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ABSTRACT 
 

Significant advancements and developments have been made in optical frequency 

standards, in recent years. In order to verify the accuracy and preciseness of the 

disseminated RF signal, it is essential to compare its stability with the standards 

provided in literature as well as by metrology institutes. However, conventional 

frequency comparison techniques via satellites have extremely inferior stability 

qualities. As a result, the need for an alternative ultra-high precision RF transfer 

method presented itself. Highly accurate and precise frequency dissemination across 

optical fiber has proved a leading contender and a possible solution. When compared 

to conventional data transfer media, optical fiber has proven to be more superior and 

yields lower transmission errors and is immune to radio frequency interference. A 

further quality of optical fibre is that its transmission distance can be extended to 

greater degree than the traditional coaxial cable due to its low loss property.  

 

This thesis deals with the compensation of phase noise in single mode optical fibre. 

Phase noise degrades the performance and stability of the RF signal as well as the 

optical carrier frequency across long-haul optical networks. This work begins by 

experimentally demonstrating a unique and novel way for measuring the round-trip 

optical fibre latency times. The technique is based on all optical wavelength 

conversion using a stable PPS injection signal. The result highlighted the importance 

for active phase error compensation along a fibre link. Various computer simulations 

were used to study the influence of temperature fluctuation on the optical fibre. The 

first ever error signals generated at NMU was experimentally demonstrated. Results 

illustrated that, by minimizing the error voltage the phase difference between the 

transmitted and reference signals were reduced to zero. Performance analysis testing 

of the VCSEL phase correction actuator showed that majority of the dither iterations 

that induced the phase compensation took approximately 0.15 s. Residual frequency 

instabilities of 3.39791 x 10-12 at 1 s and 8.14848 x 10-12 at 103 s was measured when 

the 26 km G.655 fibre link was running freely. Experimental results further showed 

that the relative frequency stabilities measured at 1 s and 103 s were 4.43902 x 10-12 

and 1.62055 x 10-13 during active compensation, respectively. The novel work 

presented in this thesis is exciting since the VCSEL is used as the optical source as 
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well as the phase correction actuator. The benefits of such a device is that is reduces 

system costs and complexities. 
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CHAPTER 1 

 

INTRODUCTION 
 

Recent developments and improvements in technology have raised the importance 

and relevance of the Internet in social and economic developments. The easy 

accessibility and quality of broadband and Internet service have become one of the 

primary requirements in everyday life. The evolution and widespread use of optical 

fibre communication systems can be attributed to the ever-growing appeal and rapidly 

rising consumer and commercial demands for more bandwidth and fast Internet 

service. Single mode optical fibre forms the backbone of telecommunication networks 

and surpasses the performance of other transmission media because of its ability for 

providing higher data dissemination speeds and greater bandwidth.  

 

During the initial period when optical fibre was first introduced, transmission 

occurred within the 1310 nm wavelength region due to the relatively low attenuation 

factor of approximately 0.5 dB/km. Chromatic dispersion (CD) was found to be 

negligible inside this transmission window. Despite these favourable fibre 

characteristics, attenuation still limited the transmission across long-haul optical links. 

The transmission window was shifted towards the 1550 nm wavelength region, 

exploiting the low attenuation property and subsequently satisfying long haul 

transmission. Before the advent of dense wavelength division multiplexing (DWDM), 

zero dispersion-shifted fibre (G.653) with zero CD at 1550 nm replaced conventional 

dispersion unshifted fibre (G.652), which is not recommended for transmission in the 

1550 nm window due to the inherently large CD associated with this region. 

However, several CD compensating mechanisms and schemes such as dispersion 

compensating fibre have been proposed.  

 

After successfully dealing with the challenges related to attenuation, CD and non-

linear effects, polarization mode dispersion (PMD) an effect associated to 

birefringence surfaced. Further developments in optical fibre, semiconducting lasers 

and detectors together with the different modulation formats and DWDM technology, 

have increased the spectrum efficiency and transmission capacity. These advances 
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further minimize the signal impairments occurring along the fibre link. Improvements 

towards high transmission capacity have witnessed the evolution from 10 G, 100 G, 

500 G and 1 T data dissemination systems. (Agrawal, 2002, p. 1-18; Idachaba, Ike & 

Hope, 2014, p. 438-442).  

 

This is an incredible advancement for big data science projects such as the Square 

Kilometre Array (SKA). The need to transport data at enormous bit rates in 

astronomy related projects such as the SKA requires high-speed technologies within 

the telescope network. Optical fibre is an essential component of the SKA radio 

telescope forming the backbone of the antennae array and is needed to aggregate large 

volumes scientific data from individual receptors to a central processing station called 

the Karoo Array Processing Building (KAPB). Optical fibre is further required to 

distribute centrally generated clock tones to individual dishes within the antennae 

array. The SKA transport network is no exception to the high data rate previously 

mentioned. Approximately 160 Gbps of astronomical data will be transported across 

the optical fibre network from the individual dishes to the KAPB. The Digital Data 

Back Haul network can transport the 80 Tb/s of scientific data from the individual 

telescope elements across distances of 100km. The SKA telescope is required conduct 

synchronous astronomical observations with the individual antennae placed at various 

locations and therefore demands a number of revolutionary technological innovations, 

such as ultra-high timing and synchronization within telescope network (Norris, 2010, 

p. 21-24; SKA Organization).  

 

The aim of this PhD project is to, for the first time at NMU, design and built an 

accurate frequency transfer and time synchronization system over optical fibre. The 

foundation of this work will hopefully pave the way for future phase noise 

compensation research at the NMU Centre for Broadband Communication. The work 

presented in this thesis is organized as follows, Chapter 2 briefly discusses the key 

science drivers for the SKA. The chapter further highlights the system design 

requirements and looks at the relevance for timing and synchronization within the 

telescope data network. The chapter concludes by reviewing the existing radio 

telescope projects. Chapter 3 introduces the theory related to stability of the phase and 

frequency of the disseminated RF signal. The chapter outlines concepts such as timing 

signals, accuracy and stability and discusses various techniques for measuring the 
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phase noise and fractional frequency stability. Chapter 4 reviews and discusses the 

various time and frequency dissemination schemes and strategies that have been 

proposed and demonstrated in the literature. Various components of a timing system 

are illustrated in Chapter 5. The high tech components such as VCSELs, DFB lasers, 

atomic clocks and optical effects that degrade the quality of a transmitted signal such 

as fibre attenuation, PMD and CD are introduced.  

 

The bulk of the experimental results are presented and discussed from Chapter 6 to 

Chapter 9. Chapter 6 contains results of a novel technique used for measuring the 

round-trip latency time along an optical fibre link. The latency measurement approach 

is based on all-optical wavelength conversion. Chapter 7 outlines the design and 

operational aspects for the fast switching phase correction actuator. The chapter 

further proposes the use of a VCSEL as a phase correction actuator. Chapter 8 

presents illustrative results related to the wavelength tunability property of the 

VCSEL and introduces the error signal measurements conducted at the Centre for 

Broadband Communication. The chapter concludes by presenting a proof of concept 

using a DFB phase correction actuator. Chapter 9 demonstrates and tests the complete 

dither controlled VCSEL compensation system and contains the most important 

results of this thesis. It includes the VCSEL actuator performance analysis data as 

well as the frequency stability results of the dissemination link when active 

compensation was implemented. The thesis concludes with a summary of the 

important findings of this study.  
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CHAPTER 2 
 
 

THE SQUARE KILOMETRE ARRAY 
 
For centuries scientists have been confronted with one of the oldest questions in 

science and philosophy, “Are we alone?”  Advances in radio astronomy over the past 

ten years have brought the international scientific community to the brink of 

providing a comprehensive narrative of the history of the Universe. The Square 

Kilometre Array (SKA) is set to be the world’s largest, ultra-sensitive radio telescope 

capable of probing diverse areas in fundamental physics, cosmology, galaxy evolution 

and astrobiology. The aim of this chapter is thus to provide the reader with an 

overview of the SKA including its key scientific drivers. This chapter begins with a 

brief discussion of how the SKA project was born and its key scientific drivers. This 

chapter further outlines the stringent design requirements followed by a description of 

the SKA data transport network. Finally, the importance of timing and 

synchronization in telescope networks is highlighted. 

 

2.1 The journey of the SKA and its key science projects 

The SKA organization was initially formulated as an international, astronomer driven 

initiative under the guidance of the International Union for Radio Science (URSI) to 

study the next-generation radio wave observations (Dewdney, Hall, Schilizzi & Lazio, 

2009, p. 1482-1496; SKA, 2017a). Since the establishment of the SKA organization, 

the group has grown and includes ten member countries and a further 100 

organizations (SKA, 2017b). After a rigorous selection process and competitive 

bidding, two sites were identified for the construction of the SKA telescope. The 

Karoo region of South Africa will host the dish receivers and medium frequency 

aperture arrays while the low frequency radio wave dishes will be located in the Mid 

West region of Western Australia (ATNF, 2015). An important criterion considered 

during the site selection process was the radio frequency interference (RFI) level 

since the telescopes require a RFI free environment.  Upon completion, the SKA 

telescope will be an array of coherently connected receivers reaching distances of 

about 3000 km with a combined collecting area of one square kilometer (1 km2) 

(SKA, 2011). The first scientific research study outlined for the SKA was edited by 

Taylor and Braun (1999). However, Carilli and Rawlings (2004, p.1482-1496) 
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provided an updated science case study for the SKA, identifying five key areas of 

interest in astronomy and cosmology. 

 

The epoch of re-ionization (EoR), a process in which the first luminous entities in the 

universe are formed, sets a fundamental platform in cosmic structure development 

(Carilli et al., 2004, p. 1029-1038; White, Becker, Fan & Strauss, 2003, p. 1-14). The 

SKA will therefore facilitate important astronomical studies of the EoR in two critical 

fields. Firstly, the SKA will have the ability to investigate the redshifted neutral 

atomic hydrogen (HI) 21 cm line at meter wavelengths and consequently investigate 

the intergalactic medium (IGM) within the re-ionization process. Secondly, the 

unparalleled sensitivity provided by the SKA radio telescope will allow scientists to 

probe the Universe’s thereby studying the formation of stars as well as radio 

emissions from the first accreting gigantic black holes (Carilli et al., 2004, p. 1029-

1038; Carilli & Rawlings, 2004, 979–984; Grainge et al., 2017, p. 288–296; Huynh & 

Lazio, 2013, p. 1-13). 

 

With the search for earth-like planets increasing, there is escalating enthusiasm in the 

areas of bioastronomy and astrobiology (Lazio, Tarter & Wilner, 2004, p. 985-991). 

By virtue of its sheer sensitivity and resolution, the SKA will play a key part in 

bioastronomical and astrobiological studies since it will have the distinctive ability of 

detecting and studying potential extra terrestrial signals and planet formation (Carilli 

& Rawlings, 2004, p. 979–984; Huynh & Lazio, 2013, p. 1-13; Lazio, Tarter & 

Wilner, 2004, p. 985-991). This superior telescope will allow astronomical 

observations of the inner regions of neighbouring protoplanetary disks. The SKA will 

further facilitate the detection of leakage radiation originating from potential 

extraterrestial intelligence (ETI) transmitting devices of nearby stars. Such signals 

would provide direct evidence of life elsewhere in the Universe (Carilli & Rawlings, 

2004, 979–984; Grainge et al., 2017, p. 288–296; Lazio, Tarter & Wilner, 2004, p. 

985-991).  

 

Another key scientific driver of the SKA is to confirm Einstein’s theory of general 

relativity. Ultra-sensitive pulsar surveys with the SKA telescope will allow 

astrophysicists to probe fundamental theories in physics relating to general relativity 

and gravitational waves (Lorimer & McLaughlin, 2009, p. 131-136; SKA 
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Organization, 2011). The ability of the SKA to study pulsars may lead to the 

discovery of thousands of pulsars, thereby increasing the chance of detecting a pulsar 

in orbit around a massive black hole or a stellar body. This may result in the first 

experimental measurements of relativistic gravity in the ultra-strong-field limit 

(Carilli & Rawlings, 2004, p. 979–984; Kramer et al., 2004, p. 993-1002). With the 

SKA telescope acting as the timer, the pulsar–black hole system will be a remarkable 

study of relativistic gravitational theory (Damour & Esposito-Farese, 1998, p. 

042001). Pulsars detected and timed with the SKA astronomical instrument will 

ultimately act as the endpoints of arms of an enormous, cosmic gravitational wave 

detector. With the SKA being at the core of this hypothetical astronomical device, it 

has the potential to detect such a galactic background at radio frequencies below the 

band accessible even to the laser interferometer space antenna (Kramer et al., 2004, p. 

993-1002). Through its ultra-sensitive detection capabilities, broad frequency band 

and sky coverage, the SKA will have the ability to discover approximately 10000 to 

20000 pulsars in the galaxy (Cordes et al., 2004, p. 1413–1438). Essentially, this large 

number incorporates all active pulsars that are radiated toward Earth including the 

discovery of an additional 1000 millisecond pulsars (Grainge et al., 2017, p. 288–296; 

Kramer et al., 2004, p. 993-1002).  

 

Magnetism forms one of the four fundamental forces in the Universe. However, the 

origin of magnetic fields in astronomical objects remains unanswered in the areas of 

astrophysics and fundamental physics. It is nearly impossible to have a complete 

understanding of the Universe if magnetic fields are not entirely understood. The 

evolution of magnetic fields as galaxies evolve remains unanswered and the process 

of how magnetic fields are generated and maintained needs to be addressed (Gaensler, 

Beck & Feretti, 2004, p. 1003–1012). The SKA’s high polarimetric and 

spectropolarimetric attributes are the main contributors towards studying magnetic 

field in the distant Universe (Beck & Gaensler, 2004, p. 1289–1304). With the 

existing radio astronomy telescope, the only technique available for obtaining 

simultaneous and accurate values for intrinsic polarization position angle and Faraday 

rotation measures is to conduct numerous astronomical observations across a wide 

frequency range. However, this is a time consuming process and caution should be 

taken whilst analyzing data, since depolarizing effects are frequency dependent 

(Gaensler, Beck & Feretti, 2004, p. 1003–1012; Sokoloff et al., 1998, p. 189–206). 



	 7	

The superior sensitivity and wide frequency bandwidth offered by the SKA 

instrument will eradicate these measurement difficulties and revolutionize the study 

of cosmic magnetism.  

 

Neutral atomic hydrogen (HI) is the most abundant and fundamental baryonic element 

of the Universe (Schilizzi, Dewdneya & Lazio, 2008, p. 70121I-1- 70121I-13). The 

primary motivation for constructing the SKA telescope was to detect HI in the galaxy 

at high redshift. Furthermore, it will be the only way of experimentally investigating 

the cosmic evolution of neutral HI. The results produced from this study, together 

with data on star formation from the radio continuum, are required to better 

understand how stars are formed. With the ability to map out where the HI elements 

are located within the galaxy over a greater cosmic time period, the SKA antenna 

array is anticipated to be the ultimate HI imaging device. Using the SKA instrument, 

scientists will be able to measure the dark matter power spectrum using weak 

gravitational lensing (Carilli & Rawlings, 2004, p. 979–984; Grainge et al., 2017, p. 

288–296). 

 

The galactic entities that existed before the birth of galaxies and stars and the re-

ionization cosmic matter can only be studied and observed using radio waves. 

Mapping large sections of the Universe with the SKA will provide conclusive testing 

of the existing cosmological models (Grainge et al., 2017, p. 288–296).   

 

2.2 System design requirements 

The SKA will be an aperture array radio telescope that adopts existing radio imaging 

ideas. The technical design requirements for the SKA telescope have been driven by 

the key science objectives proposed by the astronomy community however, it may be 

constrained and restricted by additional factors such as cost and feasibility. The 

approach implemented by the SKA is to use the five key science cases as a design 

reference (Dewdney et al., 2009, p. 1482-1496). 

 

The proposed scientific objectives require the SKA radio astronomy telescope to 

operate within the 1 cm to 4.3 m wavelength band. This enables a wide range of 

astronomical science to be conducted from the low (70 MHz) to high (30 GHz) 

frequency band. This requirement cannot be realized with the use of a single antenna 
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technology, therefore a dish array with an effective collecting surface of one million 

square metres across the broad frequency or wavelength range is needed (Dewdney et 

al., 2009, p. 1482-1496; Hall, Schilizzi, Dewdney & Lazio, 2008, p. 4-19; Schilizzi et 

al., 2007, p. 50-55). 

 

The starring sensitivity required for early universal HI particle imaging and detection 

can only be realized by deploying a very large collecting area radio telescope such as 

the SKA. For the SKA to meet the science objective it needs a starring sensitivity of 

104 m2/K at frequencies in the region of 1.4 GHz. Upon completion, the SKA will 

have 50 times the staring sensitivity of existing telescopes (Dewdney et al., 2009, p. 

1482-1496; Hall et al., 2008, p. 4-19). The high sensitivity specification together with 

a large field of view, enables the SKA telescope to have a fast surveying speed across 

the entire sky. At wavelengths beyond 20 cm, the SKA must have a surveying speed 

of at least 3 x 109 deg2 m4/K2 (Dewdney et al., 2009, p. 1482-1496; Turner, 2014, p. 

27-32). For optimal astronomical science to be conducted with the SKA the effective 

collection area of the telescope must be concentrated within a centralized space. It is 

proposed that 50% of the collecting area be situated within a radius of 2.5 km of the 

centre of the antennae array. Furthermore, 25% of the antennae collection surface 

must be located within 180 km of the centre. It is expected that the remaining 25% of 

the telescope be built out to the maximum extent of the array (Dewdney et al., 2009, 

p. 1482-1496; Hall et al., 2008, p. 4-19; Schilizzi et al., 2007, p. 65). Additional 

technical performance requirements for the SKA can be found in Dewdney et al. 

(2009, p. 1482-1496) and Hall et al. (Hall et al., 2008, p. 4-19). 

 

2.3 SKA optical fibre transport network 

The SKA data transport network is divided into three distinct sub networks for both 

the African and Australian telescopes. Optical fibre forms the backbone of the SKA 

and is required to aggregate large amounts of scientific data from individual dishes to 

a central processing facility. It is estimated that each dish within SKA-mid will 

generate approximately 90 Gbps of astronomical data. This suggests that data will be 

transmitted across optical fibre from the geographically dispersed dishes to the central 

computing facility at a total transmission rate of 17.7 Tbps (Grainge et al., 2017, p. 

288–296). In addition to the transfer of monitoring and control signals, optical fibre 

will be used to disseminate centrally generated clock tone to individual dishes within 
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the antennae array (Gibbon et al., 2015, p. 028001). The proposed layout for the SKA 

telescope is illustratively shown in Figure 2.1. 

 

The astronomical data transport network is split into three sub network systems, each 

having its own technical requirements. The primary function of the digital data back 

haul (DDBH) network is to aggregate the astronomical signals from each antenna to 

the central signal processing (CSP) facility, and will consist of commercial, off-the-

shelf-technology. This network will also be adopted within the SKA1 low, SKA1 mid 

and SKA1 survey arrays. The SKA mid telescope array will have two distinct DDBH 

transport network configurations depending on the optical fibre span between the 

antenna and the central processing unit. Approximately 95 of the inner array dishes 

will be located less than 10 km from the CSP facility, while the remaining 38 outer 

receivers will be found at distances greater that 10 km from the CSP. The 38 outer 

array antennae will be using long reach DWDM transmission technology. The DDBH 

network within the SKA1 low antennae array needs to cater for 40 Gb Ethernet data 

transmission from each dish outside the core area (Grainge et al., 2017, p. 288–296; 

Schilizzi, 2013, p. 17-18).   

 

Once the astronomical data has been processed at the CSP, it must then be transferred 

to the science data processor (SDP) unit. The main role of the SKA CSP–SDP data 

transport network is to support long haul transmission at high bandwidth between the 

CSP and the SDP. Likewise, this network will facilitate the transfer of non-scientific 

	
Figure 2.1: Proposed SKA telescope layout. 
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Abstract—The Square Kilometre Array (SKA) is a ground 
breaking and innovative radio frequency telescope aspiring to 
address and solve the unexplained mysteries of the universe.  
The unrivalled sensitivity of thousands of individual radio 
receptors, collectively forming the SKA will be 50 times more 
sensitive than any other radio imaging telescope ever 
constructed. Upon completion, the SKA aperture array will be a 
coherent network of discrete antennae spanning a distance of 
3000 km with an effective surface collecting are of one million 
square metres. The SKA intend to conduct astronomical 
observations within the 50 MHz to 20 GHz frequency range. An 
optical fibre data dissemination network systems is critical for 
the SKA as it aggregates incoming data from the receptors to the 
Karoo Array Processing Building (KAPB). This paper describes 
the signal and data transport network and the importance of 
timing and synchronization for the SKA. A power budget 
analysis of the various components within a round trip optical 
transmission network for SKA and MeerKAT applications is 
presented and discussed. 
 
Keywords— SKA, VCSEL, Optical Fibre, DWDM, VLBI, PIN, 
APD 

I. INTRODUCTION 
The concept for a Square Kilometre Array was formulated 

the in early 1990’s by an international astronomer driven 
organization. During this process, the International Union for 
Radio Science (URSI) was established to study advanced and 
innovative radio wavelength imaging instruments. At the time, 
the proposed telescope required a two orders of magnitude 
increase in effective collecting area over prevailing dishes [1], 
[2]. The SKA in an internationally funded scientific program 
aiming to build the world’s largest radio telescope on the 
African and Australian continents, without affecting the 
scientific ability of the telescope. Upon completion, the SKA 
will have 10 000 times the survey speed and 50 times the 
sensitivity of current radio imaging telescope array systems 
built [3]. Due to its sheer size the construction of the SKA is a 
major endeavour implemented in phases, allowing for 
astronomical imaging to be conducted during the build. In 
order to conform to the stringent sensitivity and resolution 
requirements of the SKA, a dispersed radio telescope system 
is required with very long baselines and a considerable 
amount of base station. Each of these base stations will 
contain several individual antennae [4]. The optical fibre 
network system of the SKA is amongst largest network 

communication systems. Forming the backbone of the SKA, 
optical fibre is needed to aggregate large volumes of scientific 
data from the individual antennae to the Karoo Array 
Processing Building (KAPB). Upon completion, the SKA 
telescope will utilize enough optical fibre to wrap twice 
around the earth and generate ten times the current global 
internet traffic [5].  

