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Chapter 1 

  Introduction 
 

Astronomy dates back to the early man’s impression of the heavens with little 

information recorded including some drawings of comets, eclipse and supernovas[1]. 

Major progress has been made in the field of Astronomy since then. Scientific curiosity 

to probe the universe in attempt to answer questions such as the origin of the universe, 

the matter it is made of, the formation of stars, planets and galaxies, and tracking life in 

other solar systems has brought about the need for more advanced tools capable of 

detailed observations. In 1608 H. Lippershey developed the first refracting telescope[2], 

[3]. A year later Galileo used a similar telescope pointing skywards discovering 

mountains and craters on the earth’s moon, the moons of Jupiter and the phases of Venus. 

Over the years telescopes have been developed with advancements from the optical 

telescope towards much larger and more sensitive radio telescopes. The first radio signal 

from space was detected by Karl Jansky and ever since then astronomers have been using 

radio telescopes to explore the universe by detecting radio waves emitted by cosmic 

objects[4]. The ability of radio telescopes to detect weak signals is related to the signal 

capture surface.  

 

As the demand for sensitivity, transmission bandwidth and data rate increases, so does 

the need for telescopes with a large field of view and capability to observe different parts 

of the sky at once[5].  This is possible with radio telescope array, with the data from the 

antennas combined electronically to produce a high resolution image of the sky. The 

South African MeerKAT radio telescope is an array of 64 interlinked antennas each 

transmitting up to 160 Gbps of data to the central processing site over optical fibre which 

is ideal for carrying large volumes of data at high speeds. The MeerKAT telescope is a 

precursor to the Square kilometer Array which will have up to 50 times the sensitivity 

and 10000 times the survey speed than the best telescope[6]. The MeerKAT and SKA 
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telescope rely on the distribution of a highly stable RF clock signal from the central 

processing site to the remote antennas to drive a digitizer, time stamp data and signal 

processing (correlation). 

 

The sinusoidal signal generated by the RF clock is not perfectly stable. Instead it exhibits 

noise, the signal amplitude, phase and frequency fluctuate with time.  In addition to this, 

the signal is affected by a number of factors as it is distributed from a central point to the 

antenna further degrading the clock stability. These include optical fibre birefringence 

and polarization fluctuations which introduce phase instability to the clock tone. This 

brings about difficulties in the operation of the MeerKAT telescope as the clock is 

required to maintain a stability within several hundred femtosecond jitter. The RF clock 

stability and additive noise can be analyzed as random short-term instability (phase 

fluctuation) and long-term instability (frequency drift). The aim of this work is to 

accurately characterize the RF clock stability and the noise induced as the optical signal 

is transmitted over fibre.  

 

Since the establishment of the Optical fibre research unit in 2001 a lot of work has been 

done at the Nelson Mandela Metropolitan University to investigate effects on an optical 

signal transmitted over fibre and to apply various measurement techniques that 

characterize these phenomena. These include measurement of polarization mode 

dispersion (PMD) on optical fibre under different environmental and deployment 

conditions using cross-correlation interferometric and polarimetric measuring techniques. 

As well as characterization of chromatic dispersion (CD) on single mode fibre using 

pulse delay and phase shift measurement techniques, and polarization measurements 

characterization of state of polarization fluctuation rates if buried and overhead fibre. The 

techniques were designed and constructed using modern optical fibre research equipment 

available in the lab. Over the years the Optical Fibre Research Unit has expanded in 

research projects and developed into the Centre for Broadband Communication in 

partnership with CISCO, Department of Science and Technology (DST) and Square 

Kilometre Array (SKA). This has brought new exciting research opportunities for the 

students with projects such as flexible spectrum optical network optimization and optical 
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fibre measurements for clock tones in telescope networks. In the work represented in this 

thesis, it is the first time that clock phase stability and frequency drift measurements of an 

optical signal transmitted over fibre will be investigated at the NMMU optical fibre 

research lab. The aim of this study is to formulate and implement a suite of measurement 

tools suitable for a complete characterization of clock to distribution system similar to the 

MeerKAT and SKA telescope network.  

 

This was done using a direct method to analyze the random signal fluctuation in the 

frequency domain characterized as phase noise (reported as jitter in the time domain) and 

deterministic frequency drift in the time domain characterized as non-overlapping Allan 

deviation. This work will provide a detailed discussion of the nature of clock tones and 

signal instability and understanding on how optical link components affect the stability of 

a clock signal. It will consider the requirements and performance of the distribution 

system over optical fibre of different length, different types and under environmental 

condition fluctuations to meet these criteria of successful operation stability.  

 

In chapter 2 the principle of light propagation through a waveguide is addressed using 

two different approaches. The reflection and refraction can be used to describe the 

propagation as in the Ray model, or light can be treated as an electromagnetic wave 

making use of Maxwell’s equations to define propagation. The different types of fibre 

used for transmission are discussed along with the attenuation and signal degradation 

associated with each.  

