QDash-

MLLD (recovered clock) to the injected packets with the corresponding effect on its operation, 

determined by the envelope detector and the current driver. Insets of Fig. 7.13(b) show the 

magnification of the recovered clock at three different time positions. Fig. 7.13(b) shows that it 

takes approximately 25 ns to lock the QDash-MLLD to the incoming packets and to produce a 

synchronised clock. Moreover, it can be seen from the falling edge of the recovered signal that 

the QDash-MLLD unlocks instantly once the data burst is off, since the QDash-MLLD is not 

powered anymore [13]. The timing jitter of the recovered clock when synchronised to the data 

packets is approximately 82 fs. 

 

 

 

 

 

(a) 

 

 

 

(b) 

Figure 7.13: (a) time trace of the 40 Gb/s RZ-OOK packets that are injected into the QDash-

MLLD; (b) time trace of the recovered 40 GHz packetized clock, insets are the clock time traces 

at locking edge, locked region, and the unlocking edge respectively. 

 

 

Fig. 7.14 shows the time traces acquired by the real-time oscilloscope when mixing the 

recovered clock (~ 39. 81 GHz) with the original 40 GHz clock resulting in a down conversion 

of the recovered clock which is used to evaluate its quality. Each of the three traces corresponds 

to the signal mix-up taken at three different frames of data packets and the resulting signals are 

overlapped in one packet period. This is done in order to provide an average value in which the 

QDash-MLLD retrieves a stable optical clock signal from the data packets that are injected into 

the QDash-MLLD and that at the same time through their envelope turn the laser on and off. 

The results verify that circa 25 ns are needed to building up the frequency locking of the 
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QDash-MLLD, the  phase difference at the leading edge of the traces indicate when the 

QDash-MLLD is not properly synchronised while the flat part of the trace indicates that the 

recovered clock holds the locked frequency. 

 

 
 

Figure 7.14: Time traces after mixing the recovered clock with the original 40 GHz clock from 

the transmitter side. 

 

 

The two methods presented in this Section to estimate the time taken by a QDash-MLLD to 

synchronise its free-running frequency to the data signal and to retrieve a clock pulse differ in 

terms of the speed of the data injected (10 Gb/s and 40 Gb/s), the equipment and the complexity 

of the schemes and the analysis of the results. However, both methods have achieved very 

similar results in terms of the time the QDash-MLLD synchronises to the incoming data, being 

of approximately 25 ns. 

In the case of the determination of the unlocking time, the results obtained with both methods 

were different but revealed two important phenomena. On one hand, using method 1, it is noted 

that the QDash-MLLD presents a memory-like behavior; in other words, the QDash-MLLD is 

not de-synchronised immediately after a long sequence of zeros. On the other hand, if method 2 

is applied, an instantaneous switch off is reached. For clock recovery on packet or burst 

switching applications, method 2 would be the best option, with the advantage of energy saving 

for this clock recovery system.    
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7.4 Summary 

In this Chapter a study of the dynamics of the QDash-MLLD was shown. In Section 7.2, the 

analysis of the switching on/off and passive mode-locking time allowed to determine that the 

QDash-MLLD switches on in a time of 30 ns. In addition, the passive mode-locking mechanism 

takes place 12 ns after the QDash-MLLD starts to lase. The deterioration of the passive mode-

locking condition occurs 6 ns before the modulating bias current reaches its 10% of value, 

indicating that the passive mode-locking is still ongoing. 

Furthermore, Section 7.3 introduced two different methods to estimate the locking and 

unlocking times of the QDash-MLLD under injection of data packets. Method 1 featured a 

technique where the QDash-MLLD was always DC-biased, but it used an optical modulated 

signal forming data packets to inject into the laser at 10 Gb/s. The second method dynamically 

switched the QDash-MLLD on and off depending on the presence or absence of the data 

packets to be injected into the laser, at a bit rate of 40 Gb/s. In both methods, locking times of 

25 ns were achieved. However, the second method produced better results, not only in terms of 

obtaining an immediate device’s unlocking or de-synchronisation, as the laser was switched-off, 

but also by providing another way to implement an all-optical burst-mode receiver with fast 

response. In conclusion, method 2 provides evidence that the QDash-MLLD is suitable for 

implementing a fast all-optical clock recovery system from packet or burst data. This fact, in 

combination with some other properties of the QDash-MLLD such as low power consumption, 

simplicity of operation and small footprint, suggest that the device is a good option to consider 

in current and future all-optical networks. 
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Chapter 8  