 
The SKA radio telescope will conduct its astronomical 

observation within two frequency bands. The sparse aperture 
array, to be constructed in Australia forms part of the SKA-
low frequency range. The 254 mid frequency dishes making 
up SKA-mid will be built on the African continent. These 
include the 64 MeerKAT offset Gregorian dishes plus an 
additional 190 SKA-mid dishes. The existing 36 ASKAP 
dishes will be expanded into a 96 dish antennae array system 
thereby forming the SKA survey telescope. Approximately 
3000 SKA-mid dishes all linked by optical fibre, creating a 
Very Long Baseline Interferometre (VLBI), will cover a 
distance of 3000 km across Africa [3], [5], [6]. The proposed 
layout for the SKA telescope is illustrated in Fig. 1 [7].  
 
 

 
Figure 1: Proposed Square Kilometre Array layout [5]. 

 
The SKA-low will consist of cross dipole antennas 

employing a sparse aperture array configuration [5]. The 



	 10	

data such as monitoring and control signals from the telescope manager (TM). By 

virtue of the extreme transmission rates and distances, the CSP–SDP data transport 

network will require long haul and advanced modulation technology. In Australia, a 

total transmission rate of 18.5 Tbps has to be transmitted across 820 km of fibre from 

Murchison Radio-astronomy Observatory to Geraldton and then to Perth. While in 

South Africa, a total data rate of 8 Tbps has to be disseminated across 915 km of 

optical fibre from the Karoo to Cape Town (Grainge et al., 2017, p. 288–296; 

Schilizzi, 2013, p. 21-22).  

 

The Non-Science Data Network (NSDN) is primarily responsible for transmitting 

monitoring and control signals from the TM and the Local Monitoring and Control 

(LMC) interchanges to all the sub systems within the SKA antennae array. The 

NSDN is designed to provide operational and security support to the SKA telescope. 

The NSDN will either integrate or transition to the existing precursor data transport 

infrastructure in order to guarantee an all-inclusive network approach (Grainge et al., 

2017, p. 288–296; Schilizzi, 2013, p. 34-35).  

 

 2.4 Synchronization and timing for the SKA 

Synchronization and timing within the SKA telescope array networks is required to 

meet a number of essential requirements. A robust central reference clock system 

consisting of a single or an ensemble of hydrogen masers is crucial in achieving 

synchronization. The distribution of the stable and accurate clock signals over fibre to 

the dishes ensures the entire synthesis array is phase coherent. The proposed timing 

system cannot be commercial procured. In this regard, the establishment of a fibre 

based time and frequency synchronization system was required. During an 

astronomical measurement, the telescope array is permitted to have a maximum 

coherence loss of 2%, corresponding to a root mean square (RMS) phase error of 11°. 

At a maximum observational frequency of 20 GHz, this translates to accuracies of 

approximately 1.5 ps (Garrington et al., 2011, p. 25; Gibbon et al., 2015, p. 028001; 

Grainge et al., 2017, p. 288–296). The hydrogen maser further provides high precision 

timing for astrophysical occurrences such as transient and pulsar detection. Typically, 

1 ns to 10 ns timing accuracies over a 10 year period is required for pulsar detection. 

Clock tones are further required to deliver accurate and precise frequency standards to 
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the local oscillators (LOs) and digitizers located at every dish within the synthesis 

array. Furthermore, it is also required for time stamping the incoming astronomical 

data. In addition, clocks are also used to derive absolute time for system management, 

beam steering and antenna pointing (Garrington et al., 2011, p. 25; Gibbon et al., 

2015, p. 028001; Grainge et al., 2017, p. 288–296).  

 

The precise and accurate reference signals will be disseminated across optical fibre to 

each of the telescopes during a scientific observation. External environmental 

conditions such as temperature fluctuation, together with mechanical and acoustic 

perturbations, may cause variations of the optical path length, thereby degrading the 

stability of the disseminated reference signals along the fibre. However, some of the 

optical fibre will be buried at a suitable depth with appropriate shielding from 

temperature and environmental perturbations. Nonetheless, the phase stability of the 

optical signal could remain susceptible to inherent polarization fluctuations along the 

fibre. To negate these effects, an optical fibre link stabilization system is needed in 

order to ensure that a stable and synchronized signal is disseminated to the remote 

sites with a frequency stability that exceeds the specified SKA requirements (Grainge 

et al., 2017, p. 288–296).  

 

2.5 Review of existing synchronization and timing techniques 

Current synchronization and timing techniques across optical fibre for telescope 

arrays include the Atacama large millimeter/submillimeter array (ALMA) in Chile 

along with the multi element radio linked interferometer network (eMERLIN) 

telescope in the United Kingdom. For eMERLIN telescope array, an RMS stability of 

1 ps over 1 s, 2 ps over 1 min, and 4 ps over 10 min has been experimentally 

demonstrated for a 1.4863 GHz clock signal across 110.8 km deployed optical fibre 

(Gibbon et al., 2015, p. 028001; McCool, Bentley, Argo, Spencer, & Garrington, 

2008, p. 1-2). ALMA however, depends on sub picosecond stability for frequencies 

up to 950 GHz distributed across long baseline lengths of up to 15 km (Gibbon et al., 

2015, p. 028001; Shillue et al., 2011, p. 1-4). Both eMERLIN and ALMA employs 

highly accurate oscillators and phase locked loop technology at the individual 

receivers. Furthermore, both these astronomy instruments adopt round-trip phase 

correction strategies. In ALMA, phase monitoring and correction is realized by using 

a voltage-actuated piezoelectric fibre stretcher. In the eMERLIN telescope array 
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network, the round-trip phase error correction is applied through delay compensation 

by the correlator (Gibbon et al., 2015, p. 028001; Shillue et al., 2011, p. 1-4). 

 

In summary, this chapter provides a brief overview of the SKA where the key 

scientific cases were summarized before discussing telescope technical requirements. 

Furthermore, a concise discussion of the relevance and requirements for 

synchronization and timing signals within the SKA telescope arrays was given. The 

chapter concluded with a review of the existing telescope networks synchronization 

and timing techniques. In the following chapter a detailed theoretical description of 

phase noise and frequency stability is provided together with the related 

characterization and measurement techniques.  

 

�  

 

 

  



	 13	

CHAPTER 3 
 
 

PHASE STABILITY AND FREQUENCY FLUCTUATIONS 
 

The previous chapter provided a brief summary of the SKA, outlining the system 

requirements for signal and data transport. One of the most complex and technically 

challenging requirements of such an interferometric radio astronomy instruments is to 

coherently combine the astronomical signals collected by the individual receptors 

with the antenna array. This chapter begins by outlining concepts such as timing 

signals, accuracy and stability. Furthermore, this chapter touches on phase noise and 

frequency stability and the related characterization and measurement techniques. 

 

3.1 Timing signals, accuracy and stability 

An ideal sine wave oscillator produces a voltage signal that changes with time and is 

expressed as: 

                 (3.1) 

where A is the amplitude, w0 the angular frequency and j represents a fixed phase 

constant. However, in a real oscillator the actual clock signal fluctuates in phase and 

amplitude, where the output is described as: 

               (3.2) 

where a(t) and j(t) represents the random amplitude and phase fluctuations (Bregni, 

1997, p. 1284-1294; Howe, 2005, p. 1706-1720; Rubiola, 2009, p. 1-3). 

 

The performance of an oscillator is described by its accuracy and stability 

characteristic (ISO, 2012). The accuracy of a clock is associated with the difference 

between the offset and an ideal value and can be defined in both the time and 

frequency domain. The time offset is defined as the difference between the measured 

and ideal rise times of an output pulse. The ideal rise time corresponds to the 

Coordinated Universal Time (UTC). Furthermore, the frequency offset is expressed as 

the difference between the measured and nominal frequency with zero uncertainty.  In 

addition, stability of a clock specifies how well an oscillator can generate the exact 

time or frequency offset over a given period. The stability is usually given as a 

statistical approximation of the time and frequency instabilities of a clock signal. The 

   V t( ) = Acos ω0t +ϕ[ ]

V t( ) = A 1+α t( )⎡⎣ ⎤⎦cos ω0t +ϕ t( )⎡⎣ ⎤⎦
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difference between accuracy and stability is illustratively shown in Figure 3.1 

(Lombardi, 2002; Marra, 2013, p. 11; Moreira, 2014, p. 81-83).  

 

3.2 Characterization of phase noise and frequency fluctuations 

Information regarding the stability properties of the oscillator/link combination is 

extremely important as it is required within frequency dissemination and 

synchronization systems in which phase noise compensation is needed. It is therefore 

crucial to monitor and measure the fluctuations of the amplitude and phase of the 

clock signal over a period of time. Phase fluctuations or frequency stability 

measurements are performed in the time domain, whereas phase noise 

characterization is done in the frequency domain.  

 

3.2.1 Phase noise and frequency stability 

Phase noise is the phrase used to quantify the instability of a clock signal in the 

frequency domain and is caused by infinitesimally small random fluctuations or 

uncertainties in its phase (Dickstein, 2012). Phase noise measurements are best 

expressed as a power spectral density (PSD) distribution of the time domain phase 

fluctuations, j(t), given in Equation 3.2 (Marra, 2013, p. 14). Moreover, the phase 

noise, L(f), measurement characterizes short-term instabilities of a timing signal in 

terms of the one-sided power spectral density of phase fluctuations, Sφ(f) and is 

mathematical described as (Abidi & Meyer, 1983, p. 794-802; Baran & Kasal, 2009, 

p. 1-4; Riley, 2008, p. 5-20): 

                 (3.3) L f( ) =10• log 1
2
Sϕ f( )

⎛

⎝
⎜

⎞

⎠
⎟

	
Figure 3.1: Relationship between accuracy and stability (Marra, 2013, p. 11). 

	

Chapter 2

Background

In the previous chapter I have repeatedly used the terms accuracy and stability. Al-

though their physical meaning differs substantially, these terms are often misused and

it is worth briefly recalling these concepts here. I will also discuss the concepts of phase

noise and frequency stability and the techniques that allow their measurement, as they

will be required to understand the experimental work performed.

2.1 Accuracy and stability

The accuracy is the degree of conformity of a measured or calculated value to its true

value. This definition might seem recursive as, in the case of a physical quantity, the true

value is itself the result of a measurement. In practice, the true value of a physical quan-

tity is generally agreed internationally as a result of multiple independent measurements

performed by different laboratories around the world.

The stability describes the variation of a physical quantity over time. The difference

between accuracy and stability can be better illustrated with the example shown in

Figure 2.1, where the frequency of an oscillator is analysed. As shown, it is possible for

an oscillator to be stable but not accurate and vice versa.

t

f

t

f

t

f

t

f

true�value

not�stable�and
not�accurate

stable�but
not�accurate

not�stable�but
accurate

stable�and
accurate

Figure 2.1: Illustration of the difference between accuracy and stability

11
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Alternatively, the phase noise can be mathematical defined in terms of fractional 

frequency y(t) as a one sided spectral density of the frequency fluctuations,  Sy(f) as 

(Baran & Kasal, 2009, p. 1-4, Hajimiri & Lee, 1998, p. 179-194; Howe, Allan & 

Barnes, 1981, p. 1-47, Razavi, 1996, p. 331–343): 

                  (3.4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 provides an illustrative summary of the fractional frequency spectral 

density distribution of the basic noise types. In Figure 3.2 f-2, f-1, f0, f1 and f2 refers to 

Random Walk Frequency Modulation (RWFM), Flicker Frequency Modulation 

(FPM), White Frequency Modulation (WFM), Flicker Phase Modulation (FPM) and 

White Phase Modulation, respectively. The power spectral density distribution 

illustrated in Figure 3.2 can be used to characterize the various oscillator noise 

contributions (Moreira, 2014, p. 88). 

 

Consider a sinusoidal timing signal with a specific frequency, it is possible to measure 

Dt and DV. The frequency associated with infinitesimally small Dt is referred to as the 

instantaneous frequency. The instantaneous frequency is better approximated when 

the Dt interval is small. However, in a realistic sense it is not possible to characterize 

Sy f( ) = f
f0

⎛

⎝
⎜

⎞

⎠
⎟

2

Sϕ f

	
Figure 3.2: Power law spectral density distribution (Moreira, 
2014, p. 88). 

	

4.2 Clock stability in the frequency domain

parameters of the noise, usually called the power-law noise [63].

Sy(f) is commonly depicted in the logarithmic-logarithmic plot, where the power –

defines asymptotic slopes of the Sy(f) curve. An example of the fractional frequency

spectral density course covering all basic noise processes is illustrated in Figure 4.1.

The exponent – takes the natural values {-2, -1, 0, 1, 2} and characterise the kind

of noise:

• White Phase Modulation (WPM) for –= 2

• Flicker Phase Modulation (FPM) for –= 1

• White Frequency Modulation (WFM) for –= 0

• Flicker Frequency Modulation (FPM) for –= -1

• Random Walk Frequency Modulation (RWFM) for –= -2
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Figure 4.1: Noise Power Law Sy(f)

Another way of describing the phase noise in the frequency domain is the one-sided

spectral density of phase fluctuations SÏ(f).

88
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the instantaneous frequency due to finite bandwidths (Howe, 2005, p. 1706-1720). 

Consider an oscillator generating a clock signal which operates at a nominal 

frequency, f0. The frequency stability is a term used to measure the frequency 

fluctuations of the timing signal generated by the oscillator and is generally used 

when comparing the stability of one clock relative to another. Furthermore, frequency 

stability is best defined as the degree to which an oscillator produces a clock signal at 

the same frequency for any interval Dt throughout a specified time period (Baghdady, 

Lincoln & Nelin, 1965, p. 704–722; Howe, 2005, p. 1706-1720; Petrov & Davydov, 

2015, p. 739-744). The frequency stability of an oscillator is often expressed as a 

fraction where the absolute frequency fluctuations are divided by the nominal 

frequency (Marra, 2013, p. 13). Figure 3.3 shows a typical stability versus time plot of 

a frequency stability measurement over a specific time period (Marra, 2013, p. 14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2 Allan variance and Overlapping Allan variance�  

The Allan variance was primarily developed to measure the RMS frequency 

fluctuations of two oscillators as a function of time, and is regarded as the most 

common technique for characterizing the frequency stability in the time domain. The 

Allan variance is a non-overlapping or a two-sample variance formed by the average 

of the squared differences between successive fractional frequency fluctuation values 

of a regularly measured quantity taken over a specific sampling time period. The 

	
Figure 3.3: Classic frequency stability plot (Marra, 2013, p. 14). 
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stability at the 10−15 level of better, but their frequency differs by at least a factor of

104. The frequency stability can be measured over different time intervals generating

a stability-vs-time plot like that shown in Figure 2.3. The plot tells us that that the

stability of the frequency of the oscillator is better over intervals of 100s s than over

intervals of 1 s and that beyond 100 s it does not improve any further. We will see later

how from the steepness of the slopes it is possible to make assumptions on the dominant

noise process occurring at each given time scale.

Figure 2.3: A typical frequency stability plot. From the slopes it is possible to
extract useful information about the dominant noise process at each time scale.

Phase noise The outcome of a phase noise measurement is the power spectral density

(PSD) of the phase fluctuations φ(t) and it is defined as

Sφ(f) = |Φ(jf)|2 (2.3)

where Φ(jf) represents the Fourier transform of φ(t). It is usually calculated using a Fast

Fourier Transform (FFT) analyser or a spectrum analyser from the phase samples. The

PSD can be interpreted as a statistical description of how often the oscillator frequency

momentarily assumes values other then its nominal frequency. In the simple case of

flicker phase noise (1/f), the frequency assumes all values with a probability inversely

proportional to the offset frequency1. Figure 2.4 shown a typical phase noise plot.

The phase noise is generally represented as Sφ(f), although the single sideband phase

noise L(f) is also often used:

L(f) =
1

2
Sφ(f). (2.4)

1In a real oscillator, at small offset frequencies the carrier phase noise increases as 1/f3, whilst the
flicker phase noise is generally due to buffer amplifiers used to increase the output power.
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Allan variance is mathematically defined as (Allan, 1987, p. 646-654; Levine, 1999, 

p. 2567-2596; Riley, 2008, p. 14): 

	 	 	 	 	 	 												(3.5) 

where yi is the ith fractional frequency average over a sampling interval t. M is the 

fractional frequency values within the sample set (Allan, 1966, p. 221-230).  

 

Another version of the Allan variance, referred to as the overlapping Allan variance 

or AVAR, is given in Equation 3.6. This approach makes maximum use of the entire 

data set by forming all possible overlapping samples at each averaging time t. The 

overlapping Allan variance can be calculated from a set of M fractional frequency 

values for averaging time t = nt0, where, n and t0 are defined as the averaging factor 

and the basic measurement time interval, respectively (Barnes et al., 1971, p. 105-

120; Riley, 2008, p. 17; Rutman, 1978, p. 1048-1075).  

	 	 	 												(3.6) 

 

3.2.3 Phase noise and frequency stability measurement techniques 

Measuring the stability or noise allows one to predict the performance of an oscillator, 

either in the frequency or time domain. The most common instruments used to assess 

the performance of a signal generator are digital electronic counters and spectrum 

analyzers. The performance of a measuring system is dependent on the stability of its 

reference source (Barnes et al., 1971, p. 105-120; Riley, 2008, p. 80). Many of the 

measurement techniques used are founded on some form of heterodyne system 

however, the simplest approach for quantifying clock stability is to measure the time 

difference between them. In this section, a concise and practical attempt is made to 

present several methods for measuring the phase and frequency fluctuations of a 

timing signal.  

 

3.2.3.1 Time Interval Counter Method  

In the time interval counter method, the operational frequencies of the two sources 

being compared are down converted to a lower frequency. In this approach, the 

σ y
2 (τ ) = 1

2 M −1( )
yi+1 + yi[ ]

i=1

M−1

∑
2

σ y
2 =

1
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relative time differences between two oscillators are measured with a high-resolution 

time interval counter as shown in Figure 3.4 (Riley, 2008, p. 80). In doing so, the 

relative stability of the two signals used can be measured. Traditional time interval 

counters have two input channels where one signal starts the counter while the second 

signal stops the measurement process. The time interval between the clock signals is 

measured by counting the number of cycles from the time base oscillator (Lombardi, 

2002, p. 171-181).  

 

 

 

 

 

 

 

 

 

This method is limited in signal-to-noise ratio due of the wide bandwidth required to 

measure the fast rise time of the signal.  

 

3.2.3.2 Heterodyne Method  

One of the common methods used for measuring small fluctuations is the heterodyne 

or beat frequency measurement technique, shown in Figure 3.5. As illustrated, a 

frequency generated from the oscillator under test is down converted to a value that 

can be measured by the period counter.  

 

 

 

 

 

 

 

 

 

	
Figure 3.5: Heterodyne block diagram. 
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Figure 3.4: Schematic of a time interval counter method. 
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The down conversion is achieved by frequency mixing the oscillator signal with an 

appropriate reference signal. The resultant mixing product passes through a low pass 

filter (LPF) allowing the resulting output, called the difference or beat frequency (fb) 

to be detected by the counter (Vanier & Tétu, 1978, p. 247-291). Any frequency 

harmonics following the mixer is suppressed by the LPF. The fractional frequency is 

then evaluated by dividing the beat frequency fb by the nominal carrier frequency f0 

(Howe, 2005, p. 1706-1720).  

 

3.2.3.3 Phase Lock Loop (PLL) Method  

The schematic of the phase lock loop (PLL), which most commercial frequency 

stability and phase noise measurement systems are based, is shown in Figure 3.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A sine wave from the oscillator under test is directed into the radio frequency (RF) 

port of a frequency mixer whilst a reference signal, 90 degrees out of phase, is 

coupled into the local oscillator (LO) port. Since the two signals are in quadrature, the 

output of the mixer has a nominal average voltage of zero. The frequency mixer 

converts the phase differences, Dj, between the two sine waves into a voltage before 

returning the resultant error signal to the input port of the oscillator under test. As a 

result the reference oscillator is said to be phase locked to the signal generator under 

test (Gardner, 1979, p. 8-21; Howe, 2005, p. 1706-1720; Rubiola, 2009, p. 31-32).  

	
Figure 3.6: Phase lock loop (PLL) block 
diagram. 
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3.2.4 Converting between frequency stability and phase noise  

The spectra of most noise processes can be mathematically modelled by a power law 

function, as illustrated in Figure 3.7. Conversion between the time and frequency 

domain is made possible by estimations based on the power law spectral model for 

the noise processes or by numerical integration of the fundamental relationship 

between phase noise and frequency stability (Riley, 2008, p. 73). The diagram 

illustratively represents the relationship between phase noise and frequency stability. 

Dawkins, Mcferran & Luiten (2007, p. 918-925) and Sullivan, Allan, Howe & Walls 

(1990, p. TN-164) showed that it is possible to calculate the Allan variance from the 

corresponding phase noise power spectral density spectrum. However, is not always 

possible to calculate the phase noise from the associated Allan variance data, since 

both the white and flicker phase noise are dependent on the observation time τ. 

Generally, the conversion from  to Sy (f) is not error free (Greenhall, 1998, p. 

623-627). Nonetheless, the power law model is still valid and the conversion from 

phase noise is possible (Marra, 2013, p.16).  
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Figure 3.7: Relationship between phase noise and frequency 
stability (Marra, 2013, p. 17). 
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Figure 2.5: Relationship between phase noise power-law spectrum and Allan
deviation.

is taken if the input power is changed. In order to obtain the power spectral density of

the phase fluctuations, the output voltage of the mixer is amplified and sent to a Fast

Fourier Transform (FFT) analyser.