 

Conclusions and future work 

 

8.1 Conclusions 

The focus of this thesis has been the study of quantum dash passively mode-locked laser diodes 

for all-optical applications, mainly clock recovery. In Chapter 3, this type of laser was presented 

and characterised. From the series of basic experiments it was demonstrated that the quantum 

dash Fabry-Pérot laser exhibits a narrow RF beating linewidth of 25 kHz and that on average 

the optical linewidths of the 40 lasing modes ( within the 3 dB bandwidth) are approximately 

20 MHz. The difference of about three orders of magnitude between the RF beating linewidth 

and the optical mode linewidth helped to demonstrate the passive mode-locking mechanism in 

the QDash Fabry-Pérot semiconductor laser which was confirmed with the study of the pulse 

generation presented in Chapter 4. The laser is capable of producing ~ 40 GHz pulses as narrow 

as 720 ps and featuring a low timing jitter of less than 200 fs. In addition, in Chapter 4 the 

QDash-MLLD was validated as a pulse generator at frequencies of up to 160 GHz based on a 

time multiplexing system. The obtained pulses feature a full width at half maximum (FWHM) 

of 1.8 ps. Moreover, the demonstration of the synchronisation of the QDash-MLLD to pulses at 

10, 20, 40, 80 and 160 GHz was carried out. The recovered 40 GHz optical pulses from these 

synchronisations exhibit a FWHM of around 1.8 ps regardless of the repetition rate of the 

injected pulses with low values of timing jitter (0.4 ps). The aforementioned results on pulse 

generation with short duration and low timing jitter as a result of the synchronisation, along 

with the position of the optical spectrum (~1530 nm) allowed for the use of the device for all-

optical clock recovery. The synchronisation of the QDash-MLLD and demonstration of all-

optical clock recovery to incoming data signals with a large tunability (over 23 nm within the C-

band) for data at the base rate of 40 Gb/s with return-to-zero (RZ) and non-return-to-zero (NRZ) 

formats for all tested pattern lengths was successfully demonstrated. Moreover, it was verified 

that the QDash-MLLD provides a high quality ~ 40 GHz clock signal when synchronised with 

up to 320 Gb/s data rate signals even if they lack the 40 GHz fundamental component. This is 

an important outcome and contribution, as data signals with the fundamental component 
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facilitate the synchronisation of the device. The resulting clock pulses feature less than 100 fs of 

timing jitter and a RF linewidth below the ESA resolution, i.e. less than 8 Hz, confirming the 

high quality and stability of the recovered clock. These outstanding results on the recovered 

clock pulses from the QDash-MLLD allowed its use for implementation of another function, in 

this case to achieve demultiplexing of signals at 160 and 320 Gb/s to tributaries of 40 Gb/s with 

error free performance.  Finally, the very fast switching-on and locking time of a QDash-MLLD 

when synchronised to optical data, achieving 8 ns and 25 ns, respectively, was measured. This 

fast synchronisation makes the device a promising and reliable option for developing all-optical 

clock recovery for packetised data. 

It has been mentioned and demonstrated in this dissertation that the QDash-MLLD presents 

many benefits such as cost effectiveness, small size (which has possibilities for large scale 

integration), low energy consumption and stable operation. All these features and the results 

obtained and shown in this dissertation provide evidence of the great potential of this device to 

develop applications and solutions for all-optical signal processing in the future optical 

transparent networks, more specifically for all-optical clock recovery, demultiplexing, sampling 

and 3R regeneration.  

 

8.2 Future work 

A short list of future directions, related to the work presented in this thesis, that could be 

explored in the future include: an experimental verification of the clock recovery and 

demultiplexing of OTDM signals at 320 Gb/s after transmission over some kilometers of fiber. 

Furthermore, an experimental investigation of clock recovery for packet switching at bit rates 

beyond 80 Gb/s using the experimental setup provided in Chapter 7 and presented as method 2, 

where the QDash-MLLD is synchronised to burst data would be interesting to investigate.  

Another series of experiments to demonstrate more applications of the QDash-MLLD for 

telecommunications would be in regard to employing the laser as a comb source for multi-

channel transmission for metropolitan area networks (MAN) and access networks transporting 

advanced modulation formats. The main advantages of using a QDash-MLLD compared to 

single mode lasers are: only a single device is required to generate multiple modes or channels 

(~ 40 modes in the 3 dB bandwidth), the channel spacing is fixed band set by the FSR of the 

laser, the modes are coherent which allows achieving high spectral efficiency, in addition to 

making the channels more resistant to crosstalk [1-4], as well as no requirement of control on 

the individual channels. Some approaches have been demonstrated using passive mode-locked 

lasers for transmission of differential quadrature phase shift keying (DPSK) [3], conventional 

non-return-to-zero (NRZ) [4] and orthogonal frequency division multiplexing (OFDM) [5]. In 
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these experiments, two important parameters to consider are the phase noise and the relative 

intensity noise (RIN) of the longitudinal modes, as they have to be low. Only in [5] was 

injection locking of a Fabry-Pérot laser employed; in the other studies the lasers utilised were in 

their passive mode-locking condition. 

Firstly, I propose to carry out a study on different methods to reduce the optical linewidths of 

the longitudinal modes such as optical feedback and external injection locking. The motivation 

for this study is to reduce the RIN of each longitudinal mode, since the RIN is a critical 

parameter to achieve low bit error rate at high speed modulation of each channel [1-4]. Some 

previous studies have demonstrated that external injection locking reduces the phase noise and 

the RIN in Fabry-Pérot based structures [6], [7].  

Secondly, for the study of the QDash laser as a multi-carrier source, the laser would be subject 

to optical injection locking with a NRZ data signal at 40 Gb/s whose central wavelength would 

be outside the QDash-MLLD gain bandwidth. This injection locking will reduce the amount of 

phase noise and RIN associated to each of longitudinal modes of the QDash-MLLD. This would 

facilitate the transportation of data signals.  

Thirdly, exploration of the optimum modulation format used on the transmitter and also 

verification of the ideal detection technique to be used would be carried out. The modulation 

formats to impose on the multicarrier signal emitted by the MLLD would include: quadrature 

amplitude modulation, standard on-off keying, differential quadrature phase shift keying, 

orthogonal frequency division multiplexing and quadrature phase shift keying. On the receiver 

side, examination by both direct and coherent detection depending on whether the system will 

be optically or electrically coherent would be carried out.  

Fourthly, performance benchmarking of the QDash-MLLD in systems employing the various 

modulation formats will be carried out by using a Pilot Photonics comb source [8] available in 

the Radio and Optical Communications Laboratory research group at Dublin City University. 

The benefit reaped in terms of energy efficiency from the use of a multi-carrier transmitter (as 

opposed to multiple lasers) and direct detection schemes (vs coherent detection schemes) would 

be experimentally verified. 
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Appendix A 

 

Main equipment used in this work 

 

Device Main specifications 

Anritsu MS2661C- Electrical 

Spectrum Analyser (ESA-1)   

 

 Frequency range: 9 kHz to 3 GHz. 

 Frequency span: 0 Hz, 1 kHz to 3.1 GHz. 

 Resolution bandwidth (RBW)(3 dB bandwidth)- 

Setting range: 1 kHz, 3 kHz, 10 kHz, 30 kHz, 100 

kHz, 300 kHz, 1 MHz, 3 MHz (manually settable, or 

automatically settable according to frequency span). 

 Bandwidth accuracy: ± 20% (1 kHz to 1 MHz), ± 30% 

(3 MHz). 

 Selectivity (60 dB: 3 dB): < 15:1. 

 Video bandwidth: 1 Hz to 3 MHz (1-3 sequence), 

OFF Manually settable, or automatically settable 

according to RBW. 

 Frequency of reference oscillator: 10 MHz. 

 

Anritsu MS2668C- Electrical 

Spectrum Analyser (ESA-2)  

 

 Frequency range: 9 kHz to 40 GHz. 

 Frequency span: 0 Hz to 40 GHz. 