Despite the apparent simplicity of this phase noise measurement method, it turns out

not to be trivial in practice. Many environmental factors and subtle phenomena can

corrupt the measurement in non-obvious ways. Phase noise measurement of extremely

high stability signals is particularly difficult as power fluctuations of the input signals,

power supply noise and thermal fluctuations can overwhelm the actual phase noise to

be measured.

2.2.5 Practical aspects of measuring frequency stability and phase

noise

In this short section I wish to discuss some practical aspects of frequency stability and

phase noise measurement of state-of-the-art frequency references. With this insight I
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3.2.5 Timing jitter 

Timing signals are needed as it ensures a coherent and synchronized transfer of data 

between two locations. Ideally, timing signal has static oscillation periods and duty 

cycles that never fluctuate over time. However, a real timing signal has small 

variations in phase, frequency, period and duty cycle (IDT, 2014, p. 1-17). These 

variations are referred to as jitter and is mathematically expressed as:  

	 	 	 	 	 	 												(3.7) 

where fl and fh are the lower and upper bandwidth limits, respectively. Sφ and fo is the 

double sided phase noise and nominal frequency, respectively (Marra, 2013, p. 20). It 

is often preferred to express the phase fluctuations of an oscillator as an averaged 

timing jitter rather than a power spectral density distribution.  

 

This chapter discussed various qualities of the disseminated signal such as accuracy 

and stability. The different techniques for measuring the phase noise and frequency 

stability were also highlighted. The following chapter reviews the various techniques 

for time and frequency transfer across fibre networks. Furthermore, a brief description 

of the existing telescope dissemination systems is given. 
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CHAPTER 4  
	

TECHNIQUES FOR TIME AND FREQUENCY TRANSFER 

OVER OPTICAL FIBRE AND A REVIEW OF EXISTING 

TELESCOPE DISSEMINATION SYSTEMS 
	
Recent advancements and developments made in optical frequency standards 

promoted research activities on the dissemination of ultra-stable time and frequency 

signals across fibre links. This chapter features numerous frequency transfer and time 

synchronization strategies via optical fibre, which have been proposed and 

demonstrated in the literature. The techniques described in this chapter are based on 

three fundamental design strategies that have been recently studied:  

• microwave transfer by intensity modulation of an optical carrier;  

• direct transfer of an optical carrier;� and 

• microwave and optical frequency transfer with a frequency comb. 

The frequency reference dissemination and synchronization schemes described in this 

chapter employ a round-trip principle to suppress the environmentally induced fibre 

phase noise (Marra, 2013, p. 29). 

 

4.1 Basic approach of a round-trip phase noise compensation system 

The rationale behind a fibre induced phase noise compensation method is to measure 

the round-trip phase fluctuations along the dissemination link at the transmission 

location, followed by the subtraction of the phase noise of the disseminated signal at 

the transmission site. As a result, the phase noise within the feedback loop can be 

compensated (Wang et al., 2012a, p. 1-4).  

 

In this approach, an ultra-stable signal with an initial phase fi(t) propagates along an 

optical fibre from the transmitting site to the receiver at the end. The phase stability of 

the transmitted signal remains susceptible to polarization fluctuations along the fibre 

link. By means of an optical circulator or reflector, part of the signal is returned to the 

transmitting location where the phase, 2ff(t), is compared to that of the original signal 

before being injected into the fibre. Depending on the actuator and correction strategy 
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employed, a -2ff(t) phase correction is applied to the disseminated signal in order to 

suppress the noise at the transmission site (Marra, 2013, p. 29). 

 

4.2 Microwave time and frequency dissemination of an intensity modulated 

optical carrier signal 

For microwave time and frequency transfer systems, the basic idea is to disseminate a 

stable amplitude modulated microwave signal emitted by a free running laser from the 

transmission end to the remote site. Modulation can be enforced by either using an 

external amplitude modulator such as a Mach-Zender Modulator (MZM) or by 

employing directly modulated laser sources (see Chapter 5). A photodiode located at 

the receiver end can be used to recover the intensity modulated microwave signal. 

 

Daussy et al., (2005, p. 203904-1-203904-4) demonstrated a microwave frequency 

transfer along a 86 km round-trip optical fibre link in which a two stage correction 

system was employed. The first stage of the compensation scheme corrects for any 

fibre induced perturbations on the transferred RF reference signal from the 

transmission site (SYRTE) to the remote site (LPL). Here, compensation is achieved 

my detecting the phase error value before applying an equivalent correction along the 

one-way transmission path. This is done by shifting the phase of a 100 MHz signal in 

the opposite direction in order to get a 100 MHz signal at the receiver end (Daussy et 

al., 2005, p. 203904-1-203904-4).  

 

The second compensation mechanism applied at the remote site acts directly on the 

optical fibre transmission link. Phase correction is realized by comparing the phase of 

the transmitted 100 MHz and the modulated 100 MHz after a single round-trip in the 

second fibre. At the input of the second fibre, a mechanical stress is applied to a 15 m 

optical fibre wrapped around a cylindrical piezoelectric actuator. This process corrects 

for all fast phase fluctuation occurring along the fibre while heating a 1 km optical 

fibre spool compensates for slow phase variations. Stabilities of 8 x 10-15 at 1 s and 

10-17 for one day were reported (Daussy et al., 2005, p. 203904-1-203904-4). 

 

In another interesting microwave frequency dissemination system across a 80 km 

urban telecommunication fibre network, Wang et al., (2012a, p. 1-4) reported on 
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stabilities of 7 × 10−15 /1 s and 4.5 × 10−19 /105 s. In this scheme, a voltage controlled 

crystal oscillator (VCXO) is used to compensate for the phase noise incurred during 

transmission (Wang et al., 2012a, p. 1-4). The VCXO is further used to modulate the 

intensity of a 1547 nm, single mode laser source. In addition to the VCXO, this 

scheme used three more microwave signal generators phase locked to a cesium 

atomic clock. Together with a series of frequency mixing operations, the additional 

microwave signal generators are used to generate a DC error feedback signal to 

control the phase of VCXO. Another interesting feature demonstrated by Wang et al., 

(2012a, p. 1-4) is the transfer of stable timing signals between the local and remote 

sites using a time delay compensation technique. In the experiment, a timing signal 

generated by a synthesized clock generator is used to intensity modulate a 1547 nm 

single mode laser. After the completion of a single round-trip, a time interval counter 

was used to measure the accumulated time delay along the two-way fibre path. Using 

an iterative computer algorithm, together with a controlled delay unit, a time delay 

correction was applied. Transmission delay stabilities within 50 ps were demonstrated 

(Wang et al., 2012a, p. 1-4). A similar approach was demonstrated and reported by 

Wang et al., (2012b, p. 1-5). 

 

Furthermore, Ye et al., (2003, p. 1459-1467) developed a stabilized optical fibre 

dissemination system for the distribution of microwave signals. In this experiment a 

30 mW DFB laser carrier was intensity modulated with the RF frequencies up to 

12 GHz and transferred to the end user site via optical fibre. Subsequently, the 

transmitted signal was returned to the local site, thereby completing the round-trip. 

An error signal was generated in order to regulate the fibre induced group delay and 

phase noise along the transmission link. The compensation was achieved with the use 

of a temperature-compensated fibre reel. Stability in the order of 10-14 at 1 second was 

reported along a 16 km buried fibre link (Ye et al., 2003, p. 1459-1467). 

 

Lopez et al., (2008, p. 35-41) developed an ultra-stable microwave dissemination 

system across an 86 km urban fibre network in which a fractional frequency stability 

of 5 × 10−15/s and 2 × 10−18/one day integration times were reported (Lopez et al., 

2008, p. 35-41). This work uses a 1 GHz microwave frequency to modulate a 1550 

nm directly modulated DFB laser. After the optical waveform is transmitted along the 

fibre and detected at the remote end, the resultant electrical signal was used for 
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frequency synthesis. The 900 MHz synthesized coherent RF signal was then used to 

modulate a second DFB laser located at the remote end which transmits a signal back 

towards the local end. At the remote end, a frequency mixing operation was 

established in order to generate an error signal for feedback control of two optical 

delay lines. A propagation delay fluctuation of 1 ps over a few days was recorded 

when the compensation system was activated (Lopez et al., 2008, p. 35-41). 

 

The fibre phase noise accumulated during the transmission was actively cancelled by 

developing a compensation system using a dual mixing technique with a voltage-

controlled crystal oscillator (Fujieda, Kumagai, Gotoh & Hosokawa, 2009, p. 1223-

1228). A 100 MHz signal generated by a VCXO was frequency multiplied and up-

converted to a 1 GHz microwave signal where it was used to modulate the amplitude 

of a 1550 nm DFB laser. The intensity modulated optical signal was transmitted along 

single mode fibre from the local to the remote location. Once received at the remote 

site, the optical signal was amplified using an erbium doped fibre amplifier (EDFA), 

where parts of the microwave signal were used to intensity modulate the laser. The 

optical signal is transmitted back to the local site through the same optical fibre. The 

active phase noise compensation was realized by using a two-stage frequency mixing 

process. The sum of two independently generated error signals was used to tune the 

VCXO. By applying the active compensation system, a frequency stability of 1 × 

10−17 was measured for an averaging time of 60 000 s (Fujieda, Kumagai, Gotoh & 

Hosokawa, 2009, p. 1223-1228).  

 

4.3 Direct transfer of an optical carrier 

This dissemination technique uses a single optical carrier directly transferred from the 

locate site to a user situated at a remote location. In frequency dissemination 

experiments adopting this approach, acousto-optic modulators are placed at the 

transmission site of the fibre link. As a result, environmentally induced phase 

fluctuations of the transmitted optical carrier will be corrected in real time. The 

contrasting feature of this technique, in relation to other methods, is that there is no 

phase stabilization along the optical transmission link. The Doppler induced 

frequency shift experienced by the optical carrier signal is eliminated whilst the 

optical path length changes over time (Marra, 2013, p. 32).  
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Jiang et al., (2008, p. 2029-2035) transferred the frequency of an ultra-stable laser 

across 86 km of urban optical fibre and reported frequency stabilities of 1.5×10-16 at 1 

s and 10-19 at 500 s over the transmission link. Since the signal emitted by the cavity 

stabilized fibre laser was required for phase noise measurements and compensation 

and also for frequency dissemination, an optical coupler was used to split the ultra-

stable laser light into two parts. As seen in the experimental procedure (Jiang et al., 

2008, p. 2029-2035), the first optical path facilitates the fibre stability measurement 

and phase noise compensation, while the second arm is connected to the transmission 

link. This dissemination scheme features two acousto-optic modulators (AOM). 

AOM1 was located at the local site with frequency f1 ≈ 40 MHz, while AOM2 was 

placed at the remote end with frequency f2 ≈ 70 MHz (Jiang et al., 2008, p. 2029-

2035). Both AOM’s provide distinct frequency shifts as per the desired requirements. 

By using a series of optical circulators, the disseminated signal was returned to the 

local site. Compensation was achieved by phase locking the beat note at 2f1+f2 to a 

stable frequency synthesizer using AOM1. Furthermore, a phase lock loop (PLL) was 

integrated into the system in order to apply the necessary correction, qc=-qp to the 

frequency of AOM1. Consequently, the fibre-induced phase noise at the remote end 

of the optical link is actively cancelled. Polarization controllers were used for 

optimizing the beat-note signal amplitudes (Jiang et al., 2008, p. 2029-2035).  

 

Schediwy et al., (2013, p. 2893-2896) demonstrated a technique for the simultaneous 

distribution of accurate frequency signals to several remote locations on a branching 

optical fibre network. The technique corrects for variation in the optical fibre length at 

the output of the transmission link rather than at the input, as in conventional 

dissemination methods. In their approach, an optical frequency is distributed from the 

signal source along a fibre link to a remote location. At the receiver site the optical 

signal passes through an AOM that applies a frequency shift onto the laser light. Part 

of the frequency shifted optical signal is returned back to the source end using a 

Faraday mirror. Before arriving at the transmission end a second shift is applied as the 

signal passes a second time through the AOM. A second Faraday mirror stationed at 

the source end is used to reflect the signal back to the remote end. The signal now 

experiences a third frequency shift as it propagates a third time along the optical fibre. 

The photodiode placed at the remote site detects the mixing product between signals 
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which experienced the first and third frequency shift along the transmission link 

(Schediwy et al., 2013, p. 2893-2896). Thereafter the resultant output was bandpass 

filtered at a central frequency twice the frequency imparted by the AOM. After 

lowpass filtering, an error signal was produced in order to modulate the frequency of 

its AOM drive signal. As a result, the servo loop is closed thereby stabilizing the 

optical length of the transmission link. With the stabilization system engaged, 

frequency stabilities of 1.1×10−17 at 1 s and 6.2×10−18 at 1 s were measured for remote 

sites A and B, respectively (Schediwy et al., 2013, p. 2893-2896). 

 

A long-distance ultra-stable optical frequency dissemination technique across 146 km 

underground fibre between Braunschweig and Hanover was demonstrated (Grosche et 

al., 2009, p. 2270-2272). The interferometric compensation system is made up of two 

73 km concatenated fibre links. Grosche et al., (2009, p. 2270-2272) treated the entire 

optical transmission link as one arm of a Michelson interferometer, which is phase- 

stabilized to a reference arm. By means of a round-trip transmission scheme, an error 

correction signal was generated in order to control the phase and frequency of an 

AOM located at the local site. A second AOM placed at the remote site was used to 

differentiate between the signals reflected by the Faraday mirror and spurious 

reflections along the fibre. The optical source is made up of a 1542 nm fibre laser 

phase locked to a 657 nm cavity stabilized optical clock laser. The clock laser forms 

part of a cesium neutral atom frequency standard located at Braunschweig. Using an 

active stabilization system, a fractional stability of 3×10-15 at 1 s was reported 

(Grosche et al., 2009, p. 2270-2272).  

 

Fujieda et al., (2011, p. 16498-16507) demonstrated an all-optical dissemination 

system with frequency stabilities of 2 × 10−15 at 1 s and 4 × 10−18 at 1000 s across a 90 

km fibre network. The optical carrier dissemination scheme uses a fibre 

interferometric configuration to compensate for any phase noise accumulated along 

the transmission link. In addition, the polarization of the transmitted signal was 

maintained using an active polarization control system. In the experiment a 1550 nm 

optical signal was disseminated along the round-trip fibre network made possible by 

two optical circulators. An AOM located at the local site was driven by a 100 MHz 

voltage controlled oscillator (VCO) while a second AOM placed at the remote site 

was driven by a 55 MHz phase locked oscillator. The AOM situated at the remote end 
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was used to differentiate the returned signal from reflections originating at connection 

or splice points. The frequency of the optical signal that completed the round-trip, 

which passed both AOM’s, was shifted twice by -90 MHz. A 90 MHz beat signal was 

down converted by a factor of 50 to 1.8 MHz using a direct digital synthesizer. Using 

a frequency mixer, the divided signal is mixed with a 1.8 MHz stable reference 

associated to a hydrogen maser. The resultant mixing product was amplified, filtered, 

and used to adjust the phase of the VCO thereby compensating the fibre-induced 

noise (Fujieda et al., 2011, p. 16498-16507). 

 

An optical frequency at 1.542 µm was coherently disseminated across a 120 km 

telecom fibre network between Tsukuba and Tokyo, where a fractional frequency 

stability of 8×10-16 at 1 s along the one-way transmission path was reported (Musha, 

Hong, Nakagawa & Ueda, 2008a, p. 16459-16466). A 10 mW optical signal emitted 

by a DFB laser was split using an optical coupler. The less intense part of the divided 

signal served as the reference while the high power component passed through a 

piezo-driven fibre stretcher and an AOM before being disseminated across the optical 

path. Once at the remote end, an external-cavity laser diode was phase locked to the 

transmitted signal with an offset frequency of 40 MHz and subsequently returned to 

the local site. At the local site the AOM applied a 2 x 55 MHz shift on the frequency 

of the round-trip signal. In order to obtain the optical phase signal, a digital phase- 

frequency discriminator (DPFD) assumed the role of a frequency mixer. The error 

signal generated by the DPFD was used to control a piezo-driven fibre stretcher, 

thereby suppressing all fibre induced phase fluctuations along the round-trip. Using a 

lowpass filter, the lower frequency band of the error signal was applied to a second 

direct digital synthesizer (DDS) via an analog-to-digital converter (ADC). 

Subsequently, the driving frequency of the AOM was tuned causing the dynamic 

range of the phase actuator to be lengthened (Musha, Hong, Nakagawa & Ueda, 

2008a, p. 16459-16466).  

 

4.4 Microwave and optical frequency transfer with a frequency comb 

Frequency or microwave comb generators are commercially available devices that 

produce an equally spaced, sharp line frequency spectrum. Optical frequency comb 

generators have been constructed by injecting a continuous, monochromatic light 
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wave into a lasing cavity that includes an electro-optic modulator (Kourogi, 

Nakagawa & Ohtsu, 1993, p. 2693-2701; Ye & Cundiff, 2005, p. 19). Simultaneous 

distribution of microwave and optical frequencies across fibre networks is realized by 

disseminating a stable optical frequency comb. At the receiver end a photodiode can 

be used to extract a series of microwave frequency harmonics alternatively, the 

optical modes can be directly utilized (Marra, 2013, p. 34). 

 

In a paper published by Marra et al., (2011, p. 511-513), an ultra stable microwave 

frequency was disseminated along 86 km deployed fibre by transmitting a 30 nm wide 

optical frequency comb. A pulse train consisting of 150 fs long optical pulses was 

emitted from a 1560 nm mode-locked fibre laser. Before transmission, the optical 

pulses were launched into a 90:10 splitter where 10% of the divided light was used as 

a reference signal whereas the remaining 90% of the pulse trains were disseminated 

along the JANET-Aurora fibre network. An optical circulator located at the 

transmission end was used to distinguish between the signals disseminated along the 

fibre network from that returned after the round-trip. Optical losses along the fibre 

network were compensated for using an erbium doped optical amplifier and a second 

circulator placed at the receiver end (Marra et al., 2011, p. 511-513). The phase 

comparison measurements between the returned and reference signals was 

accomplished using a microwave mixer together with a frequency divider. To 

compensate for all fibre path length variations, an error signal was generated during 

the mixing process. The resultant error signal was used for feedback control of the 

actuator consisting of two cascaded fibre stretchers and a 300 m thermally controlled 

spool of fibre. A frequency stability of 4 × 10−17 after 1600 s was recorded at the 

remote site (Marra et al., 2011, p. 511-513). 

 

Experiments based on the distribution of stable microwave signals using a frequency 

comb consisting of a 1550 nm mode-locked erbium fibre laser reported the emission 

of sub picosecond optical pulses (Hou, Li, Liu, Zhao & Zhang, 2011, p. 506-511). In 

the experiment, the mode-locked fibre laser was phase locked to a stable rubidium 

source where the optical output was split into two separate paths. A DDS was 

incorporated into the dissemination scheme and utilized as an electronic phase shifter. 

By adopting a frequency multiplying technique, an error signal was produced by 

mixing the amplified round-trip and reference signals. Thereafter, the error signal was 
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applied to the DDS phase shifter thereby compensating the phase variations along the 

fibre. When the active phase compensation was applied frequency stabilities of 8 × 

10-10 at 1 s and 8 × 10-11 at 1000 s were reported. The transmission path was made up 

of an 80 km fibre link joining the local and remote sites (Hou et al., 2011, p. 506-

511). 

 

To study the instability of the distribution of optical frequency standards, the output 

of a 1550 mm mode-locked laser was divided (Holman, Jones, Hudson & Ye, 2004, p. 

1554-1556). One part of the beam was used at the local site while the other portion 

was transmitted to the remote site along a 6.9 km round-trip network. Upon 

transmission the eighth harmonic of the individual optical signals was detected using 

a photodiode and mixed. The signal detected at the local end was frequency shifted by 

10 kHz with a single sideband generator. A fast Fourier transform (FFT) was applied 

to the mixing output for frequency domain analysis at the base band region. A 

frequency stability of 3 x 10-14 at 1 s along the 6.9 km fibre was measured (Holman, 

Jones, Hudson & Ye, 2004, p. 1554-1556).  

 

Gollapalli & Duan (2010, p. 904-910) experimentally demonstrated the atmospheric 

transfer of microwave timing signals using a femtosecond frequency comb in free 

space as opposed to optical fibre. The microwave signals were transferred over a 60 m 

free space optical transmission path achieving a transfer stability of parts in 10-12 at 1 

s and approximately 1×10−15 at 500 s.  

 

4.5 Comparative summary of existing time and frequency dissemination schemes 

Sections 4.2, 4.3 and 4.4 give some insight into the different approaches for realizing 

stable and accurate dissemination of clock signals across optical fibre networks. The 

aim of this section is to provide a summary of numerous time and frequency 

distribution systems developed by various research groups. Many comprehensive 

studies into the phase fluctuations in both buried and aerial fibre have been 

undertaken throughout the years. A successful phase noise compensator must also 

respond rapidly enough to track the phase changes along the fibre link. Some 

illustrative examples of implementations of these phase noise compensation strategies 

from the literature are briefly summarized in Table 4.1.
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The time and frequency dissemination techniques discussed in this chapter allows for 

the transfer of stable signal across optical fibre or in some cases through free space. 

However, the preferred design strategy adopted for realizing the transfer of stable 

signals across a transmission medium depends on factors such as application, 

requirements, costs, project specification and reproducibility. The chapter that follows 

introduces different components used for implementing highly stable time and 

frequency dissemination schemes within optical fibre networks.  