 Resolution bandwidth (RBW)(3 dB bandwidth)- 

Setting range: 1 kHz, 3 kHz, 10 kHz, 30 kHz, 100 

kHz, 300 kHz, 1 MHz, 3 MHz (manually settable, or 

automatically settable according to frequency span). 

 Bandwidth accuracy: ± 20% (1 kHz to 1 MHz), ± 30% 

(3 MHz). 

 Selectivity (60 dB: 3 dB):  15:1. 

 Video bandwidth: 1 Hz to 3 MHz (1-3 sequence), 

OFF Manually settable, or automatically settable 

according to RBW. 

 Frequency of reference oscillator: 10 MHz. 

 

Rohde&Schwarz FSU67-  

Spectrum Analyser (ESA-3) 

and Phase Noise Tester  

 

 Frequency range: 20 Hz to 67 GHz. 

 Phase noise: (typ.) -133 dBc (1 Hz) at 640 MHz in 

10 kHz from carrier. 

 Resolution bandwidth: 10 Hz to 50 MHz. 

 Video bandwidth: 1 Hz to 10 MHz. 

 Maximum span: full span sweep of 67 GHz. 

 Noise floor: -142 dBm (1 Hz RBW) at 40 GHz. 
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Yokogawa AQ6370- Optical 

Spectrum Analyser (OSA-1) 

 

 Wavelength range: 600 to 1700 nm. 

 Wavelength span range: from 0.5 to full range (nm). 

 Maximum resolution: 0.02 nm. 

 Absolute level accuracy:  +/- 0.4 dB. 

 Measurement level range: -90 dBm to +20 dBm. 

 Maximum input optical power: 20 dBm. 

 

Apex AP2443B- Optical 

Complex Spectrum Analyser 

(OSA-2)  

 

 Measurement wavelength range: 1520 to 1630 nm. 

 Wavelength span range: 80 pm to 110 nm. 

 Absolute level accuracy: +/- 0.3 dB. 

 Wavelength resolution: 20 MHz (0.16 pm) and 

100 MHz (0.8 pm). 

 Measurement level range: -70 dBm to +10 dBm. 

 Maximum input optical power: 10 dBm. 

 

Agilent 86142B- Optical 

Spectrum Analyser (OSA-3)  

 

 Measurement wavelength range: 600 to1700 nm. 

 Wavelength span range: 0.2 nm to full range and zero 

span. 

 Absolute level accuracy:  +/- 0.5 dB. 

 Maximum resolution: 0.06 nm. 

 Measurement level range: -60 dBm to +30 dBm. 

 Maximum input optical power: 30 dBm. 

 

LeCroy Wave Expert 100 H-

Equivalent Time Electrical 

Sampling Oscilloscope System 

(SCOPE) 

 

Electrical module: 

 Sample rate: 1 MS/s. 

 Frequency range: DC- 40 GHz. 

 Time resolution: 100 fs rms. 

 Timebase range: 1 ps/div- 1 ms/div. 

 Maximum record length: 100 k samples. 

 Jitter: 1 ps. 

 Input voltage: 2 Vpp. 

Trigger 

 Input Amplitude: ± 1 V. 

 Max. input voltage: ± 2.5 V. 

Optical module: 

 Bit rate: 40 Gb/s. 

 

Agilent 86100C- Equivalent 

Time Electrical Sampling 

Oscilloscope (SCOPE) 

 

Mainframe(86100C) 

 Trigger modes: Free run, Internal and External. 

 Horizontal full scale: Min. 2ps/div, max 1 s/div. 

 Jitter: < 10 ps. 

 Vertical system (resolution): 14 bit A/D converter. 

Optical interface (86106b) 

 28 GHz optical/ 40 GHz electrical module. 

 Wavelength range: 1000 to1600 nm. 

 Maximum average input power: 2 mW. 

 Maximum electrical input power: ± 2 Vpp. 

Clock module-Precision time base(86107A) 

 Maximum input: ± 2Vpp. 

 Clock input frequencies: 10, 20 & 40 GHz. 

 Time base jitter: < 200 fs. 
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86119A(optical sampler) 

 Optical frequency bandwidth: 700 GHz. 

 

Picosolve PSO-101 Optical 

Sampling Oscilloscope (OSO) 

 

 Wavelength range: C-1525 to 1563 nm, L-1575 to 

1608 nm. 