 



	 33	

CHAPTER 5  
	

IMPLEMENTATION OF TIME AND FREQUENCY SYSTEMS 

OVER OPTICAL FIBRE NETWORKS 

 
The following chapter provides a theoretical summary of the diverse technologies that 

can be integrated into optical fibre based time and frequency distribution systems. A 

sound understanding of the various optical communication components is required 

before developing a fibre based timing network. This chapter begins by discussing the 

application of vertical cavity surface emitting laser (VCSEL) and distributed feedback 

(DFB) laser sources in time and frequency optical networks. The chapter further 

examines the different frequency standards commercially available. A brief review of 

optical fibre impairments, such as signal attenuation, chromatic dispersion (CD) and 

polarization mode dispersion (PMD) is provided. Finally, a brief theoretical review of 

wavelength conversion and the associated conversion techniques is given.  

 

5.1 Optical transmitters 

In a typical optical fibre communication system, an optical transmitter converts the 

input electrical signal into an output optical signal for transmission along the fibre. 

The transmitters generally comprise of an optical source, a signal modulator and a 

transmission channel coupler. Optical sources may include light-emitting diodes 

(LED) or semiconductor lasers. By modulating the optical carrier wave, an optical 

signal is then generated. Semiconductor optical laser sources such as VCSEL or DFB 

lasers can be directly modulated by changing the injection current, however external 

modulating techniques are occasionally employed (Agrawal, 2012, p. 17). 

 

5.1.1 Vertical cavity surface emitting laser (VCSEL) 

Vertical cavity surface emitting lasers (VCSELs) are low cost semiconductor optical 

sources offering high bandwidth with single mode lasing operation within the O and 

C band. Unlike conventional laser sources, VCSELs emit light perpendicular to the 

planes of its active region (Gibbon et al., 2010, p. 41-45; Michalzik, 2012, p. 19-22). 

Figure 5.1 illustrates the typical layout structure of a VCSEL. The inner cavity 

contains the amplifying layers surrounded by two distributed Bragg reflector (DBR) 
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mirrors which provide optical feedback within the active gain region. Because the 

VCSEL emits light orthogonal to the active layer region, amplification occurs during 

a specific period of the cavity round-trip. The inner active region of the VCSEL can 

be minimized, resulting in single mode operation at the preferred lasing wavelength. 

The short cavity length eliminates the production of longitudinal modes associated 

with Fabry-Pérot cavities (Kipnoo, 2015, p. 20; Kim, 2010, p. 69-70).  

 

The success of the VCSEL emerges from a collection of distinctive properties. The 

VCSEL requires low threshold currents, therefore reducing the optical power 

consumption to the milliwatt region. These currents are used to drive VCSEL during 

the lasing operation. Furthermore, the VCSEL exhibits outstanding digital modulation 

performance at 40 Gbps data rates. VCSELs have exceptional beam quality since they 

emit a circular beam with a small divergence angle. Generally, VCSELs are 

considered to be low cost laser sources in comparison to DFB lasers due to its modest 

manufacturing costs (Michalzik, 2012, p. 20). Chromatic dispersion and frequency 

chirping are the major flaws experienced by the VCSEL during direct modulation 

operation. However, there are several methods available to restrict and minimize these 

effects. These techniques include injection locking and filter offsetting to narrow the 

spectrum (Gibbon et al., 2011, p. 41-45; Harder, Vahala & Yariv, 1983, p. 328–330; 

Koch & Linke, 1986, p. 613–616).  

 

 

	
Figure 5.1: Schematic layer structure of a VCSEL (Michalzik, 2012, 
p. 22). 
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5.1.2 Distributed feedback (DFB) laser 

Distributed feedback (DFB) lasers are directly modulated, high-power optical sources 

that form part of the semiconductor laser group. The lasing cavity has a corrugated 

architecture thereby permitting the emission and oscillation of distinct wavelengths 

only. As a result, the DFB laser generates a narrow linewidth, optical signal making it 

ideal for Dense Wavelength Division Multiplexing (DWDM) transmission systems 

(Massa, 2000, p. 324). DFB lasers have relatively high threshold currents, compared 

to VCSELs. Li et al. (2014, p. 4059-4064) experimentally examined the operational 

behaviour of DFB lasers and reported lasing thresholds of 16 mA at 25° C and 22 mA 

at 45° C (Li et al., 2014, p. 4063). DFB lasers are better suited for long-haul 

transmission due to its narrow linewidth property. The optical output wavelength of a 

DFB laser can be tuned by varying the internal cavity temperature.  

 

The optimal method in which to lase a directly modulated laser, such as the DFB or 

VCSEL, is to apply a bias current at the midpoint of the linear region along the 

transfer curve, as shown in experimental results in Figure 5.2. The ideal bias point is 

typically located midway between the lasing threshold and the rollover current levels.  

 

 

 

	
Figure 5.2: Typical transfer curves 
showing the optical output power of a 
DFB and VCSEL as a function of bias.  
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5.2 Atomic clocks 

Atoms and molecules have distinctive resonances features, absorbing and emitting 

photons at a stable and precise frequency. As atomic clocks become more precise and 

accurate, the timekeeping fraternity has desired ultra-stable timing systems to assist 

with synchronization (Behrendt & Fodero, 2006, p. 17-19).  

 

5.2.1 Cesium (Cs) 

Cesium (Cs) atomic clocks or standards are best preferred for long-term stability 

applications. Cs clocks utilize state selection magnets to deflect the Cs atoms of 

particular atomic levels by various amounts, as opposed to the optical pumping 

mechanism occurring within the rubidium source. As the Cs atoms pass through the 

strong diverging magnetic field, they get deflected. This deflection is dependent on 

the energy state of the Cs atoms and its magnetic moment induced by the force 

applied as a result of the magnetic field (Essen & Parry, 1955, p. 280-282; Lewis, 

1991, p. 927-935). Based on their magnetic moments, the atoms located in the F=3 

hyperfine levels of the Cs133 ground state are physically detached from those in the 

F=4 level. Any interactions with microwave signals at 9191631770 Hz stimulates the 

transition of Cs atoms from the F=3 hyperfine level to the F=4 level. Improved 

performance of the Cs standards resulted in the definition of the SI second, described 

in terms of the splitting of the Cs133 atom. It is given as the duration of 9,191,631,770 

periods of radiation associated with the transition between the hyperfine levels of the 

ground state of the Cs atom (BIPM, 2014, p. 113). The use of Cs atomic clocks is 

advantageous due to its extreme accuracy, long-term stability and reproducibility. 

Typical Allan variance performance specification of high-end commercial Cs atomic 

clocks is illustratively shown in Figure 5.3 (Tavella, 2008, p. S183-S192). 

 

5.2.2 Rubidium (Rb)  

The rubidium (Rb) atomic clock is characteristically known for being compact and is 

based on the resonance of the free Rb atom situated between energy levels. As is the 

case with hydrogen, the ground state of Rb87 is divided into two hyperfine levels. 

These hyperfine levels are further divided into Zeeman sublevels, each described by 

quantum number mF. The resonance occurs within the microwave region of the 

electromagnetic spectrum and the distance between the discrete quantum levels is a 

result of the electron nuclear hyperfine interaction (Camparo, 2007, p. 33-39; Major, 
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1998, p. 161). The internal operational mechanism of the Rb clock is similar to the Cs 

atomic source, with the difference lying in the state selection process. State selection 

and detection within the Rb clock is achieved by optical pumping. The Rb clock 

system is made up of a Rb87 discharge lamp, a Rb85 vapor filter cell and a resonance 

cell consisting of a Rb87 vapor, including a buffer gas (Camparo, 2007, p. 33-39). The 

accuracy provided by the Rb atomic clock is similar to the Cs standard, with an 

operational expectancy of approximately five times that of Cs.  

 

5.2.3 Hydrogen (H)-Maser 

The development of hydrogen (H)-masers in recent years has been steered towards 

building smaller and more compact devices, while maintaining its frequency stability. 

Typical H-masers are large and weighty devices. In addition to several other 

components, H-masers contain a microwave cavity for maser oscillation, a vacuum 

pumping system and a hydrogen source. Traditional H-maser atomic clocks operating 

in the active mode were oscillating at 1.42 GHz. However, passive design 

configurations have shown a reduction in the drift performance for periods greater 

than ten days (Howe & Walls, 1983, p. 218-223; Ito et al., 2003, 85-94). The most 

significant characteristic of the H-maser is its exceptionally high short-term stability, 

relative to the Cs and Rb standards. As a result of this unique quality, the H-maser is 

therefore better suited for very long baseline interferometers (VLBIs) applications. 

	
Figure 5.3: Allan variance plots of various high performance 
atomic clocks (Tavella, 2008, p. S183-S192).   
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Typical Allan variance curves for Cs, Rb, H-maser and Quartz high performance 

atomic clocks are illustratively shown in Figure 5.3 (Tavella, 2008, p. S183-S192).  

 

5.3 Optical fibre signal impairments 

The function of an optical fibre communication link is to disseminate the data from a 

transmitter to a receiver without distorting and corrupting it. Almost all lightwave 

telecommunication systems use optical fibre as a transmission medium because of 

their high data capacity, low optical attenuation properties and high resistance to 

electromagnetic interference. As the telecommunication systems evolved to higher bit 

rates and transmission distances increase, linear and nonlinear effects experienced by 

optical signals propagating along fibre become the limiting factors. Nonlinearities 

stemming from the high optical power includes self-phase modulation (SPM), cross-

phase modulation (XPM), four-wave mixing (FWM), stimulated Raman scattering 

(SRS) and stimulated Brillouin scattering (SBS). However, linear effects include fibre 

properties such as attenuation and chromatic dispersion (CD) (Agrawal, 2007, p. 13-

18; Agrawal, 2012, p. 50-57). Generally, optical fibres are categorized according to 

their refractive index distribution within the core. As a result of this refractive index 

distribution, optical fibres are divided into two groups, step index fibre and graded 

index fibre. Furthermore, these fibres can either be single mode fibres (SMF) or 

multimode fibres (MMF).  

 

5.3.1 Attenuation 

One of the limiting factors that degrade the quality of the optical signal during 

propagation is attenuation. The transmitted power of the signal along fibre is 

mathematically given as, 

	 	 	 	 	 	 	 	 												(5.1) 
where P and P0 are the optical output and input powers respectively, a is the 

attenuation coefficient and L is the length of the fibre. Traditionally, the attenuation 

coefficient is given by Equation 5.2,  

		 	 	 	 	 	 												(5.2) 

P0 = Pie
(−αL )

α(dB
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L
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and is expressed in units of dB/km (Agrawal, 2012, p. 55). Optical attenuation stems 

from fibre related intrinsic and extrinsic effects. Intrinsic losses include mechanisms, 

such as material absorption and Rayleigh scattering within the fibre core region. 

However, extrinsic loss mechanisms include bending-losses, core/cladding losses, 

splice and connector losses.  

 

5.3.2 Polarization mode dispersion (PMD) 

Collectively, birefringence and modal dispersion are the two effects responsible for 

polarization mode dispersion (PMD) within the optical fibre. Apart from chromatic 

dispersion, PMD is another source of pulse broadening within the optical fibre, 

arising from the difference in the group velocities of the two orthogonal polarization 

eigenmodes (Keiser, 2000, p. 113-115; Rashleigh, 1983, p. 312-331). Generally, 

polarization refers to the orientation of an electromagnetic wave during propagation 

within a medium. The transverse electric field has one of its orthogonal modes 

arbitrary polarized along the x-axis, whereas the remaining independent mode is 

polarized along the y-axis. 

 

	
Figure 5.4: Illustrative description of PMD effects in optical fibre and 
the birefringent axis at different fibre sections. 
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For an ideal fibre displaying perfect circular symmetry, its refractive index profile 

will be uniform throughout. Hence, the two polarization modes will remain 

unchanged and propagate with equal velocities (vx = vy) along the optical fibre. 

Similarly, the two polarization mode are considered to be degenerate, having equal 

propagation constants (kx = ky) (Keiser, 2000, p. 113-115; Rashleigh, 1983, p. 312-

331).  

 

In reality, optical fibre contains inherent imperfections that perturb the perfect 

rotational symmetry. Noncircular core, non-uniformity of refractive index profiles, 

fibre bending and irregular lateral stresses collectively contributes to the 

imperfections within the fibre. The difference in the effective refractive index profile 

along the length of the fibre is referred to as birefringence, mathematically expressed 

as Bf = ny-nx (Keiser, 2000, p. 113-115; Rashleigh, 1983, p. 312-331). Consequently, 

the orthogonal polarization eigenmodes propagate at different velocities with respect 

to each other, resulting in a differential time delay, Dt, between the modes. An 

illustration is shown in Figure 5.4. The differential time delay is also referred to as the 

differential group delay (DGD). Since the birefringence varies along the optical fibre, 

it is possible to represent the length of fibre as a concatenated series of birefringent 

segments separated by mode coupling sites. An illustration of this phenomenon can be 

seen in Figure 5.4. Mode coupling refers to the exchange or coupling of energy 

between modes of neighbouring birefringent sections. Mode coupling sections arise 

due to variations of the fibre diameter, structural imperfection, fibre bending and 

changes in the refractive index profile along the fibre length. In single mode fibre, 

coupling lengths may be anywhere between 5 m to 15 m (Hutter, B. Gisin & N. Gisin, 

1999, pp. 1843-1848). There are numerous excellent review articles on PMD in the 

literary world (Gordon & Kogelnik, 2000, p. 4541-4550; Heismann, 1998, p. 51-79; 

Poole & Nagel, 1997, p. 114-161).  

 

5.3.3 Chromatic dispersion (CD) 

A modulated optical signal propagating along a fibre consists of an infinite number of 

spectral components with an associated frequency, w. The individual spectral 

components propagate independently to each other with distinct group velocities, vg, 
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therefore resulting in the propagation group delays, tg. The group velocity is 

mathematically expressed as:  

                  (5.3) 

where b refers to the propagation constant and ng to the group refractive index 

(Agrawal, 2002, p. 38; Kazovsky et al, 2011, p. 47; Keiser, 2000, p. 107). Equation 

5.3 mathematically illustrates the frequency and refractive index dependence on the 

group velocity. Consequently, the individual spectral components propagate at 

different group velocities, thereby causing the optical pulse to spread and broaden 

over time, as seen in Figure 5.5. This mechanism of pulse dispersion is referred to as 

chromatic dispersion. 

 

The overall broadening experienced by the propagating pulse due to the chromatic 

dispersion along the optical fibre is defined as (Agrawal, 2002, p. 38; Keiser, 2000, p. 

107),  

	 	 	 	 	 	 	 	 												(5.4) 

 where l is the fibre length and d2b/dw2 is a second order derivative of the propagation 

constant. Since 

 	 	 	 	 	 	 	 												(5.5) 

the chromatic dispersion coefficient or dispersion parameter is mathematically 

expressed as, 
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Figure 5.5: Chromatic dispersion effects in an optical 
fibre. 
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	 	 	 	 	 	 					(5.6) 

and is given in units of ps/(nm.km) (Agrawal, 2002, p. 38; Kazovsky et al., 2011, p. 

49; Keiser, 2000, p. 107).	Chromatic dispersion can be written as D = DM + DW, 

where DM and DW refer to material and waveguide dispersion, respectively (Agrawal, 

2002, p. 41; Bogatyrev et al., 1991, p. 561). Material dispersion arises because the 

refractive index of silica changes with optical wavelength or frequency. Waveguide 

dispersion occurs due to the wavelength dependence of the core diameter as well as 

the refractive index difference (Agrawal, 2002, p. 38-42).  

 

For optimal transmission performance, together with effective phase noise 

compensation, the correct selection of optical and electrical components and 

implementation techniques is crucial towards the development of an active time and 

frequency dissemination system. Low power and cost effective wavelength tunable 

optical sources such as DFB and VCSELs, both operating at 1310 nm and 1550 nm, 

have been described. DFB lasers are better suited for long distance transmission 

compared to VCSELs due to its optical power and chirping properties. However, 

VCSELs are more favourable for DWDM systems due to its wavelength tunability 

property and cost trade-off. Furthermore, signal impairments associated with an 

optical fibre such as attenuation, PMD and CD have been explained.  

 

5.4 Theoretical overview of optical wavelength conversion  

Research into wavelength conversion technology intensified due to the growing need 

to control several optical channels in complex and intelligent optical network systems. 

It was realized that wavelength switching within a composite network creates conflict 

when transmitters situated at different nodes transmit signals of identical wavelength 

to the same destination. The only way to overcome this drawback was to shift optical 

channels to different wavelengths, hence creating the need for wavelength conversion 

technology. The function of a wavelength converter is to convert data on an incident 

optical carrier signal li onto a new output wavelength lc, as seen in Figure 5.6. All- 

optical wavelength converters are set to become crucial components in broadband 

networks and can be used to prevent wavelength blocking of forward signals, 

simplicity wavelength control and regenerate data (Kaur, Singh & Utreja, 2013, p. 

D = 1
l
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338-344; Lavrova, Rau & Blumenthal, 2002, p. 712-717). Equally as important, 

wavelength conversion technology facilitates the idea of decentralized network 

management of the various wavelength routes within the network (Durhuus, 

Mikkelsen, Joergensen, Danielsen & Stubkjaer, 1996, p. 942-954; Sato, 1994, p. 919-

926; Sato, Okamoto & Hadama, 1994, p. 159-170). Wavelength conversion itself can 

be performed in either the electrical or the optical domain. Several techniques have 

been developed and proposed to achieve wavelength conversion. Apart from the 

conventional opto-electronic converter, the most widely studied configurations are the 

all-optical wavelength conversion techniques utilizing semiconducting devices such 

as semiconductor optical amplifiers (SOAs) together with four wave mixing (FWM), 

cross-phase (XPM) or cross-gain modulation (XGM) (Danielsen et al., 1997, p. 94-

95). Another all-optical technique using a laser-to-laser configuration for achieving 

wavelength switching is the laser converter method (Stubkjaer K.E. et al., 1997, 

p.103-117). 

 

5.4.1: Opto-electronic converters 

A clear-cut and simple technique to achieve wavelength conversion is by using an 

opto-electro-optic converter. Such a system consists of a transmitting optical source, a 

detector followed by another laser that retransmits the incoming signal on the new 

wavelength (Kaur, Singh & Utreja, 2013, p. 338-344). In this method, the incident 

optical beam, li, is first detected and translated to the electrical domain using a 

photodetector (PD). Thereafter the electrical signal is used to drive the input of a 

tunable laser tuned to the desired new lasing wavelength, lc, as seen in Figure 5.7.  

 

	
Figure 5.6: Wavelength converter functionality (Ramamurthy & Mukherjee, 1998, 
p. 1061- 1073). 
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5.4.2: Four-wave mixing (FWM) wavelength converter 

Another method for achieving wavelength conversion is exploiting four-wave mixing 

(FWM) in an optical fibre (Raghunathan, Claps, Dimitropoulos & Jalali, 2004, p. 34-

36). FWM wavelength conversion occurs when a pump wave, lp, is injected into a 

SOA together with a signal wave, ls, as illustrated in Figure 5.8.  

 

A new converted wavelength, 1/lc = 2/lp - 1/ls, is generated through the third-order 

nonlinear susceptibility c(3) (Gao et al, 2010, p. 195-200; Mohammed & Radman, 

2017, p. 1-5).  

 

5.4.3: Cross gain modulation (XGM) SOA wavelength converter 

An additional approach for the realization of wavelength conversion is by cross gain 

modulation (XGM) in a SOA. The principle is illustrated in Figure 5.9, an amplitude 

modulated incident wave, ls, modulates the gain in the SOA due to gain saturation. A 

continuous wave (CW), lc, tuned to the desired output optical wavelength is then 

modulated by the gain variation within the SOA, thereby carrying the exact 

	
Figure 5.8: Four wave mixing wavelength converter (Ramamurthy & 
Mukherjee, 1998, p. 1061- 1073). 

	

	
Figure 5.7: Schematic of an opto-electronic wavelength converter (Kaur, Singh & 
Utreja, 2013, p. 338-344). 
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information as the intensity modulated input signal. The injected input and the CW 

signals can either be co-directional or counter-directional. The resultant output of the 

XGM SOA technique yields an inverted and converted signal, lc, with reference to 

the input signal (Durhuus et al., 1996, p. 942-954).  

 

5.4.4: Cross phase modulation (XPM) SOA wavelength converter 

In a cross phase modulation (XPM) wavelength converter the refractive index of the 

SOA is dependent on the carrier density in its active region (Ramamurthy & 

Mukherjee, 1998, p. 1061- 1073). An incident signal depletes the carrier density and 

modulates the refractive index of the SOA, resulting in phase modulation of a CW 

signal, lc, coupled into the converter (Durhuus et al., 1996, p. 942-954; Lacey, 

Pendock & Tucker, 1996, p.125-126.). The SOA can be incorporated into an 

interferometeric configuration such that a converted amplitude modulated signal, lc, 

is produced at the output, as shown in Figure 5.10.  

 

	
Figure 5.9: SOA cross gain modulation wavelength converter (Ramamurthy 
& Mukherjee, 1998, p. 1061- 1073). 

	

	
Figure 5.10: Wavelength converter based on cross phase modulation 
(Ramamurthy & Mukherjee, 1998, p. 1061- 1073). 
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5.4.5: Laser converters 

In this all-optical wavelength conversion approach, an intensity modulated incident 

beam, lp, emitted from the master or probe laser is injected into the cavity of the 

tunable or slave laser. Moreover, the modulated input signal from the master laser is 

injected directly into the side mode of the slave laser, as illustrated in Figure 5.11. 

During this process, the side mode is optically stimulated, thereby vibrating within the 

gain medium (Boiyo et al., 2016a, p. 17-20). Consequently, the dominant primary 

mode of the tunable or slave laser is suppressed whilst the injected side mode is 

amplified or switched on. As a result, the data carried by the injected probe 

wavelength is then inverted and converted to the new lasing wavelength, lc (Boiyo et 

al., 2016a, p. 17-20; Boiyo et al., 2016b, p. 30-35; Chang, Chrostowski, Chang-

Hasnain & Chow, 2002, p. 1635-1637; Lavrova et al., 2002, p. 712-717). 

 

The next chapter presents the first experimental results of a highly accurate PPS-

timing system used for optical fibre latency measurements. 

 

 

	
Figure 5.11: Schematic of a wavelength conversion setup using gain suppression 
(Lavrova et al., 2002, p. 712-717; (Wassin, Isoe, Gamatham, Leitch & Gibbon, 
2017, p. 101290G-1-101290G-12). 
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CHAPTER 6 
 

EXPERIMENTAL DEMONSTRATION OF A PPS-TIMING 

SYSTEM USED FOR OPTICAL FIBRE LATENCY 

MEASUREMENTS WITHIN NEXT GENERATION TELESCOPE 

ARRAY DATA TRANSPORT NETWORK  

 
Latency or time delay induced by the optical fibre due to its refractive index 

properties and external environmental conditions cannot be eradicated (Dong, Wang, 

Gao, Guo & Wang, 2016, p. 1368-1375). Synchronization and timing in telescope 

fibre networks is an essential requirement as it ensures phase coherence within the 

antenna array (Epstein, Olsson & Rotman, 2016, p. 482-486; Wang et al., 2012, p. 1-

5). Optical fibre based time delay measurements are crucial for such applications. 

Conventional latency measurements were achieved using optical time domain 

reflectometers (OTDR) or time interval counters (TIC). However, they have 

unfavourable properties such as existing dead zones and low accuracy. This chapter 

presents a novel technique for measuring the propagation time delay along the optical 

fibre using precise and accurate pulse per second (PPS) signals. The approach was 

based on all-optical wavelength conversion using a C-band vertical-cavity surface-

emitting laser (VCSEL). Further in this chapter an all-optical VCSEL wavelength 

conversion in the 1550 nm transmission region is experimentally demonstrated. 

Thereafter, the chapter will focus on the presentation of the experimental design and 

operation of the PPS-timing latency measurement system, followed by the related 

propagation delay results. 

 

6.1 Experimental design and implementation of the highly accurate PPS-timing 

system for optical fibre latency measurements 

This section presents and describes the all-optical approach used for accurately 

measuring the latency times of the propagating signal along the fibre under test 

(FUT). All-optical wavelength conversion was achieved and demonstrated using the 

technique described in Chapter 5.4.5. The experimental schematic of the PPS-timing, 

latency measurement system, shown in Figure 6.1, uses two low attenuation C-band 

optical transmitting sources. 
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The key element of the VCSEL’s laser cavity, used for all-optical conversion is its 

wavelength tunability property. The rationale behind the optical latency measurement 

system is to detect the round-trip propagation time delay between an accurate and 

stable reference PPS signal and that of the resultant transmitted signal along a fibre. 

The experimentally measured, two-way time delay was halved in order to determine 

the transmission times for one-way propagation. In the experimental setup shown in 

Figure 6.1, a tunable distributed feedback (DFB) optical source embedded within a 

Thorlabs PRO8 DWDM chassis located at the transmission end represents the master 

laser, while a 1550 nm, 10 Gbps VCSEL situated at the receiver end signifies the 

slave laser. Since this approach discussed in this text is based on all-optical 

wavelength conversion, described in Chapter 5.4.5, it is critical to appropriately 

choose a master laser such that its primary mode aligns with the secondary mode of 

the slave laser.  Collectively, the DFB lasers contained within the Thorlabs PRO8 

DWDM chassis is tunable from 1550.12 nm to 1554.13 nm.  

 

In the latency experiment, a 1551.70 nm unmodulated optical signal with an output 

power of 5.27 dBm emitted from the ThorLabs DFB tunable laser source was 

polarization controlled and coupled into a Mach Zehnder Modulator (MZM). The 

MZM was intentionally biased at 2 Vpp. Since the MZM is polarization sensitive, a 

three-paddle (quarter-wave plate, half-wave plate, quarter-wave plate) manual fibre 

 
Figure 6.1: Experimental demonstration of the highly accurate PPS-timing latency measurement system. 
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polarization controller (PC) was used to adjust the polarization states of the injected 

optical signal. The MZM was driven by an electrical PPS signal generated by a highly 

stable rubidium (Rb) clock with a specified jitter of less that 1 ns. The injected 5 Vpp 

PPS signal was attenuated using a series of electrical attenuators, collectively 

producing 9 dBm attenuation. Subsequently, the resultant 2 Vpp PPS signal guarantees 

a point on the MZM transfer curve such that the modulated output optical signal is 

maximized, thereby ensuring an optimized link performance. An erbium doped fibre 

amplifier (EDFA) was used to amplify the power of the incoming optical PPS beam 

from the master DFB tunable laser source so as to achieve sufficient power for gain 

saturation within the lasing cavity of the slave VCSEL. An optical isolator with a 

2.1 dB insertion loss was used to suppress and prevent any back reflections to the 

EDFA. Furthermore, a 0.3 nm full width half maximum (FWHM) tunable optical 

filter was placed before a passive circulator as to subdue any noise generated from the 

EDFA and also any undesired wavelengths introduced by the DFB laser source. The 

optical PPS signal was subsequently transmitted along the fibre link and injected into 

the side mode of the VCSEL lasing cavity, as illustrated in Figure 6.1. The 1550 nm 

VCSEL slave laser was purposely biased at 7.85 mA, ensuring a primary lasing 

wavelength of 1553.30 nm with an optical output power of – 3.64 dBm and a side 

mode at 1551.70 nm, as seen in Figure 6.3 (b).  

 

The slave VCSEL was biased above its mid-point biasing levels using a laser diode 

controller (LDC), while the temperature was maintained at 25q C with a thermo 

electric cooler (TEC). During the side mode injection process two events occur, the 

first being the all-optical modulation of a VCSEL and the second being wavelength 

conversion. Wavelength conversion and inversion within the VCSEL is realized as a 

direct result of the high-powered PPS optical signal being injected into its secondary 

mode. The incoming transmitted beam is up-converted from 1551.70 nm to 

1553.30 nm. Furthermore, the dominant lasing mode within the VCSEL cavity was 

suppressed while the side mode was stimulated and amplified resulting in inversion. 

The converted and inverted optical signal was subsequently returned to the 

transmitting site via a second circulator. Thereafter the new lasing mode of the slave 

VCSEL was filtered using a 100 GHz channel WDM demultiplexer. The converted 

and inverted PPS optical signal emanating from within the lasing cavity of the slave 
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VCSEL was detected using a PIN photodiode with an optical sensitivity of – 19 dBm. 

The resultant signal was subsequently compared to a reference electrical PPS signal 

as seen in Figure 6.1. The optical fibre latency measurement was realized using a dual 

channel 2 GSa/s Agilent sampling oscilloscope, as shown in the experimental 

procedure.  

 

6.2 Optical fibre latency measurements 

The results presented in this section was presented and published at the 2017 Photonic 

West conference (Wassin, Isoe, Gamatham, Leitch & Gibbon, 2017, p. 101290G-1-

101290G-12). The experimental demonstration of the PPS latency measurement 

system is shown in Figure 6.1. The VCSEL utilized in this PPS-timing experiment 

was operated with a temperature stabilizer or a TEC. A VCSEL is a single-mode 

semiconductor laser diode with a typical side-mode suppression ratio (SMSR) of 

35 dB (Raycan, 2015). In order to validate the operational performance of the 

VCSEL, the unmodulated static and dynamic characteristics are presented.  

 

The wavelength tunability and biasing characteristics of 10 Gbps, 1550 nm slave 

VCSEL is experimentally demonstrated and presented in Figure 6.2. The graph shows 

the emission wavelength spectrum tuned from 1550.50 nm to 1554.0 nm, while 

increasing the bias current from 5 mA to 8 mA. This result clearly shows a shift in the 

entire spectrum towards a higher wavelength region as the bias current is increased. It 

Figure 6.2: Experimental characterization of the unmodulated 1550 nm VCSEL. (a) wavelength 
response with changing bias and (b) optical output power as a function of bias current. 

(a) (b) 
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is further evident from Figure 6.2 (a) that a wavelength tunability of 3.5 nm was 

achieved, equating to a 437.5 GHz bandwidth within the DWDM ITU grid. This 

result suggests that a VCSEL based DWDM network can be built with approximately 

eight data transmission channels with a 50 GHz grid spacing. This characteristic 

makes the VCSEL an attractive technology for data aggregation within telescope 

optical fibre networks. Figure 6.2 (b) illustratively shows the VCSEL output power 

measured with varying bias current. Here, the bias current was increased from 0.4 mA 

to 9.9 mA. As shown in Figure 6.2 (b), the threshold bias point is seen to be 

approximately 1.5 mA with a roll-over current of 8.5 mA, however a maximum bias 

current rating of 4 mA is specified in the datasheet (Raycan, 2015). For the results 

presented in this section, the VCSEL was biased at 7.85 mA, providing an optical 

output power of – 4.50 dBm. It is best practice to bias the VCSEL above the threshold 

current, preferably at the midpoint of the linear region, along the transfer function 

curve so as to enable optimum transmission performance.  

 

Figure 6.3 shows the discrete wavelength spectra for the ThorLab DFB and VCSEL 

laser sources, as measured with an optical spectrum analyzer (OSA). Figure 6.3 (a) 

illustrates the primary lasing mode of the ThorLab DFB laser source at 1551.70 nm 

with an optical output power of 5.27 dBm. Furthermore, the dominant and side modes 

of the slave VCSEL are shown in Figure 6.3 (b).  An inter-modal spacing of 1.6 nm or 

200 GHz between the dominant and side mode was achieved by biasing the VCSEL 

 
Figure 6.3: Experimentally measured lasing modes of the ThorLabs DFB laser source and VCSEL, 
respectively. (a) dominant lasing mode of the master ThorLabs DFB laser and (b) dominant and side 
modes of the slave VCSEL. 

(a) (b) 
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at 7.85 mA. The dominant mode is seen to be at 1553.30 nm and side mode at 

1551.70 nm. Figure 6.4 illustratively shows the relative propagation delay between 

the normalized transmitted, wavelength converted and inverted PPS pulse (black 

line), and the reference electrical PPS pulse (red line). The optical fibre latency results 

were captured on a 2 GSa/s Agilent sampling oscilloscope. Wavelength conversion, 

together with data inversion within the 1550 nm transmission window, was achieved 

 after injecting an incoming 12 dBm optical PPS signal from the ThorLabs DFB 

master laser tuned at 1551.70 nm into the wavelength-matched side mode of the slave 

laser VCSEL at 1551.70 nm. As a result of the high power optical injection, the 

dominant mode of the VCSEL at 1553.30 nm is suppressed whilst the secondary 

mode at 1551.70 nm is stimulated and amplified. Subsequently, bit inversion occurs 

from the 1-level to the 0-level and from the 0-level to the 1-level.  

 
Figure 6.4: Experimental demonstration of optical fibre latency measurements of a transmitted 
wavelength converted signal along a 3.4 km, (b) 6.4 km, (c) 9.8 km, (d) 12.8 km and (e) 22 km round 
trip PPS-timing system. 
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During this process the transmission wavelength is redshifted from 1551.70 nm to 

1553.30 nm. A similar result was reported by Boiyo (2017, p. 66-68) in which 

wavelength conversion was achieved by directly injecting an incoming optical beam 

into the side mode of a slave VCSEL. Boiyo (2017, p. 66-68) observed a 59.4 dB 

modal gain after injecting a 10 dB incident beam into the side mode of the slave 

VCSEL, while suppressing the dominant mode from -28.5 dBm to -40.1 dBm 

yielding a 11.6 dB extinction ratio. Boiyo (2017, p. 66-68) further reported on an 

experimentally measured 16 dB extinction ratio following a 15 dBm optical injection 

into the side mode of the slave VCSEL. After successful wavelength conversion, the 

transmitted PPS clock signal was translated onto the new carrier wavelength. In 

Figure 6.4, the inverted PPS signal (black line) lasing at the new 1553.30 nm 

wavelength is attributed to the high injection power of 12 dBm into the VCSEL side 

mode. The optical fibre latency measurements are summarized in Table 6.1.  The 

transmission delays incurred along the one-way optical dissemination link were 

obtained by halving the experimentally measured round-trip propagation times. The 

time delays experimentally measured along the respective fibres are attributed to the 

material dispersion properties of the optical fibre. From the results given in Figure 6.4 

and in Table 6.1 shows that we were able to successfully modulate the slave VCSEL 

at the remote end without the use of any electrical modulation techniques and 

Table 6.1: Summarized latency results. 
Experimental Round 

Trip Time Delay 
(Ps) 

G.652 Round Trip 
Transmission 
Distance (km) 

One Way Time 
Delay (Ps) 

G.652 One Way 
Transmission 
Distance (km) 

17.8 3.4 8.9 1.7 

32.0 6.4 16 3.2 

49.4 9.8 24.7 4.9 

64.0 12.8 32 6.4 

113.2 22 56.6 11 
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simultaneously accurately measure the fibre latency times. Whitten (1980, p. 2355–

2357) reported that the transit time of a light signal along an optical fibre depends on 

the transmission wavelength and the length of the fibre. Furthermore, the refractive 

index properties of the optical fibre contribute to propagation delay experienced by 

the PPS signal due to the dispersion characteristics. Figure 6.5 shows the linear 

relationship between the optical fibre latency and fibre length. The equation given in 

Figure 6.5 mathematically describes the linear relationship between the optical 

transmission time and the fibre length. By inverting the gradient given in the equation, 

the velocity of the transmitted PPS signal along the optical fibre was determined. The 

velocity of the optical PPS signal was found to be 1.944 x 108 m/s, in comparison to 

the theoretically calculated value of 2.0 x 108 m/s. Furthermore, a 2.8% measurement 

error was found between the theoretical and experimental values. This implies that the 

PPS-timing system described in Figure 6.1 demonstrates a high degree of accuracy in 

measuring the transmission times of the PPS signal along the optical fibre. It is to be 

remarked that the due to its accuracy and simple measurement procedure, the 

proposed latency system described in Figure 6.1 may find wide application in next 

generation astronomical telescope arrays such as the SKA.  

 

 

 

 

 
Figure 6.5: Linear relationship between time delay and 
fibre length for round-trip and one-way transmission. 
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6.3: Summary of results 

This chapter provides a novel experimental demonstration for measuring the fibre 

latency based on all-optical wavelength conversion and data inversion within a 

1550 nm transmission window using two optical sources and a stable Rb clock. After 

presenting the experimental demonstration of the all-optical PPS-timing latency 

systems in Section 6.1, the associated results were provided in Section 6.2. The inter-

modal spacing of the VCSEL used in this experiment was experimentally found to be 

1.6 nm. As a result of a high power 12 dBm incoming beam injected into the side 

mode of the slave VCSEL data inversion occurred at the new lasing 1553.30 nm 

wavelength. As a result of the wavelength conversion technique described in Section 

6.2, it was realized that the new 1553.30 nm transmission wavelength could be reused 

in a DWDM telecommunication network. Furthermore, it was found that the optical 

latency increased with increasing fibre length. The results presented in Section 6.2 

suggest that the PPS latency system is extremely accurate and has particular 

application in timing measurements. The 200 GHz channel spacing between the 

dominant and side modes generated within the VCSEL lasing cavity fits into the ITU-

T flex-grid system, therefore making the PPS-timing experiment discussed in Section 

6.2 applicable for flexible spectrum technology (ITU, 2012, p. 1-7). The benefits of 

the fibre PPS latency measurement system described in this work are as follows, 

system complexity and costs are reduced due to the fact that there are no additional 

electro-optic modulators included into the setup. We experimentally demonstrated the 

all-optical modulation of the slave VCSEL situated at the remote site. The technique 

described has a picosecond resolution with a dynamic range of approximately 50 km, 

with high accuracy and no dead zones. The accuracy displayed by the latency system 

presented in this chapter is attributed to the stable PPS signal generated by the Rb 

clock. 
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CHAPTER 7 
 

PHASE STABILIZATION COMPENSATOR: DESIGN ANALYSIS 

AND ACTUATOR CONTROL 
 

This chapter outlines the design and operational aspects of a fast switching phase 

correction system specifically developed for the dissemination of ultra stable and 

highly accurate clock signals across optical fibre. A simulative study was done in 

order to show the fibre path length dependence on temperature. This chapter further 

investigates the possibility of using a VCSEL as an actuator for fibre induced phase 

noise mitigation. Furthermore, the tunability property of the VCSEL was also 

investigated.  

 

7.1 Variation of fibre length due to temperature fluctuations 

The transmission of high-precision optical frequency signals along fibre networks is 

becoming extremely common. However, temperature fluctuations and vibrations 

amount to undesirable optical path length variations. As a result, the phase of 

disseminated optical signal becomes corrupted. As discussed in Chapter 2, phase 

coherence is an essential requirement for timing and synchronization for telescope 

arrays such as the SKA (Muller, Peters & Braxmaier, 2006, p. 401-408; Schilizzi, 

2013, p. 10). 

 

The phase variation experienced by the propagating optical signal along the fibre due 

to temperature fluctuations is mathematically expressed as, 

	 	 	 	 	 	 	 	 												(7.1) 

where l is the transmission wavelength. The change in optical fibre path length, DL, 

seen in Equation 7.1 is given as, 

                   (7.2) 

where L is the fibre length, k is the thermal coefficient of delay and DT is the change 

in temperature (Calhoun, Sydnor & Diener, 2002, p. 1-11). 

 

Δδ =
ΔL×360!

λ

ΔL = L ⋅ k ⋅ ΔT
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 A crucial component within a phase noise compensation system intended for time 

and frequency dissemination is the actuator. An actuator is a device that is used to 

correct for any fibre induced phase perturbation along the transmission link. Fibre 

stretcher type actuators modify small sections of the optical path length whereas 

acousto-optic modulators or phase shifters are inserted within the dissemination link 

to alter the phase of the transmitted signal. 

 

When designing a stable frequency dissemination system or selecting an actuator for a 

specific application, such as phase correction, various factors and parameters should 

be considered. These design parameters may include cost, scalability, geometrical 

factors, actuator range, stability requirements, drive current, modulation frequency 

and size. With the assistance of optimization algorithms, computer based modeling 

techniques can be used with the design or selection process (Gomis-Bellmunt & 

Campanile, 2010, p. 29-78). Before selecting the phase correction actuator intended 

for the time and frequency dissemination system described in this work, a series of 

algorithms were used to model certain events occurring along the optical fibre. 

 

Equation 7.2 was used to model the change in optical fibre path length as a function 

of temperature variation. The intermediate results of this simulation are shown in 

Figures 7.1 (a) and (b). The results illustrated in Figures 7.1 (a) and (b) represent the 

optical fibre path length expansion for transmission distances of 0 km to 10 km and 

	 	
Figure 7.1: Simulated illustration of the rate of change of an optical fibre path length with respect to changing 
temperature.  
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10 km to 100 km, respectively. The thermal coefficient of delay, k, for optical fibre 

used in this simulation is 7 ppm\°C (Calhoun, Sydnor & Diener, 2002, p. 1-11). The 

intermediate results illustrated in Figure 7.1 suggest that a 2 km deployed fibre 

experiences a 28 mm optical fibre path length adjustment, whereas a 20 km fibre link 

experiences a 280 mm change in optical fibre path length, assuming a 2° C 

temperature change. The physical environmental conditions should be taken into 

consideration when designing the SKA synchronization and timing system since 

active phase compensation may be needed for a fibre length as short as 1 km buried 

approximately 1 m below the surface. At this relatively short path length, a 5 °C 

temperature fluctuation can yield a 35 mm change in the optical transmissions length, 

as shown in Figure 7.1.  

Collectively, Figures 7.2, 7.3 and 7.4 presents the effect of temperature fluctuation 

and transmission path length change on propagation delay along the optical fibre.  

                  (7.3) 

Equation 7.3 was used to model the time delay as a function of length variation along 

the transmission path, as seen in Figures 7.3 and 7.4. In Equation 7.3, c is the speed of 

light and the refractive index, n is 1.5 for single mode fibre.

τ =
ΔL× n
c

	
Figure 7.2: Simulated relationship between temperature change and signal propagation delay along single 
mode fibre. 
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From the simulated results illustrated in Figure 7.3, a 70 mm optical path length 

change induced by a 5 °C temperature fluctuation along a 2 km fibre corresponds to a 

350 ps time delay experienced by the propagating signal. The illustrative results 

presented in Figures 7.2, 7.3 and 7.4 are useful as it provides a baseline when 

selecting an actuator with the appropriate phase correction range. For example, 

approximately ten fibre stretcher type actuators, each with a typical stretch range of 

0.14 mm to 6.40 mm (Optiphase), will be required to correct for a 350 ps propagation 

time delay induced by a 70 mm optical path length change.  

 

The simulative results presented in this section were closely considered and referred 

to during the development of the VCSEL-based synchronization and timing system 

described in this study. 

 

7.2 Experimental and simulated demonstration of a 1550 nm VCSEL-actuator 

tunability range 

This section investigates the VCSEL-actuator range based on the intermediate results 

displayed in Section 7.1. The emission wavelength tunability and biasing 

characteristic of the 1550 nm VCSEL is illustrated in Figure 7.5. The experimental 

result in Figure 7.5 (a) represents the wavelength tunability characteristic of the 

VCSEL. The emission wavelength was adjusted from 1548.67 nm to 1554.06 nm by 

increasing the bias current from 2 mA to 9 mA. This result shows that by varying 

biasing current of the VCSEL from 2 mA to 9 mA the entire spectrum is shifted 

towards higher wavelength region. It further suggests that a wavelength tunability of 

5.4 nm was achieved, corresponding to a 437.5 GHz bandwidth. This result is 

extremely encouraging as it suggests that the proposed VCSEL actuator has the 

ability to apply a phase correction across a 5.4 nm wavelength bandwidth. However, 

CD plays an equally important role as well. The output power of the VCSEL emission 

wavelength was measured as a function varying bias current. The bias current was 

increased from 0 mA to 9 mA with a threshold current of approximately 1 mA, as 

seen in the insert in Figure 7.5 (b). 
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A maximum threshold current rating of 4 mA is specified for the VCSEL. Figure 7.5 

(b) shows the bias characteristic curve from 4 mA to 8 mA. Collectively, the results  

illustrated in Figure 7.5 were used in modelling the VCSEL phase correction factor. 