 Optical bandwidth: > 500 GHz. 

 Timing jitter: < 100 fs. 

 Signal sensitivity: 2 mW. 

 Maximum input peak power: 200 mW. 

 Maximum input average power: 100 mW. 

 External clock frequency range: 0.001 to 12.5 GHz. 

 Time resolution: 0.83 ps. 

 

Agilent Infiniium DSO 

81004B- Real-Time 

Oscilloscope  

 

 Frequency bandwidth: 2 to 10 GHz. 

 Number of channels: 4. 

 Sampling rate: 40 GSa/s. 

 Input impedance: 50 Ω. 

 Vertical resolution: 8 bits,> 12 bits with averaging. 

 Maximum input voltage: ±5 V. 

 Trigger modes: Edge, glitch, line, state, and delay. 

 

Tektronix DPO-71254C- Real-

Time Oscilloscope  

 

 Frequency bandwidth: 33 GHz. 

 Number of channels: 4 (analog), 16 (digital). 

 Sample rate: 50 GSa/s. 

 Record length (each channel): 31.25 M. 

 Time resolution: 10 ps. 

 Time resolution (ET/IT mode): 100 fs. 

 

Southern Photonics HR 150- 

Optical Pulse Analyser 

(FROG) 

 

 Input pulse temporal FWHM: 0.3 to 10 ps. 

 Temporal resolution: 15 fs. 

 Input centre wavelength: 1520 to 1610 nm. 

 Spectral resolution: 50 pm. 

 Input spectral width: 10 nm. 

 Input RF clock required: No. 

 Maximum input power (saturation): 3000 mW. 

 Minimum input power (sensitivity): 500 mW. 

 Fibre type= SMF-28 FC/APC. 

 

Femtochrome Research 

FR-103MN- Autocorrelator  

 

 Resolution: < 5 fs. 

 Wavelength range: 410-1800 nm. 

 Scan range: > 50 ps. 

 Minimum pulse width: < 5 fs. 

 Maximum pulse width: 20 ps. 

 Sensitivity: (PavPpk)min=0.3 (10)
-7

 W. 

 Fibre Coupled/Free space. 

 

PriTel OCM-16- Optical 

Clock Multiplier  

 

 Multiplier factor: 16 X. 

 Insertion loss: < 20 dB. 

 Tunable delay: 70 ps. 

 Polarisation extinction ratio: > 20 dB. 

 Temperature stability: 10 ppm/°C. 
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CIP SOA-XN-OEC-1550 

Semiconductor Optical 

Amplifier  

 

 Small signal gain: 25 dB (typ.). 

 Saturated output power: 12 dB. 

 Gain peak:  min=1550 nm, max=1570 nm. 

 3 dB optical bandwidth: 35 nm. 

 Maximum DC current bias: 600 mA. 

 Maximum DC voltage forward bias: 5 V. 

 Maximum optical input power: +13 dBm. 

 Fibre type= SMF-28 FC/APC. 

 

Calmar Laser PSL-40-TT- 

40 GHz Picosecond Fiber 

Laser  

 Pulse width: 0.8 to ~5 ps (tunable). 

 Output wavelength: 1530 to ~1565 nm (tunable). 

 Repetition rate: 38 to 42 GHz (tunable). 

 Timing jitter: < 50 fs (carrier offset 100 Hz to 

1 MHz). 

 Output power: > 20 mW. 

 Operating Temperature: 15 to ~30 °C. 

 

LeCroy LW420- Arbitrary 

Waveform Generator 

 

Generator mode 

 Square function: 1 Hz to 50 MHz. 

 Pulse (period): 20 ns*maximum memory DC. 

 Generate complex, phase synchronised signals on two 

channels. 

 Continuously variable sample clock from 6 MHz to 

400 MHz with 1 Hz resolution.  

 Maximum output voltage: 10 Vpp. 

 Minimum output voltage: 10 mVpp. 

 Vertical resolution: 8 bits. 

 Trigger modes: single, burst, gated. 

OKI OM5642W-30B- 

Electro-Absorption Modulator 

(EAM)  

Optical & electrical parameters 

 Insertion loss: 9 dB. 

 Extinction ratio: 20 dB. 

 TEC current: 1 A. 