The idea behind the phase correction technique using a VCSEL as an actuator is 

based on fundamental physics concepts related to optical fibre transmission theory as 

well as the property of the VCSEL laser source. The approach adopted in the time and 

frequency system presented in this work makes use of the inherent chromatic 

dispersion properties of the fibre together with the wavelength tunability property of 

the VCSEL seen in Figure7.5 (a).  

	
Figure 7.5: Experimental demonstration showing the (a) wavelength tunability property and (b) biasing 
characteristic of the VCSEL. The insert in (b) shows the transfer curve with varying bias from 0 mA to 
9.8 mA. 
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Figure 7.6: Experimental demonstration 
of the change in emission wavelength as 
a function of varying VCSEL bias 
current. 
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Figure 7.6 experimentally shows the relationship between the change in VCSEL bias 

current and emission wavelength. Consider the bias characterization curve given in 

Figure 7.5 (b). The ideal operational bias point of the VCSEL is between the 

threshold and rollover currents, along the linear region as shown in Figure 7.5 (b). For 

demonstrational purposes, a 6 mA bias point was selected. When operating a VCSEL 

at this bias value, a + 0.1 mA change in the bias current corresponds to a 0.1 nm 

wavelength shift, whereas a + 2 mA bias change results in a 1.4 nm wavelength shift, 

as seen in Figure 7.6. Conversely, a – 0.1 mA change in the bias current corresponds 

to a 0.05 nm wavelength shift whereas a – 2 mA bias change results in a 1.5 nm 

wavelength shift. Here the shift, is towards the shorter wavelength region. The plus 

sign signifies a bias change in the positive x direction while the minus sign denotes a 

shift in bias towards the negative x direction. Figure 7.6 further suggests that the 

VCSEL has an approximate 4 nm tunability range around the 6 mA bias point. Figure 

7.7 illustratively shows how the wavelength of a 1550 nm VCSEL is red-shifted 

during modulation, as the bias current is increased. 

The shifting of the clock signal along the optical fibre as seen in Figure 7.7 is a result 

of the inherent chromatic dispersion properties of the fibre. Collectively, Figures 7.6 

and 7.7 clearly illustrate the VCSEL’s ability to apply a forward or backward phase 

error correction with respect to varying bias current. Equation 7.4 (Tratnik, Lemut, 

	
Figure 7.7: Experimental illustration of the VCSEL 
wavelength shift as a function of bias current. 
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Dragonja, Batagelj & Vidmar, 2013, p. 162-165) together with Figures 7.5 and 7.6 

was used to model the VCSEL dispersion correction factor along a single mode fibre. 

                   (7.4) 

D = 17 ps/nm×km for standard single mode fibre. The simulated results illustratively 

shown in Figure 7.7, represent the VCSEL dispersion correction factor as a function 

of optical fibre path length. The findings in Figure 7.8 suggest, that for a 100 km 

optical fibre transmission link, the VCSEL is able to apply a 2380 ps or 2.38 ns phase 

correction. This corresponds to a 1.40 nm wavelength shift towards the longer 

wavelength region, as seen in Figure 7.8 (a). Furthermore Figure 7.8 (b) infers that the 

VCSEL actuator can apply a – 2550 ps or – 2.55 ns (backwards) phase error 

correction along a 100 km fibre link, corresponding to a 1.50 nm shift towards the 

shorter wavelengths region. The experimental and simulated results shown in Figures 

7.6 and 7.8 suggest that the VCSEL described in Figure 7.5 has a total actuator range 

of approximately 5000 ps or 5 ns. This result further implies that the VCSEL is 

capable or better suited to applying compensation for any changes along optical fibre 

lengths ranging from 1 km to 10 km, as seen in both Figures 7.3 and 7.8. 

 

7.3 Optical clock tone stability optimization 

A key requirement for the SKA is that the entire synthesis array remains phase 

coherent during an astronomical measurement. Therefore, the maximum tolerable rms 

phase drift of a clock signal is 11°, which corresponds to a 2 % degradation in the 

Δτ = L ⋅D ⋅ Δλ

	
Figure 7.8: Simulated VCSEL dispersion correction factor as a function of fibre length. (a) represents 
the VCSEL phase correction for forward bias shift and (b) illustrates  VCSEL phase correction for 
backward bias shift. 
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telescope sensitivity (Schilizzi, 2013, p. 25). The requirement established for the 

phase stability of the disseminated frequency reference or local clock signal is closely 

associated to the telescopic observation frequency (Dewdney, 2011, p. 63).  

 

The 11° phase error condition referred to in the above paragraph together with 

Equation 7.5 was used compute the result shown in Figure 7.9. 

                           (7.5) 

Figure 7.9 shows the modelled, maximum clock stability requirements as a function 

of observational frequency. For the desired SKA observational frequencies of 1.712 

GHz, 14.5 GHz and 20 GHz stringent clock stability requirement of 18.6 ps, 2.2 ps 

and 1.6 ps are needed, respectively.  This implies that for astronomical observations 

within the SKA mid frequency band, the maximum allowable phase error will be 18.6 

ps at 1.712 GHz. Furthermore, for astronomical observations in the high frequency 

band a 1.6 ps maximum phase drift at 20 GHz will be allowed. From the 

computational results given in Figures 7.8 and 7.9 it is evident that the VCSEL 

τ =
φ

360! × f

	
Figure 7.9: (a) illustrates the maximum allowable clock 
instability as function of observation frequency. (b) VCSEL 
dispersion correction factor. 
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characterized in Figure 7.5 is capable of applying the necessary phase correction in 

order to maintain the stringent phase stability requirements. 

 

7.4 Summary 

This chapter provides a detailed analysis of the design and control aspects of a fast 

phase switching 10 Gbps VCSEL actuator. Section 7.1 investigates the change in 

optical fibre path length as a function of temperature fluctuation. The results given in 

Figures 7.1 to 7.4 shows that a 2° change in temperature induces a 28 mm and 280 

mm change in the optical fibre path length along a 2 km and 20 km transmission 

distance. The computational results further show that a 70 mm variation in optical 

fibre path length induces a 350 ps propagation time delay. 

 

In Section 7.2 the bias current of the VCSEL was adjusted in order to experimentally 

illustrate the tunability property of the VCSEL. Here the results suggest that a + 0.1 

mA and + 2 mA change in the bias current corresponds to a 0.1 nm and a 1.4 nm 

wavelength shift, respectively. The experimental results illustrated in Figures 7.5 and 

7.7 form the basis of the approach used to realize phase compensation along the 

optical fibre using the proposed VCSEL actuator. The experimental and simulated 

results presented in this section suggest that the VCSEL has a tunability range of 

approximately 5000 ps or 5 ns. CD plays an important catalytic role during the 

shifting of the optical signal. 

 

In the final section of this chapter the clock stability budget is discussed. The 

simulated results illustrated in figure 7.9 highlights the stringent clock tone stability 

requirement at the respectively SKA observational frequencies. The next chapter 

presents the experimental results pertaining to how the phase stabilization system 

within an optical fibre network will be implemented. 
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CHAPTER 8 

 

IMPLEMENTATION OF THE PHASE STABILIZATION 

COMPENSATOR 

 
In Chapter 7, a series of equations were used to model various aspects pertaining to 

the design and use of a VCSEL phase correction actuator. The results illustrated in 

Chapter 7, provides the basis for the discussion presented in this chapter. This chapter 

presents preliminary experimental results performed on the VCSEL phase actuator 

built into the time and frequency dissemination system. This chapter begins with a 

brief presentation of an interesting feature of the VCSEL phase correction actuator 

built into the frequency dissemination system. Sections 8.2 and 8.3 investigate the 

error signal generated for feedback control of the VCSEL phase correction actuator. 

Finally, Section 8.4 provides a proof of concept in which a DFB laser acts as a phase 

compensator along a round-trip time and frequency dissemination system. 

 

8.1 Experimental demonstration of the VCSEL-actuator tunability 

The experimental phase shift measurements of a 1310 nm modulated VCSEL along 

an optical fibre transmission link, as seen on a wide band Infiniium oscilloscope, is 

	
Figure 8.1: Experimental illustration of the phase shift of a 
sinusoidal modulated 1310 nm VCSEL output signal. 
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shown in Figure 8.1.  A 2 GHz clock signal generated from the R&S SMB 100A was 

used to modulate the VCSEL laser source. The phase shifts experienced by the 

transmitted signal were measured as a function of changing bias current relative to a 

150 mV reference signal, as seen in Figure 8.1. It is evident that a phase differences of 

63.71 ps, 223.0 ps and 453.35 ps were measured with respect to the reference at 4 

mA, 5 mA and 6 mA respectively. This corresponds to a phase shift of 45.87°, 

160.56° and 326.41°, respectively. It is to be remarked that the bias current was 

changed by manually controlling a dial on a laser diode controller. Wavelength tuning 

and chromatic dispersion provokes the shifting phenomenon along the fibre as seen in 

Figure 8.1. The results presented in Figure 8.1 experimentally confirms that the 

VCSEL phase compensator will function as required, whereby the necessary phase 

compensation may be applied by the introduction of a specific feedback voltage into 

the laser diode controller (Fan, Wu, Lee  & Grodzinski, 1994, p. 1409-1410).    

 

8.2 Error signal analysis in the electrical domain 

For the first time at NMU, this section presents an all-electrical experimental 

demonstration of error signal generation using a frequency mixing technique. In a 

closed loop system, if no input signal is applied the error signal voltage at the output 

of the frequency mixer will be zero. The two signals referred to in this text are the 

transmitted and reference signals. Here the frequency mixer assumes the duty of the 

phase comparator. When two input signals are applied to the frequency mixer within 

the closed loop system, such as a phase lock loop (PLL), an error signal is 

subsequently generated. The resultant error signal voltage is proportional to the phase 

difference between the input signals. After lowpass filtering, the error signal is used 

for feedback control of the phase of the actuator. The error voltage fluctuates in a 

manner that reduces the phase difference between the two signals (Morgan, 2003, p. 

3). Initially, when the two signals are out of phase, the closed loop system is 

considered to be out of lock. In such a condition the error signal will pull the 

transmitted signal towards the reference signal until such time when the loop is locked 

and the error voltage is reduced (Analog Devices, 2009, p. 1-10; Poole). 
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8.2.1 Experimental demonstration of a phase error signal generated in the 

electrical domain 

The experimental demonstration for generating and measuring the error voltage as a 

function incremental phase change is illustrated in the experimental setup shown in 

Figure 8.2. At the transmission end, a 7 GHz clock signal with a 11.40 dBm output 

power was emitted from an R&S SMB 100A signal generator.  A series of resistive 

power dividers, with an insertion loss of 6 dB was used to split the RF signal into two 

and redirect it along the respective transmission paths. A portion of the divided 7 GHz 

sinusoidal signal emerging from the first resistive power divider placed directly after 

the signal generator was used to trigger the Infiniium wide band oscilloscope, 

enabling the waveform to be displayed on the scope. Three mechanical phase shifters, 

each with an insertion loss 0.8 dB and a 0.5° per turn per GHz resolution, were used 

to adjust the phase to the disseminated clock signal. The phase shift was applied by 

manually turning the phase adjustment screw. It is to be remarked that the mechanical 

phase shifters were used in order to emulate the fibre induced propagation delay. A 

resistive power divider located directly after the mechanical phase shifters was used 

to divide and redirect the shifted RF signal towards the oscilloscope in order to view 

and measure the phase shift in real time, relative to the un-shifted reference signal, as 

	
Figure 8.2: Experimental setup of the all-electrical frequency transfer system used for the error 
signal analysis. 
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seen in Figure 8.2. To generate the error signal, a frequency mixer with a typical 

conversion loss of 6 dB was used to down convert the two signals. This operation was 

realized by mixing down the phase shifted and reference RF signals. Thereafter, a 

lowpass filter (LPF) with a DC-48 MHz frequency bandwidth was used to filter out 

the baseband error signal. The resultant error signal voltage after the LPF was 

measured as a function of phase change, using a voltmeter. The analysis of the 

experimental error signal results will be presented and discussed in the following 

section. 

 

8.2.2 Error signal results as a function of time delay 

Before presenting the experimental error signal results, this section begins by 

presenting the intermediate mechanical phase shifter and frequency mixer 

characterization results. 

Figure 8.3 (a) shows incremental phase shift versus the number to turn applied to the 

phase adjustment screw of the Aeroflex Weinschel mechanical phase shifter. The 

measurements were conducted at 1 GHz, 2 GHz, 4 GHz, 8 GHz and 14 GHz, 

respectively. The phase, in picoseconds, between a reference and the shifted clock 

signal was measured using the marker functionality on the Infiniium wide band 

oscilloscope. With an increase in the number of turns to the phase adjustment screw, a 

clear shift in the phase of the clock signal was seen. Figure 8.3 (a) further indicates 

	
Figure 8.3: (a) experimental incremental phase shift calibration and (b) experimental demonstration of RF 
mixing process. The insert in Figure 8.3 (a) illustrates the phase change in degrees.  
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that the phase shift increases with increasing clock modulation frequency. Figure 8.3 

(b) illustratively shows the experimental frequency mixing results. A pair of 7 GHz 

RF clock signal were mixed resulting in the frequency spectrum given in Figure 8.3 

(b). The resultant output frequency generated by the mixer given in Figure 8.3 (b) is 

mathematically described using Equation 8.1 (Marki, F & Marki, C, 2010, p. 3). 

                  (8.1) 

The output voltage of the error signal generated during the mixing process measured 

as a function of relative phase shift is presented in Figure 8.4. The error signal voltage 

was measured using a Fluke multi-meter immediately after the LPF, as seen in Figure 

8.2. Furthermore, the applied phase shift results between the shifted (red waveform) 

signal and reference signal (black waveform) are reported in Figure 8.5. The 

illustrative results presented in Figures 8.4 and 8.5 shows that error voltages of 124.70 

mV and 3.50 mV were measured at applied phase shifts of 41.66 ps and 0.46 ps, 

respectively. This result further suggests that the error signal generated during the 

mixing operation is maximized when the phase difference between the shifted and 

reference signal is 41.66 ps, corresponding to 124.70 mV. Figures 8.4 and 8.5 further 

reveal that the error voltage tends to zero when the relative phase difference between 

the shifted (red waveform) and reference (black waveform) is approximately zero. 

fout = fin1 ± fin2

	
Figure 8.4: Experimental demonstration of the error signal 
generated as described in figure 8.2. 
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This shows that the two signals are now in-phase implying, that the system will be in 

a locked state. In this section, an error signal calibration curve as a function of phase 

shift was discussed. The following section further investigates the error signal 

behaviour. The experimental configuration used to generate the error signal is similar 

to the setup described in Section 8.2.1 and illustrated Figure 8.2. However, the only 

notable difference here is the inclusion of the optical transmission components. 

 

8.3 Experimental error signal analysis along a 1310 nm VCSEL optical 

transmission link 

Section 8.3 describes a technique for generating an error signal intended for feedback 

control along an optical transmission link. For the first time ever at NMU, a 1310 nm 

VCSEL clock signal was used during the frequency mixing process. The error voltage 

performance, as a function of changing bias was investigated. 

 

8.3.1 Experimental demonstration of error signal generation used for feedback 

control of a 1310 nm VCSEL 

The optical fibre based dissemination system used for error signal behavioural 

analysis is shown in Figure 8.6. In the frequency distribution setup given in Figure 

8.6, an R&S SMB 100A waveform generator, operating between 100 kHz and 

	
Figure 8.5: Experimental demonstration of the phase shift relative 
to a reference (black waveform) signal. 
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20 GHz, was used to generate a 4 GHz clock signal with an output power of 900 mV. 

A temperature controlled VCSEL with a lasing wavelength of 1306.89 nm at 7 mA, 

was directly modulated with the 4 GHz RF clock signal using the R&S SMB 100A 

waveform generator. A series of 6 dB power dividers were used to split and redirect 

the electrical RF signal as seen in Figure 8.6. The LDC and TEC were used to vary 

the applied bias current and control the temperature of the VCSEL, respectively. In 

this experiment, the VCSEL temperature was maintained at 25° C corresponding to a 

10 kW thermistor resistance setting. The optical clock signal was transported from the 

transmitter to the receiver via 26 km G.655 single mode fibre. At the receiver end, the 

power of the resultant electrical signal after the photodiode (PD) was amplified using 

a wide band electrical amplifier with a typical gain of 27 dB. To generate the error 

signal, the resultant electrical signal after the PD was mixed with the reference signal 

and down converted using a frequency mixer together with a LPF, as seen in Figure 

8.6. The frequency mixer has a typical conversion loss of 6 dB, while the 50 W LPF 

only allows frequency signals within the DC to 22 MHz range to pass through. The 

resultant DC error signal voltage, Verror, was monitored and measured as a function of 

bias change using a Fluke multimeter, as illustrated in Figure 8.6. As seen in the 

	
Figure 8.6: Experimental configuration used for error voltage analysis based on an optical fibre frequency 
dissemination scheme. 
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experimental description given in Figure 8.6, the relative phase shift between the 

stable reference RF signal and the transmitted sinusoidal waveform was measured on 

the Infiniium oscilloscope with a specified 20 GHz bandwidth in the time domain. 

 

8.3.2 Down converted error signal results 

The error voltage measurements as a function of bias current and optical signal phase 

shift are shown in Figure 8.7 (a) and (b), respectively. 

The error voltage illustratively shown in Figure 8.7 (a) was measured whilst varying 

the bias current using a stepwise approach from 3.57 mA to 7.75 mA. The results 

given in Figure 8.7 (a) was generated by mixing down, V = cos (w0t +q0) and V = cos 

(w0t +q0+qf) to produce the error signal Verror = cos (qf), as illustrated in Figure 8.6. 

The error voltage data points numbered 1 to 26 in Figure 8.7 (a) corresponds to the 

relative phase shift experienced by the transmitted optical RF clock signal along the 

fibre. The corresponding phase shifts can be seen in Figures 8.8 and 8.9. The phase 

fluctuations seen in Figures 8.8 and 8.9 were realized by varying the bias current on 

the LDC and the inherent chromatic dispersion properties of the fibre. As expected, 

the error signal shown in Figure 8.7 (a), displays the sinusoidal behaviour related to 

the frequency mixing process. Figure 8.7 (b) presents the error voltage measurements 

as function phase shift. The results given in Figure 8.7 (a) are best explained using 

Figures 8.8 and 8.9.  

	
Figure 8.7: Error voltage measurements as a function of (a) varying bias current and (b) phase shift. 
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Figure 8.8: Experimental demonstration of the relative phase shift with varying VCSEL bias 
current. 

 

	

	

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

21

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

(a)

 

 

 

 

3

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

4

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

5

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 

6

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

7

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

8

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

No
rm

al
ize

d 
In

te
ns

ity
 (a

.u
)

Time Delay (ps)

 

 

 

9

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

10

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

11

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 

12

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

(b)

 

 

 

 

No
rm

al
ize

d 
In

te
ns

ity
 (a

.u
)

Time Delay (ps)

13

	

	

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

21

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

(a)

 

 

 

 

3

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

4

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

5

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 

6

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

7

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

8

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

No
rm

al
ize

d 
In

te
ns

ity
 (a

.u
)

Time Delay (ps)

 

 

 

9

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

10

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

11

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

 

12

24.2 24.3 24.4 24.5 24.6 24.7

0.0

0.2

0.4

0.6

0.8

1.0

(b)

 

 

 

 

No
rm

al
ize

d 
In

te
ns

ity
 (a

.u
)

Time Delay (ps)

13



	 76	
 

	
	

	
Figure 8.9: Experimental demonstration of the relative phase shift with varying 
VCSEL bias current. 
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The error signal appears to be minimized at points 1, 8, 16 and 24, corresponding to -

78.3 mV, -105.3 mV, -74.4 mV and -94.7 mV, respectively. These error voltage 

measurements correspond to the illustrative phase measurements seen in Figures 8.8 

(a1, a8), 8.9 (c16) and 8.9 (d24). This result further suggests that the error voltage 

approaches a minima when the reference and transmitted signals are in phase. For a 

feedback control system, this result implies that the transmitted clock signal will be 

locked to the reference sinusoidal waveform at these specific error voltage values. 

The result in Figure 8.7 (b) illustratively shows that the error signal reaches a minima 

at -117.9 mV when the measured phase difference between the two signals is 0 ps. 

Conversely, the results presented in Section 8.3.2 show that the error signal is 

maximized when the two signals are approximately 180° out of phase, as seen in 

Figures 8.7, 8.8 and 8.9. From Figure 8.7 (b), it is clear that an error voltage of 117.1 

mV was reported corresponding to a measured phase difference of 95.57 ps. 

 

The result presented in this section supports the concept of using the light emitted 

from a VCSEL laser source as a carrier signal for clock tone transmission along the 

fibre. It further suggests that the recovered electrical signal can be used to 

successfully generate an error signal for feedback control of the VCSEL actuator. 

 

8.4 Towards the development of a time and frequency dissemination system 

using a VCSEL actuator 

This section presents a proof of principle towards developing a timing system in 

which a directly modulated VCSEL is used as an optical source, as well as a phase 

correction actuator. In the time and frequency dissemination experiment described in 

this section, the required phase error correction was applied by manually tuning the 

emission wavelength of a directly modulated DFB laser. There are two reasons why a 

DFB laser was used instead of a VCSEL source. Firstly, at the time when this 

experiment was designed and built, there were no 1550 nm VCSELs at hand. 

Secondly, the DFB laser has similar wavelength tunability characteristics to the 

VCSEL. The VCSELs wavelength is tuned by adjusting the bias current, whereas for 

the DFB, a similar result is achieved by tuning the temperature via the thermistor 

resistance.  
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8.4.1 Experimental demonstration of a time and frequency distribution using a 

DFB phase error correction actuator 

The schematic of the frequency distribution system based on a round-trip optical fibre 

transmission link is shown in Figure 8.10. In the experiment, a DFB laser with a peak 

emission wavelength of 1551.05 nm and a maximum specified output power of 15 

mW was directly modulated using a 2 GHz RF clock signal generated by the R&S 

SMB 100A waveform generator. It was determined that by biasing the laser at the 

mid-point, the DFB would require 1 Vpp input RF clock signal. The 4.40 dBm output 

clock signal of the DFB laser was injected into optical circulator1 and subsequently 

transferred along the transmission link towards the receiver end. The LDC and TEC 

were used to control the bias current as well as the temperature of the DFB, 

respectively. During the initial lasing, when switching on the DFB, the temperature of 

	
Figure 8.10: Experimental schematic of the frequency dissemination system. DFB:  
distributed feedback laser, TEC: thermo electric cooler, LDC: laser diode controller, 
SIG.GEN: signal generator. 
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the DFB was set to 25°C at 10.0 kW, while the bias current was fixed to 50 mA. To 

verify the performance and robustness of the DFB-phase correcting actuator, various 

optical fibre lengths were used. At the receiver end, optical circulator2 was used to 

forward the clock signal towards the transmission end, thereby completing the round-

trip. The returned optical signal was detected using a 10 GHz bandwidth PIN 

photodiode with an optical sensitivity of –19 dBm. Thereafter, the resultant electrical 

RF clock signal was captured and subsequently compared to the reference signal 

using an Agilent Infiniium 86100A wide bandwidth oscilloscope, with a 20 GHz 

bandwidth in the time domain, as seen in Figure 8.10. Depending on the amount of 

phase shift measured relative to the reference signal, a forward or backwards phase 

correction was applied to the emitted optical signal by mechanically adjusting the 

temperature on the TEC controller. The experimental results will be presented in the 

following subsection. 

 

8.4.2 Experimental phase compensation results achieved by the DFB actuator 

Before presenting the illustrative phase correction results collected along the different 

optical links, the DFB characterization results will first be presented and briefly 

discussed. Figure 8.11 experimentally presents the operational behaviour of a high-

speed unmodulated 1550 nm DFB laser source. The unmodulated static characteristic 

of the DFB laser with changing bias current is shown in Figure 8.11 (a). From Figure 

8.11 (a), the lasing threshold is seen to be approximately 10 mA whereas a 94 mA 

	
Figure 8.11: (a) Optical output power of an unmodulated DFB laser as function of bias current 
and the (b) optical spectra of the DFB laser the changing thermistor resistance. 
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saturation current was measured. However, a maximum bias current rating of 30 mA 

was specified in the datasheet. For the results to follow, a DFB bias current of 50 mA 

was maintained with an optical output power of 4.40 dBm. Furthermore, at this bias 

current setting, the DFB laser was operated within the linear region of the transfer 

curve. This allows for a complete swing between the on-off states of the laser when 

an input RF clock signal is applied. Figure 8.11 (b) shows the optical spectra of the 

DFB laser at thermistor resistance of 7.5 kW, 8 kW, 8.5 kW, 9 kW, 9.5 kW and 10 kW, 

respectively, measured at a peak-to-peak bias current (Ipp) of 50 mA. This result 

implies that when varying the thermistor resistance from 7.5 kW to 10 kW, a 0.81 nm 

wavelength tunability was achieved corresponding to 101.25 GHz bandwidth within 

the ITU grid. As seen in Figure 8.11 (b), there is a clear shift in the spectrum towards 

the shorter wavelength region as the thermistor resistance was increased. 

 

Figure 8.12 illustratively shows the relative phase shift measured before and after 

compensation was applied along the 22.0 km G.652, 28.4 km G.652, 53 km G.655 

and 6.4 km G.652 round-trip fibre links, respectively. The chromatic dispersion 

coefficients around the 1550 nm transmission wavelength specified for the G.655 

single mode fibre is 2 ps/nm.km to 6 ps/nm.km and 17 ps/nm.km for the G.652 single 

mode fibres (ITU-T, 2009a, p. 13; ITU-T, 2009a, p. 13-16; OFS, 2017, p. 4). Using 

the in-built maker function of the Infiniium oscilloscope, the phase difference was 

measured between the rising edges of the resultant electrical clock signal and the 

reference RF sinusoidal wave. The subsequent phase error correction was then 

applied based on the experimentally measured phase shift, as seen in Figures 8.12 (b), 

(d), (f) and (h).  

 

Phase error correction along the respective fibre links were achieved by taking 

advantage of the inherent chromatic dispersion properties of the optical fibre, as well 

as the tunability property of the DFB laser. The illustrative results presented in this 

section are extremely encouraging as it positively confirms the use of a VCSEL as a 

phase correction actuator due to the wavelength tuning similarities of the two laser 

sources.
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8.5 Summary 

In Section 8.1, the wavelength tunability property of the VCSEL proposed for the 

frequency dissemination system was briefly discussed. The VCSEL provided a 

280.54° phase shift across a 2 mA bias current bandwidth. For the first time ever, an 

error signal was generated and analysed at the Centre for Broadband Communication. 

The experiment presented in Section 8.2.1 provided the first error signal voltage 

versus time delay calibration curve. 

 

Section 8.3 investigated the effect of fluctuating bias current on the error voltage and 

witnessed the first ever construction of a VCSEL based time and frequency 

dissemination system. The results presented in this section displayed the error signal 

sinusoidal behaviour as a result of the frequency mixing operation. Section 8.4 

provided a proof of principle for building a timing system incorporating a VCSEL 

phase correction actuator. In this experiment, a DFB laser was used due to it’s similar 

wavelength tunability properties to VCSEL. However, there are trade-offs between 

DFB and VCSEL laser sources. VCSELs are low power, low chirp, low cost and 

consume low energy. Conversely, DFB lasers are high-powered devices, have a 

narrower linewidth, consume greater energy and cost much more than VCSELs. Here, 

the phase error correction was applied by manually adjusting the thermistor resistance 

on the TEC. With regards to the SKA, VCSELs could be implemented within the 

inner core area whilst DFB lasers could be integrated into the spiral arms. The chapter 

that follows presents, for the first time ever at NMU, the frequency dissemination 

results with active phase compensation using a fully integrated dither controlled 

VCSEL phase correction actuator. 
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CHAPTER 9 

 

TIME AND FREQUENCY TRANSFER ACROSS A 26 KM 

OPTICAL FIBRE LINK  

 
This chapter contains numerous phase noise compensation related results obtained 

using the VCSEL based time and frequency dissemination system across a 26 km 

optical fibre link. The results presented and discussed in this chapter serve to illustrate 

the novelty of using a VCSEL as a phase correction actuator within a synchronized 

optical network. The advantage of such a scheme in which a VCSEL is used as an 

optical source and an actuator is that it reduces the overall system complexity and 

cost. The work presented in the previous chapter was a build up to the complete 

frequency transfer system to be demonstrated.  

 

9.1 Design and principle of operation  

Frequency stabilization techniques using 850 nm VCSELs was previously 

demonstrated in which an error signal was generated for the purpose of stability 

analysis (Miura, Nakajima, Mizutani & Sasaki, 2007, p. 66730T-1; Ohhara, Yoshimi 

	
Figure 9.1: Illustrative picture of the time and frequency dissemination system. DAQ is the data acquisition 
boards, LPF is the lowpass filter, PD is the photodiode, Rb is the rubidium clock, SIG.GEN is the signal 
generator, FUT is the fibre under test, MIXER is the frequency mixer, LDC and TEC are the laser diode 
controller and thermoelectric cooler, respectively. 
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& Sasaki, 2010, p. 759724-1). Furthermore, VCSELs were first proposed for use 

within the SKA optical network system in 2012 (Kipnoo, Waswa, Leitch & Gibbon, 

2012a, p. 523-527; Kipnoo, Kourouma, Waswa, Leitch, & Gibbon, 2012b, p. 483-

484). 

 

The frequency dissemination scheme designed and developed by the author at the 

Centre for Broadband Communication is shown in Figure 9.1. The system was 

primarily designed to actively compensate for phase noise and shift of the optical 

signal, in real time, along the fibre transmission link. It will be later shown that the 

one-way optical fibre time and frequency transfer method based on the newly 

proposed dither controlled VCSEL phase error correction actuator was able to detect 

any phase perturbations, apply the necessary correction and lock to the stable 

reference clock signal in approximately 0.15 sec. The principle describing how the 

frequency dissemination system compensates for any phase perturbations along the 

optical fibre is illustratively shown in Figure 9.2. 

The reference clock with an initial phase, jref, is used to drive a VCSEL as illustrated 

in Figure 9.2. The VCSEL introduces a fixed phase shift of j1 to the frequency 

dissemination system. The sinusoidal modulated laser beam is then sent along the 

fibre link, which in turn induces an additional phase shift, jf, in the one-way 

direction. 

	
Figure 9.2: Block diagram showing how phase fluctuation compensation is 
achieved.  

 

COMPENSATION	
CONTROL		

ALGORITHM	

PHASE	COMPARISON	

RX	END	TX	END	

ϕref	
	

ϕ1	
	

ϕf	
ϕref+ϕ1+ϕf	

ϕref+ϕ1	



	 85	

	 	 	 	 	 	 	 												(9.1) 

Equation 9.1 mathematically describes the total phase fluctuation accumulated along 

the one-way transmission path from the transmitter site to the receiver end. In a 

round-trip frequency dissemination configuration, the same optical fibre transmission 

path can be used to determine the induced phase error, jf, based on the assumption 

that the transmitted signal along the forward and returned link are corrupted by the 

same perturbation. However, the fibre induced phase change along the round-trip link 

is given as 2jf (Hou, Li, Liu, Zhao & Zhang, 2011, p. 506-511; Narbonneau et al., 

2006, p. 064701). The phase difference measurement between the disseminated 

sinusoidal waveform and the stable reference signal is realized by using a frequency 

mixing technique, as illustrated in Figure 9.2. After mixing down Equations 9.1 and 

9.2 as demonstrated in Figure 9.5, an error signal was generated for feedback control 

of the phase VCSEL optical source.  

                  (9.2) 

A specialized RF cable was used to forward the error voltage generated after the 

frequency mixer to a data acquisition (DAQ) board, illustratively shown in Figure 9.1. 

Together with a dither-step algorithm, a resultant error voltage was generated at the 

output of the DAQ board and transmitted to the laser diode controller (LDC). In order 

to stably disseminate a frequency signal to a receiver location, a phase error 

correction was applied to the optical signal emitted by the VCSEL. The applied phase 

error correction must be of such a value that cancels out the one-way phase 

fluctuations. The following section presents a detailed discussion describing the 

dither-step algorithm used towards generating the feedback control resultant error 

voltage. 

 

9.2 The dither-step algorithm 

The dither gradient-based technique is possibly one of the oldest optimization 

algorithms to date. The gradient-based technique has attracted a revived interest 

among researchers in various branches within the scientific fraternity (Beck, & 

Teboulle, 2009, p. 42-88). The objective of the phase drift or phase noise compensator 

is to minimize or negate the fibre induced time delay by regulating the control 

voltages related to the compensator. The relationship between the actuator control 

ϕTotal =ϕref +ϕ1 +ϕ f

ϕref +ϕ1
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voltage and the VCSEL bias current is given in Figure 9.3. There are three general 

steps involved when controlling the VCSEL phase error correction actuator. The first 

step is to determine and find the optimum bias point immediately after the VCSEL 

compensator is switched on. The second process involves the continuous real-time  

tracking and measuring of the error signal voltage associated to the phase difference 

between the transmitted and reference signals. The third and most crucial step is to 

lock the two signals after finding the optimum error voltage associated to a zero 

degree phase difference between the two respective signals.  

 

During a typical iteration process encoded within the dither gradient-based search 

algorithm, each control voltage associated with the bias current of the VCSEL phase 

correction actuator, is initially increased or decreased by a small incremental amount 

about its voltage corresponding to the optimum operational VCSEL bias point. After 

each iterative process the generated error voltage is compared to a specific threshold 

voltage value and any improvements in the error signal is noted. It is to be remarked 

that the objective for executing the dither gradient-based search algorithm is to 

minimize the error signal voltage as this value corresponds to a zero degree phase 

difference between the reference and dissemination signal, as discussed in Chapter 

	
Figure 9.3: Experimental demonstration showing the linear 
relationship between the actuator control voltage and the 
VCSEL bias current. The insert illustratively shows the 
wavelength shift associated to each control voltage value. 
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8.3.2. A suitably selected step size is implemented within the code to increase or 

decrease the control voltage at the output port of the data acquisition board, for which 

the dithering algorithm yields the smallest negative number in millivolts (mV). This 

stepping procedure is what initiates the search process for the minimum points of the 

sinusoidal error signal. For the dissemination experiment described in this work, the 

speed at which the dithering algorithm finds the appropriate minimum voltage value 

that ensures the error signal is minimized depends on the step size. The dither step 

code is sequentially repeated until the error signal voltage is minimized ensuring the 

reference and transmitted signals are in-phased and locked.  

 

The pseudo-code for the dither gradient-based algorithm implemented within the time 

and frequency dissemination described in this thesis is as follows,  

1. Create a data acquisition session for the NI DAQ boards and initialized the 

output start voltage that corresponds to the optimum operational bias point for 

the VCSEL. The initialized start voltage used to control and bias the VCSEL 

is divided by a factor of ten.  

2. Define the VCSEL bias current operational ranges associated to the output 

voltage that efficiently locates the local minimum of the error signal.  

3. Define a series of local minima threshold target values related to the error 

signal generated during the mixing process. 

4. Set the initialized start voltage to new variable called NewDCv. 

5. Collect and store the time and error voltage values in an array format. 

6. If the VCSEL bias point, associated with a distinct output voltage, falls within 

a certain voltage operational range then a specific threshold target value is 

assigned. 

     if (newDCv>=A) && (newDCv<B) 

        target=targetAB; 

    elseif (newDCv>=B) && (newDCv<C) 

        target=targetBC; 

    elseif (newDCv>=C) && (newDCv<D) 

        target=targetCD; 

    elseif (newDCv>=D) && (newDCv<E) 

        target=targetDE; 
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7. By repeating the dither step sequence, the new incoming error voltage at the 

input port of the data acquisition board is compared to the unique threshold 

target value. This process is made possible by implementing a while loop. 

 

 

 

	
Figure 9.4: Flowchart of the Matlab 
dither algorithm. 
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8. The loop is repeated until a compensated state is found and the signal 

disseminated along the fibre is phase locked the stable reference sinusoidal 

waveform. 

 

The flowchart describing the Matlab code is illustratively shown in Figure 9.4. 

Experimental results for the real time dither controlled phase error compensator are 

illustratively shown and described in the sections that follow. 

 

9.3 Experimental setup of the VCSEL based time and frequency dissemination 

scheme 

This section presents the experimental configuration describing the precise time and 

frequency synchronisation system based on a conventional 26 km G.655 optical fibre 

dissemination link. In this dissemination setup, the precise frequency and phase of the 

stable clock at the transmitting site is transferred to the receiver location. As a result, 

	
Figure 9.5: Experimental demonstration of the optical fibre time and frequency dissemination system used for 
phase drift compensation. 
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the frequencies and phases of the two sinusoidal signals are identical. The schematic 

diagram of the frequency dissemination scheme optimized for time domain signal 

analysis based on the dither controlled VCSEL phase correction actuator is 

illustratively shown in Figure 9.5. 

 

In the frequency distribution setup given in Figure 9.5, a 4 GHz electrical clock signal 

with an output power of 900 mV was phase locked to the VCSEL optical source. The 

microwave signal was generated using an R&S SMB 100A waveform generator. The 

high-powered R&S SMB 100A signal generator covers a wide frequency range from 

100 kHz and 20 GHz. In the experimental configuration given in Figure 9.5, the 

4 GHz reference clock signal was used to directly modulate the amplitude of a 

1310 nm temperature controlled VCSEL with a lasing wavelength of 1306.89 nm at 

7 mA, as specified in the specification sheet. 

 

The first 6 dB resistive power divider located immediately after the R&S SMB 100A 

waveform generator was used to split in initial RF signal into two parts, as seen in 

Figure 9.5. The first half of the RF signal was used as a trigger function, allowing the 

sinusoidal waveforms to be displayed on the wideband Infiniium oscilloscope. 

Whereas the second portion of the divided clock signal was used as a reference and 

also to drive the VCSEL, as seen in Figure 9.5. The resistive power dividers 

incorporated into the frequency dissemination scheme presented in Figure 9.5 have a 

typical insertion loss 6 dB between any two ports. An additional three resistive power 

dividers were used to split and forward the RF signal as shown in the experimental 

configuration given in Figure 9.5. In this experiment, the VCSEL temperature was 

maintained at 25°C corresponding to a 10 kW thermistor resistance setting on the 

TEC. The VCSEL was biased above the threshold using the LDC, however, the bias 

current was initialized and controlled via the LDC using the dither control algorithm. 

The -3.31 dBm modulated optical signal, whose power is lower than the stimulated 

Brillouin scattering threshold, was launched into the 26 km G.655 spooled fibre and 

subsequently disseminated across transmission link from the local site to the receiver 

site. Upon reaching the receiver end, the modulated clock signal was detected with a 

standard positive-intrinsic-negative (PIN) photodiode with a typical optical sensitivity 

of –19 dBm, as specified by the manufacturer. The resultant electrical clock signal 
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after the photodiode (PD) was amplified using a wideband electrical amplifier with a 

typical gain of 27 dB, as specified in the data sheet. Through a series of electronic 

operations occurring after the PD, an error signal Verror proportional to the phase 

difference q0 + qf was generated for feedback control of the VCSEL phase correction 

actuator. The electronic operations referred to in this text includes the down mixing of 

the resultant electrical signal, V1=cos(w0t + q0 + qf), with the reference signal 

V0=cos(w0t + q0) and the filtering out of the baseband signal. This operation is 

illustratively shown in Figure 9.5. The RF mixer used in this experiment has a typical 

conversion loss of 6 dB, while the 50 W low pass filter (LPF) only permits 

frequencies within the DC to 22 MHz range to pass through. A low attenuation 

speciality RF cable was used to forward the DC error voltage, Verror, after the LPF 

towards the input port of the NI DAQ board, as shown the Figure 9.5. After executing 

the dither step algorithm described in Section 9.2, the resultant error control voltage 

was sent to the modulation input or the analog control input port at the rear end of the 

	
Figure 9.6: Schematic diagram of the optical fibre time and frequency dissemination system optimized for 
Allan variance analysis 
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LDC. This allows for the optical signal emitted from the VCSEL to be tuned either 

forward or backward thereby correcting for any phase perturbations occurring along 

the fibre path. A wide band Infiniium oscilloscope with a specified 20 GHz 

bandwidth in the time domain was used to monitor the real time relative phase 

difference between the reference and transmitted signals, as illustrated in 

experimental setup. Figure 9.6 experimentally illustrates the one-way RF 

dissemination system specifically optimized for Allan variance evaluation. In this 

configuration a wide bandwidth electrical spectrum analyser (ESA) with a 0.01 Hz 

frequency measurement resolution was used to analyse the stability of the 

disseminated signal in the frequency domain. 

 

9.4 Characterization of the 1310 nm VCSEL phase correction actuator 

Before presenting the effectiveness of the dither controlled VCSEL actuator as well as 

the fractional frequency stability results, this section begins by presenting some 

VCSEL characterization results. The biasing and emission wavelength tunability 

properties of the VCSEL is experimentally demonstrated and reported in Figure 9.7. 

Figure 9.7 shows the wavelength tunability property of the 1310 nm VCSEL 

measured with a 0.06 nm resolution optical spectrum analyser (Agilent Technolgies, 

2012, p. 2). For the result illustrated in Figure 9.7 (a) the VCSEL was biased above its 

threshold current to give sufficient output optical power. Figure 9.7 (a) shows that the 

	
Figure 9.7: Experimental characterization illustrating the (a) optical output power of the VCSEL as a 
function of varying bias current and (b) optical spectra for different VCSEL bias currents. 
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emission wavelength was tuned from 1304.17 nm to 1309.35 nm by increasing the 

bias current from 4 mA to 9 mA. This result suggests that a 5 nm wavelength 

tunability range was achieved, corresponding to a 625 GHz bandwidth within ITU 

grid, by varying VCSEL bias current from 4 mA to 9 mA. Figure 9.7 (b) 

experimentally shows the static characterization of the VCSEL optical output power 

as a function of bias current. In the result shown in Figure 9.7 (b), the bias current was 

changed from 0.52 mA to 9.9 mA. Furthermore, the threshold current of the VCSEL 

was seen to be at 0.99 mA while the saturation current was seen to be at 8.48 mA. 

However, a maximum bias current rating of 4 mA is specified in the datasheet 

(Raycan, 2015). Above the 8.48 mA bias point, the output power of the VCSEL was 

seen to decrease as the bias current was further increased. For the results presented in 

Sections 9.5 and 9.6, the VCSEL bias current was set and initialized to 5.56 mA using 

the dither step algorithm, providing an optical output power of -3.31 dBm. This bias 

point ensures that the VCSEL was biased at the midpoint of the linear region, along 

the transfer function curve thereby providing the optimum transmission performance.  

 

9.5 Performance evaluation of the dither control VCSEL phase correction 

actuator 

In this section the experimental setup illustratively shown Figure 9.5 together with the 

dither step algorithm discussed in Section 9.2 was used to evaluate the performance of 

the dither controlled VCSEL actuator in tracking phase fluctuations of the 

disseminated RF signal along the fibre. Furthermore, the effectiveness of the dither 

controlled VCSEL actuator in applying the necessary phase correction is also 

assessed. The experimental results illustratively showing the real time error signal 

voltage fluctuation, over a five-hour (~2 x 104 second) period are presented in Figure 

9.8. For the experimental results presented in Figure 9.8, the acceptable error voltage 

threshold (black line) selected was –90 mA whereas the VCSEL actuator was 

optimally biased at 5.56 mA. The threshold value and optimum bias point was 

assigned an initialized within the dither-step algorithm. The red sinusoidal curve in 

Figure 9.8 represents the error signal generated when the frequency dissemination 

system was running freely, without any active compensation.  