 Thermistor resistance: 10 kΩ. 

 Applied voltage range: -5 to 1 dBm. 

 Input optical power: +13 dBm. 

 TEC voltage:  4 V. 

 

EOspace PM-OK5-10-PFU-

PFU- 10 Gb/s Phase 

Modulator 

 

 Wavelength: 1550 nm. 

 Insertion loss with connector loss: < 3 dB. 

 Vpi @ 1 GHz: < 5 V. 

 Bandwidth: > 10 GHz. 

 Connector type: FC/UPC. 

 

Calmar Optcom BRM-T-16- 

Bit Rate Multiplier  

 

 Multiplication factor: 16. 

 Wavelength: 1530 to1565 nm. 

 Polarisation extinction ratio: > 20 dB. 

 Input data format: 2
7
-1 to 2

31
-1 PRBS. 

 Output data format: 2
7
-1 PRBS. 

 Tunable delay: > 200 ps. 

 Insertion loss: 20 dB. 

 Temp. Stability: 10 (ppm/°C). 
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SHF 46210 C- Optical 

Transmitter 

 

 Multi-format optical transmitter: ASK, DPSK, NRZ, 

RZ, and CS-RZ. 

Optical parameters 

 Wavelength range: C- and L-band. 

 Insertion loss: 11 dB. 

 DC extinction ratio: 20 dB. 

Electrical and electro-optical parameters 

 Electro-optical bandwidth of data modulator: 

Minimum 25 GHz. 

 Bit rate RZ data: maximum 44 and 50 GHz. 

 

SHF 12100B- Bit Pattern 

Generator 

 

Pattern Generator 

 Maximum data bit rate output: 50 Gb/s. 

 Output level: 400 mV. 

 Jitter (RMS): 500 fs. 

Clock 

 Clock input frequency: 50 GHz full clock mode. 

 Input level:  Maximum 1V. 

 Output level: 600 mV. 

 Clock output frequency: 50 GHz. 

 Data patterns: multiple. 

 

SHF 11100B- Bit Error Rate 

Tester (BERT) 

 

 Number of channels: 8 @ 32 Gb/s or 4 @ 56 Gb/s. 

 Pattern lengths: 2
7
-1 to 2

31
-1 PRBS. 

 Aggregated data rate: > 200 Gb/s. 

 

SHF 41210B Optical receiver  Wavelength range: C and L band 

 High frequency 3 dB point: minimum 30 GHz 

 Low frequency 3 dB point: 30 kHz 

 Sensitivity: -9 dBm 

 Optical input power: 13 dBm 

  

Highly nonlinear fibre (HNLF) 

for NOLM & Wavelength 

Converter 

 

 Length: 500 m. 

 Dispersion: -0.41 ps/nm/km. 

 Dispersion slope:  0.005 ps/nm
2
/km @ 1550 nm. 

 Nonlinear coefficient: 10.8 W
-1

 km 
-1

. 

 

Centellax TG1P4A- 40 Gb/s 

Pulse Pattern Generator PRBS 

 

Data output 

 Bit rate: 37 to 44 Gb/s. 

 RMS jitter: 400 fs. 

 Amplitude: 500 mVpp. 

 SNR: 18 dB. 

 Pattern lengths: 2
7
-1 to 2

31
-1 PRBS. 

Clock output 

 Offset: 0 V. 

 RMS jitter: 250 fs. 

 Amplitude: 2.8 to 4 dBm. 

 Frequency: 19.9 GHz. 

 

Centellax  Div/4 TD40MCA- 

40 GHz Divider 

 

 Frequency range: 0.2 to 40 GHz. 

 Divides 2/4/8 outputs. 

 RMS jitter output: Maximum 500 fs. 
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 Maximum input power: +10 dBm. 

 

ECL  Agilent 81989A High 

Power Compact Tunable Laser 

 

 Wavelength range: 1465 to 1575 nm. 

 Wavelength frequency resolution: 5 pm, 625 MHz at 

1550 nm. 

 Tuning time: 3 sec for 100 nm. 

 Absolute wavelength accuracy: ± 100 pm. 

 Linewidth: 100 kHz. 

 Maximum optical power: > +13 dBm. 

 SMSR: > 50 dB. 

 RIN: -145 dB/Hz (0.1 to 6 GHz). 

 

Stanford Research Systems 

CG635/2.05 GHz Synthesized 

Clock Generator 

 

 Frequency range: DC to 2.05 GHz. 

 Random jitter: < 1 ps rms 

 80 ps rise and fall times. 

 Outputs:  ,  ̅and Cmos. 

HP E4437B ESG-DP Signal 

Generator 

 

 Frequency range: 250 kHz to 4 GHz. 

 Resolution: 0.01 Hz. 

 Input& output impedance: 50 Ω. 

 Output power: > 1 to 3 GHz, +1 to-136 dBm. 

 Spectral purity (SSB phase noise): at 2 GHz 

< -123 dBc/Hz. 

 

Lab Buddy PP DSC-R401HG- 

Discovery Semiconductors 

 

 Linear PIN+ transimpedance amplifier. 

 RF bandwidth: 20 GHz. 

 Linear gain: > +3 dBm optical input. 

 Sensitivity: -15 dBm @ 10 Gb/s. 

 High responsivity at 1310 and 1550 nm. 

 K-connector. 

 

U
2
T XPDV2020R 

 Photo-detector 

 

 Bandwidth: 50 GHz. 

 Wavelength range: 1480-1620 nm. 

 DC Responsivity: 0.7 A/W. 

 Dark current: 5 nA. 

 Optical input power: max. 20 mW. 

 

Rohde & Schwarz SMR 40-  

Signal Generator  

 

 Frequency range: 1 GHz to 40 GHz. 

 Resolution: 1 kHz. 

 Impedance: 50 Ω. 

 Spurious signals Harmonics: for f> 20 GHz, 

< - 40 dBc. 

 Sub-harmonics: for f >20 GHz, < -30 dBc. 

 SSB Phase noise (f= 10 GHz, 10 kHz from carrier, 

1 Hz bandwidth, CW, FM off): < -83 dBc. 

 

HP 8168F Tunable Laser 

Source 

 

 Wavelength range: 1480 nm to 1590 nm. 

 Wavelength accuracy: ±0.035 nm. 

 Wavelength resolution: 0.001 nm. 

 Wavelength stability: < ±100 MHz. 

 Output power: -7 to 7 dBm. 

 Sidemode suppression ratio: > 50 dB. 



VII 

 

 Linewidth: 100 kHz. 

 

Yokogawa AP9945- Portable 

BERT   

 

Pattern generator 

 Bit rate: 9.95 to 11.32 Gb/s. 

 Data format: NRZ. 

 Output level: 0.5 Vpp-2 Vpp. 

Clock 

 Clock out (output level): 0.6 Vpp. 

 Duty cycle: 50%. 

 Trigger frequency (clock trigger): 1/16 or 1/64. 

 Output pattern: 2
7
-1, 2

15
-1, 2

23
-1, 2

31
-1. 

 

Alnair Labs BVF-200- 

Bandwidth Variable Tunable 

Filter  

 

 Centre wavelength: 1515 to 1560 nm. 

 Bandwidth tunability: 0.1 to 13 nm. 

 Insertion loss: < 7 dB. 

 Return loss: > 40 dB. 

 Out-band suppression (OBS): > 40 dB. 

 In-band GVD: < ± 1ps/nm. 

 

Santec OTF-950- Wavelength 

& Bandwidth Tunable Filter  

 

 Wavelength range: 1525 to 1565 nm. 

 Accuracy: ≤ ± 0.04 nm. 

 Bandwidth @ - 3dB: 0.2 to 6 nm. 

 Maximum input power: +27 dBm. 

 Insertion loss: ≤ 3.5 dB (Typ.). 

 

U
2
T TMLL-1550 Tunable 

Mode-Locked Laser 

 

 Centre wavelength: 1510 to 1550 nm. 

 Wavelength tuning range: 100 nm. 

 Repetition rate: 9.8 to 10.8 GHz. 

 Pulse width FHWM: < 1.5 ps. 

 Pulse shape: Sech
2
. 

 Jitter@ 1550 nm: < 150 fs. 

 Laser current: < 120 mA. 

 Average output power: > -5 dBm (typ.). 

 RF input power: 25 to 30 dBm. 

 Operating temperature: 10 to 35 °C. 
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