 

The error signal under consideration corresponds to the fluctuating phase difference 

between the stable reference signal and the disseminated signal along the fibre. This 
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result shows that the error voltage fluctuates in a sinusoidal manner as the relative 

phase between the reference and the transmitted signal changes in real time. The 

phase variations referred to in this text can be to the attributed drifting phenomenon of 

the signal along the fibre link as well as that of the VCSEL in the unlocked state. 

Figure 9.8 further shows that the error signal fluctuates between -90 mV to 100 mV. It 

can be seen that the error voltage fluctuates within a ~ 200 mV range around the 

0 mV point as the reference waveform and the distributes signal drift towards and 

away from each other, as illustrated and discussed in Chapter 8.3.2.  

 

The blue curve illustratively shown in Figure 9.8 represents the resultant error signal 

measured after the RF mixer-LPF when the fibre induced phase perturbation was 

actively compensated. As previously mentioned, the phase correction compensator 

consists of three distinct processes. The first process is the initialization of the dither 

controlled VCSEL actuator and to find an optimum operating bias point. The second 

process involves checking whether the start voltage associated to the optimum bias 

	
Figure 9.8: Experimental error signal behaviour with and without dither controlled active 
phase compensation. The red and blue curves represent the error signal performance 
during the unlocked and lock state, respectively. The black line indicates the acceptable 
error voltage threshold. 
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point falls with the acceptable voltage operation ranges. The third process establishes 

the ideal error voltage associated with the best bias point that minimizes the error 

signal towards the appropriate target threshold. For evaluating the in loop 

performance of the dither controlled VCSEL phase error compensator, the appropriate 

voltage operation limits selected was A=4.1, B=5.7, C=6.3, D=7.5, E=8.6. The 

corresponding threshold target values chosen were targetAB = -88.1 mV, targetBC = -

89.3 mV, targetCD = -87.9 mV, targetDE = -88.7 mV. Both the voltage operation 

limits and the threshold target values were initialized and set within the dither step 

algorithm, as described in Section 9.2. The bias point was optimally initialized to 5.56 

mA using the dither step algorithm.  

 

It is to be remarked that the error signal denoted by the blue line in Figure 9.8 

corresponds to the temporal duration in which the transmitted signal is phase locked 

to the reference signal over the five-hour time period. This result further shows that 

the error voltage remains minimized and constant during the entire five-hour period 

the phase noise compensation system was activated. A -88.5 mV error voltage was 

experimentally recorded which corresponds to zero phase difference between the 

transmitted and reference signal, as mention in Chapter 8.3.2. The two spikes seen 

	
Figure 9.9: Relative time delay fluctuations between the 
reference and disseminated RF signal for the locked and 
unlocked state.   
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along the blue line in Figure 9.8 represent an event where the VCSEL drifted causing 

a phase change to occur between the two signals. As a result, the error voltage 

deviates from the acceptable threshold target value. The error voltage generated 

during this process corresponds to a time delay occurring between the disseminated 

and reference signals. The iterative loop of dither step algorithm described in Chapter 

9.2 was executed and repeated and real time phase compensation is swiftly applied. 

Figure 9.9 show the experimental time delay between the stable reference signal and 

the transmitted optical signal along the 26 km G.655 fibre link. The time delay in ps 

was measured by making use of the marker function of the wideband Infiniium 

oscilloscope. The black curve in Figure 9.9 shows the time delay fluctuation of the 

distributed signal relative to the reference signal when the dissemination system was 

in free running mode over a 350-minute or approximately a five-hour period. This 

result further shows that the while the frequency dissemination system was in free-

running mode, the relative time delay fluctuated away from 0 ps to 157.16 ps as 

distributed signal drifted from away from the reference. The separation time further 

changes from 157.16 ps to 31.54 ps and from 31.54 ps to 139.20 ps as the transmitted 

signal drifted towards and away from the reference signal, as seen in Figure 9.10 (a). 

The red line displayed in Figure 9.9 represents the time delay fluctuation of 

distributed signal relative to the reference signal while the phase noise compensation 

mechanism was activated. While in the closed loop system, the time delay 

	 	
Figure 9.10: Experimental demonstration of the relative phase shift between the disseminated and reference 
signals during (a) free run and (b) active compensation mode.  
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fluctuations between the distributed relative and the reference signals were reduced, 

as seen in Figures 9.9 and 9.10 (b). An average time delay of was 2.84 ps measured 

while the fibre induced phase error compensator was activated. As mention 

previously, the experimental results were measured over a 350-minute or 

approximately five-hour period.  

 

It is to be remarked that the noisy signals seen in Figure 9.10 can be attributed to the 

noise generated by the electrical amplifier and the resistive power dividers, seen in the 

experimental setup illustratively shown in Figure 9.5. It is to be noted that the reason 

for using four resistive power dividers was to capture and monitor the signals in real 

time on the oscilloscope, as described in Figure 9.5. Furthermore, the dissemination 

configuration described in Figure 9.5 was developed in order to evaluate the 

performance of the dither controlled VCSEL phase correction actuator, of which the 

results are presented in this section.  

 

An interesting experimental result describing the performance of the dither controlled 

VCSEL phase correction actuator over a 120 second measurement period is presented 

in Figure 9.11. The result also shows the error voltage fluctuation during the 

measurement period. The Matlab based, dither step algorithm used for generating the 

	 	
Figure 9.11: Experimental demonstration of (a) error voltage behaviour as a function of time and (b) magnification 
of the results in (a). The black and magenta coloured lines represent the error voltage threshold limits. 
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error signal given in Figure 9.11 was subtly change in order to assess the performance 

of phase drift compensator. To generate the error signal seen in Figure 9.11, the start 

voltage and the appropriate voltage operation regions was determined and initialized 

using the dither step algorithm. Thereafter, a suitable error voltage threshold was 

selected that best minimizes the error signal. An acceptable start voltage 

corresponding to an ideal lasing bias current of 5.31 mA and an error voltage 

threshold of – 63 mV was chosen and initialized within the dither step algorithm. The 

voltage ranges used was A=3.0, B=4.5, C=5.7 and D=6.7. Once the phase 

compensation process was initialized and the favourable voltage regions were 

explored and threshold value satisfied, the locking process was initiated. A three 

second locking time was introduced into the dither step algorithm. This particular 

command was implemented in order to phase lock the transmitted signal to the stable 

reference signal for a period of three seconds, as demonstrated in Figure 9.10 (b). The 

error voltage was purposefully shifted relative to the – 63 mV threshold. This process 

was realized by randomly changing the start voltage value between 5.3 V and 6 V, 

after the initialization steps were executed. This caused a rapid change in the VCSEL 

bias current resulting in a fluctuating error voltage. The spikes highlighted and 

	
Figure 9.12: Experimental results showing the compensator response time for applying the required 
phase correction. 

 



	 99	

magnified in Figures 9.11 (a) and (b), respectively represents the event in which the 

iterative dither step sequence is activate. During this process, the error voltage is 

tracked and a new VCSEL actuator control voltage is selected that satisfies the 

voltage operational limits and the threshold condition. The new control voltage 

corresponding to the optimum VCSEL biasing point and a new minimized error 

signal is generated. Once the threshold condition is satisfied, the phase compensator is 

activated and the transmitted stable reference signals are phase lock for a three second 

period. The loop was then repeated over a period of 120 seconds. The dither 

controlled VCSEL compensator response time required to correct for the any phase 

fluctuations along the fibre is shown in Figure 9.12. From the results illustrated in 

Figure 9.12, it can be seen that majority of the dithering iterations took approximately 

0.15 sec, after the VCSEL bias current was intentionally altered. As mentioned 

previously, some of the tasks executed within the iterative loop may include 

monitoring the error voltage, exploring the different operational regions, selecting the 

best error voltage threshold and applying the required phase correction. The result 

further shows that the shortest event occurs below 0.025 sec whereas the longest 

event last approximately 0.35 sec.  

 

In summary, the compensation system described here was artificially perturbed using 

the dither-controlled algorithm by intentionally unlocking it for three seconds. 

Thereafter, the time taken for the system to lock was recorded. This process was 

repeated to generate Figures 9.11 and 9.12, indicative of the compensation device’s 

performance. 

 

9.6 Experimental Allan deviation analysis along the 26 km G.655 optical fibre 

transmission link 

Sections 9.4 and 9.5 presented the experimental characterization and the performance 

analysis of the 1310 nm dither controlled VCSEL phase noise actuator, respectively. 

In this section, the relative frequency stability of the transmitted signal along the 

26 km G. 655 optical fibre link is experimentally evaluated and presented. This was 

realized by comparing the measured, relative Allan deviation results of the recovered 

disseminated signal to the original electrical signal generated by the R&S SMB 100A. 

The transfer performance the R&S SMB100A signal generator expressed in terms of 

an Allan variance is experimentally demonstrated in Figure 9.13. The resultant 4 GHz 
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electrical signals after the PD, measured with a frequency counter resolution of 

100 mHZ, was analysed with the R&S ESA as shown in Figure 9.6. Thereafter, the 

Allan deviation of the RF signal was computed using the computer based R&S Allan 

variance software. For the Allan deviations presented in this section, the following 

parameters were configured within the computer based R&S Allan variance software.  

 

A delta tau (Dt) of 100 ms was selected whereas a tau-stop setting of 10 ks was 

chosen. The red line in Figure 9.13 shows the frequency stability of the 4 GHz 

electrical RF signal before being modulated onto the VCSEL. The red line further 

represents the stability of the R&S SMB100A signal generator without being phase 

locked to the Rb atomic clock. Frequency stabilities of 3.09251 x 10-12/1 s and 

4.20288 x 10-12/103 s were experimentally measured. Furthermore, the black line 

shows the frequency stability result of the R&S SMB100A signal generator phase 

locked to the Rb atomic source. Short and long-term frequency stabilities of 3.14085 

x 10-12/1 s and 1.01619 x 10-13/103 s were experimentally reported, respectively. When 

	
Figure 9.13: Experimentally measured frequency stability of the original 
electrical signal generated by the R&S SMB 100A waveform generator. The 
black line shows the stability result of the R&S SMB 100A phase locked to a Rb 
atomic clock, as shown in Figure 9.6. The red line shows the stability 
measurement of the R&S SMB 100A not phase locked to the Rb atomic clock.  
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drawing a comparison between the two lines given in Figure 9.13, a clear 

improvement can be seen in the long term averaging of the black curve. This clear 

result is a directly attributed to the fact that the R&S SMB100A signal generator was 

phase locked to the Rb atomic clock. However, Figure 9.13 further shows that the 

short-term stability performance of the two curves are similar and follows the same 

trend between 0.1 s to 10 s. The instability of the R&S SMB100A signal generator 

described by the red line can be attributed to the noise contribution of the internal 

electronic components of the waveform generator. From Figure 9.13, it is to be 

remarked that the noise type represented by the black line may be classified as white 

phase noise, flicker phase noise or white noise. However, Allan deviation does not 

differentiate between white phase noise and flicker phase noise. The noise 

contributions could be related to the physical resonance mechanisms of the oscillator. 

Furthermore, the noise contributions associated to the red Allan deviations curve 

given in Figure 9.13 may be categorized as white phase noise, flicker frequency noise 

and random walk frequency noise, respectively. Here the noise types might be related 

to the resonance mechanisms of the oscillator as well as the ambient surrounding 

conditions. These may include factors such as temperature and vibrations. Table 9.1 

provides a tabulated summary of the stability performance of the R&S SMB100A 

signal generator before and after being phase locked to the Rb atomic clock. It is to be 

remarked that the source of instability changes the phase of the optical signal along 

the fibre. 

 

Figure 9.14 shows the experimentally measured fractional frequency stability of free 

running and active phase noise compensated system. For the results presented in 

Figure 9.14 the R&S SMB100A waveform generator was phase locked to the Rb 

Table 9.1: Experimental Allan variance results. 

 with phase lock w/o phase lock 

Ave. Time (sec) Allan Deviation Allan Deviation 

1 s 3.14085 x 10-12 3.09251 x 10-12 

10 s 9.87237 x 10-13 3.42871 x 10-12 

100 s 2.82025 x 10-13 4.78368 x 10-12 

1000 s 1.01619 x 10-13 4.20288 x 10-12 
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atomic clock, as shown in Figure 9.6. As mentioned previously, the frequency 

stability measurements illustratively shown in Figure 9.14 were achieved using the 

R&S ESA together with the computer based R&S Allan variance software. The 

frequency stability of the 4 GHz signal was analyzed with a frequency counter 

resolution setting of 100 mHz. The green line if Figure 9.14 shows the very best, 

back-to-back stability performance of the R&S SMB 100A before being introduced to 

the VCSEL. 

 

The black line as illustrated in Figure 9.14 represents instability of the 26 km free 

running optical fibre dissemination system. Short and long term frequency stabilities 

of 3.39791 x 10-12 after a 1 s integration time and 8.14848 x 10-12 after a 103 s 

integration time was experimentally measured, respectively. The red line illustratively 

shown in Figure 9.14 represents the stability of the dither controlled VCSEL phase 

compensation system activated. This result experimentally demonstrates that the 

	
Figure 9.14: Experimental results of the measured frequency stability results. The 
black line shows the measured frequency stability of the dissemination system without 
compensation. The green line shows the stability result of the R&S SMB 100A phase 
locked to a Rb atomic clock. The red line represents the measured frequency stability 
of the dissemination system with active compensation. 
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relative frequency stabilities were reduced to 4.43902 x 10-12 at 1 s and 1.62055 x 10-

13 at 103 s respectively. The Allan variance result characterized by the red line shows 

that the frequency instability was further reduced to 4.86137 x 10-14 at 104 s. This 

result infers that during active compensation, the transmitting unit comprising of the 

R&S SMB100A signal generator and the VCSEL combined, was phase locked to the 

stable Rb atomic clock. A comparative analysis between the red and black lines given 

in Figure 9.14 clearly shows that the frequency stability of the disseminated optical 

signal improved through active compensation. Furthermore, it is evident that the 

phase noise of the compensated frequency dissemination system is smaller than that 

of the free running fibre link. The red Allan variance curve given in Figure 9.14 

suggests that the residual noise introduced to the dissemination system is 

predominantly classified as white phase noise. The noise mechanisms associated to 

the black Allan deviation curve in Figure 9.14 may be related to white phase noise, 

flicker frequency noise and random walk frequency noise. A tabulated summary of 

the Allan deviation performance at periodic integration times for the results presented 

in Figure 9.14 is given in Table 9.2. 

 

Although the VCSEL based time and frequency compensation scheme as shown in 

Figure 9.6 proved to be effective, however the system suffers from some operational 

limitations. The VCSEL displays temporal drift and frequency chirping during 

modulation, which may affect the stability and accuracy of the transmitted signal 

along the fibre. However, there are mechanisms in place to reduce the drifting 

property of the VCSEL. One such technique involves temperature controlling the 

Table 9.2: Experimental Allan variance results. 

 Free run Active compensation 

Ave. Time (sec) Allan Deviation Allan Deviation 

1 s 3.39791 x 10-12 4.43902 x 10-12 

10 s 2.6574 x 10-12 1.35633 x 10-12 

100 s 4.62751 x 10-12 4.12653 x 10-13 

1000 s 8.14848 x 10-12 1.62055 x 10-13 

10000 s 4.18939 x 10-11 4.86137 x 10-14 
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VCSEL. Several techniques for reducing and limiting the chirping effect have been 

reported. These may involve injection locking and filtering thereby narrowing the 

spectrum (Gibbon et al., 2011, p. 41-45). One of the main drawbacks of dither 

gradient-based algorithm its slow convergence speed. For complex search algorithms 

such as the one described in Section 9.2, much time is inefficiently consumed 

dithering each individual incoming control voltage before determining best direction 

and step to take. The benefits of the system described in this chapter are as follows, it 

reduces the design complexities and costs since there is no need to include additional 

components to achieve compensation. These may include fibre stretchers, acousto 

optic modulators (AOM’s) and phase lock loop circuits. Furthermore, the noise 

contribution from additional components is reduced. 

 

9.7 Summary 

The time and frequency dissemination experiment presented and described in this 

chapter is, to my knowledge, the first such experimental demonstration at NMU 

Centre for Broadband Communication. Active phase compensation was 

experimentally achieved using the low cost and power efficient 1310 nm VCSEL 

optical source. The initial experimental results show that the measured error voltage 

remains minimized and constant over a five-hour period, while the compensation 

system was activated. The results further demonstrated that majority of the dither 

iterations that induced the phase compensation took approximately 0.15 s. Frequency 

stabilities of 3.09251 x 10-12/1 s and 4.20288 x 10-12/103 s were experimentally 

recorded when the R&S SMB100A signal generator was not phase locked to the Rb 

atomic clock. After phase locking the R&S SMB100A waveform generator to the Rb 

source, short and long-term frequency stabilities of 3.14085 x 10-12/1 s and 1.01619 x 

10-13/103 s were experimentally measured. Instabilities of 3.39791 x 10-12 at 1 s and 

8.14848 x 10-12 at 103 s were demonstrated for the free running fibre link, whereas 

frequency stabilities of 4.43902 x 10-12 at 1 s and 1.62055 x 10-13 at 103 s were 

measured during active compensation. 

 

 



	 105	

CHAPTER 10 

 

CONCLUSION 
 

Optical fibre plays a major role in the SKA telescope project, both in transporting 

huge amounts of astronomical data and in the dissemination of highly accurate and 

stable clock signals. Telescope array networks and conventional telecommunication 

networks share several key similarities and differences. Thoughtful design and 

technology selection is therefore essential in meeting the unique requirements of SKA 

astronomical telescope. The design and implementation of a precise and continuous 

time and frequency dissemination network in the laboratory test-bed has been 

demonstrated at the Centre for Broadband Communication laboratory, at Nelson 

Mandela University (NMU). Through thorough reviewing and studying of the related 

and relevant literature and embarking on various experimental works, this research 

has laid the foundation for future phase noise compensation research at the NMU.  

 

In terms of the experimental finding presented in this PhD thesis, Chapter 6 contains 

numerous experimental results pertaining to optical fibre pulse-per-second (PPS) 

latency measurements along a round-trip dissemination link. This work is based on a 

high speed all optical VCSEL wavelength conversion and switching, by PPS optical 

injection within the 1550 nm transmission window. By using a 1551.70 nm injection 

beam from a DFB laser source, wavelength switching to 1553.30 nm occurred. This 

was realized by using a slave VCSEL with a wavelength tunability of 3.5 nm (437.5 

GHz). A round-trip latency time of 113.2 µs was experimentally measured along a 22 

km fibre link. The velocity of the disseminated optical PPS signal along the fibre 

transmission path was found to be 1.944 x 108 m/s. These results highlight the urgent 

need for a time delay or phase drift compensation strategy. 

 

The design and operational features of a fast switching phase correction system was 

explored in Chapter 7. A simulation was conducted to investigate the influence of 

temperature on the fibre length. The simulation results presented in this chapter 

suggests that a 2 km deployed fibre experiences a 28 mm optical fibre path length 

expansion, whereas a 20 km fibre link experiences a 280 mm change in optical fibre 
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path length, assuming a 2°C temperature change. These results highlight the urgent 

need for active phase compensation within the SKA since a 1 km fibre, buried at a 1 

m depth experiences 35 mm change in the optical transmissions length, due to a 5°C 

temperature variation. Experimental results further showed that a + 0.1 mA change in 

the bias current corresponds to a 0.1 nm wavelength shift. Moreover, a – 0.1 mA 

change in the bias current of the VCSELs used corresponds to a 0.05 nm wavelength 

shift. Chapter 7 concludes by highlighting the stringent clock tone stability 

requirements at the respective SKA observational frequencies.  

 

Chapter 8 presented the first experimental demonstration of an electrical error signal 

needed for feedback control of the VCSEL phase correction actuator. The error signal 

was generated using a RF frequency mixing technique. Section 8.3.2 showed that the 

error signal was minimized at -78.3 mV, -105.3 mV, -74.4 mV and -94.7 mV 

corresponding to a zero phase difference between the reference and transmitted 

sinusoidal waveforms. In Section 8.4 a proof of concept for using a VCSEL phase 

correction actuator for phase noise compensation was presented. A DFB laser was 

used as the actuator because it has similar wavelength tunability properties as a 

VCSEL. Compensation along the G.652 fibre link was achieved by taking advantage 

of the inherent chromatic dispersion properties as well as the tunability property of the 

DFB laser.  

 

Chapter 9 presented the first ever dissemination of high precision timing signals 

across a 26 km G.655 optical fibre link at NMU. Performance analysis of the dither 

controlled phase correction actuator was experimentally demonstrated. The dither 

control algorithm was designed and compiled by the author. The result showed that 

the error voltage remains minimized and constant over the entire five-hour period for 

which the phase noise compensation system was activated. A -88.5 mV error voltage 

was experimentally recorded corresponding to zero phase difference between the 

transmitted and reference signal. Further experimental results showed that majority of 

the dither iterations that induced the phase compensation took approximately 0.15 s. 

Fractional frequency stabilities of 3.09251 x 10-12/1 s and 4.20288 x 10-12/103 s were 

experimentally recorded when the R&S SMB100A signal generator was not phase 

locked to the Rb atomic clock. When the R&S SMB100A signal generator was phase 
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locked to the Rb source, short and long-term frequency stabilities of 3.14085 x 10-12/1 

s and 1.01619 x 10-13/103 s were experimentally measured. Further testing yielded 

instabilities of 3.39791 x 10-12 at 1 s and 8.14848 x 10-12 at 103 s when the fibre link 

was running freely. However, frequency stabilities of 4.43902 x 10-12 at 1 s and 

1.62055 x 10-13 at 103 s were measured during active compensation. 
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