 

Chapter 3 is an introduction to telescope network design and stability requirements for 

successful operation of the system; the critical role of clock tones in timing and 

synchronization in distribution systems are also addressed. The theory of clock stability 

and origin of signal instability is specified in the time and frequency domains. There is a 

relationship between the two domains using phase noise to phase jitter conversion. This 

relation is demonstrated. In latter sections the different types of noise associated with 

clock stability of an optical signal distributed over optical fibre are discussed.  
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There are three common techniques used for clock signal stability characterization: phase 

locked loop, delay line, and the direct method. The setup complexity and calibration for 

each technique is unique as explained in chapter 4.  There are advantages and 

disadvantages associated with each method such as the sensitivity level, therefore the 

choice of which method to use is based on the stability requirements of the distribution 

under test.  Since the establishment of the NMMU Centre for Broadband 

Communication, this method is being developed and the study of stability using phase 

noise and Allan deviation measurements will be conducted for the first time. The 

simplicity of the direct method setup and sensitivity levels being above noise level of 

interest as per MeerKAT stability requirements make it the ideal technique for this 

research. 

 

Chapter 5 gives an overview of the apparatus used to build up the direct method 

experiments for random short-term instability and long-term frequency drift explaining 

the parameters under which the measurement equipment was operated.  

 

In chapter 6 the signal instability was characterized in the frequency domain using an 

electrical spectrum analyzer. The RF clock tone origin was from signal generated. The 

measurement results were used as a reference to investigate the noise contributed by a 

transmission link on a clock signal distributed over optical fibre as a function of length. 

Chapter 7 is a comprehensive discussion of Allan Deviation extraction from 

instantaneous frequency measurement of a clock signal observed over different time 

periods. 

 

Chapter 8 and 9 is a representation of measurement results collected for the analysis of 

additive noise contribution from different components making up the transmission link of 

the optical clock signal distribution system. Comparison was made between different 

components, under different environmental conditions especially for the optical fibre and 

different operating conditions (gain of amplifier and position along the link). These 

results were analyzed using both phase noise and Allan deviation to investigate the 

distribution system stability over time.  
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The work presented in this thesis is of high relevance for measuring and analyzing the 

stability of RF clock tone important for the telescope design, operation and optical clock 

signal for the distribution system over optical fibre.  
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Chapter 2 

Optical Fibre Waveguide Theory 
 

In this chapter the design of basic optical fibre will be address. Optical fibre is used for 

transmitting light from the light source to the receiver, so it is essential that the theory 

describing the nature of light and its propagation through the waveguide be discussed. A 

brief description of the types of fibre with their advantage and disadvantages in the 

different windows of transmission is also addressed. The signal degradation by 

attenuation, chromatic dispersion and polarization mode dispersion are covered. The 

signal instability introduced by optical link components such as lasers, amplifiers and 

photodiodes is discussed. The distribution of stable RF clock tone for timing and 

synchronization in telescope networks depends on the transmission of light over optical 

fibre. The propagation of light in a waveguide can be approach in two models. The ray 

model that uses reflection and refraction has been approached in next section. 

 

 

2.1 Optical Fibre Design 

 

In an optical fibre telescope network system the optical fibre is used to transfer the light 

pulse from the transmitter to a receiver as timing signal, and scientific data from the 

antenna to the central processing building. Optical fibre is a cylindrical dielectric 

waveguide over which light is transmitted based on the principle of total internal 

reflection. Optical fibre is made up of core and cladding, where the core is the central 

cylinder of fibre with refractive index   . The cladding was first proposed by Holger 

Moeller in 1951 as a transparent material of lower refractive index layer    surrounding 

the core[7]. The use of optical fibre as a waveguide has been developed since the first 

bent glass rod was used to illuminate body cavities as demonstrated in 1888 by Doctors 

Roth and Reuss.  
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 If the light is incident on the optical fibre with an angle of incident    greater than the 

critical angle    then the light will be guided along the core [8]. The critical angle is 

defined as the angle of incidence that gives a refracted angle of 90 degrees, this occurs 

when the cladding to core refractive index ratio is less than one (rays of light pass 

through a denser medium to the surface of less dense medium) and is given as: 

        (
  

  
)  (2.1) 

derived from Snell’s law for a wave traveling along two media. The capacity an optical 

fibre has to gather light is given by the Numeric Aperture (NA) expressed as: 

 

   √  
    

           (2.2) 

 

A higher NA value reflects more light being collected to propagate in the fibre.  

 

 

The fibre has two essential components namely core and cladding which are made out of 

different materials at different size dimensions depending on the type of fibre and the 

application. The optical fibre may have additional layers for protection as seen in figure 

2.1. 

 

Figure 2.1: typical optical fibre structure[9] 

The core diameter is typically 9, 50, 62.5 or 100    and that of a cladding being 125    

or 140    with the size of the fibre described as 62.5/125 or 100/140.  Plastic optical 

fibre has both essential components made of polymethyl methacrylate with the polymer 
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fluorinated for the cladding[10]. This type of fibre has very high attenuation and is 

commonly used to transmit light over short distances (tens of metres). Numeric aperture 

is the light gathering capacity of an optical fibre. The larger the numeric aperture/core 

size, the more light is collected to propagate through the fibre. An increase in the numeric 

aperture/core size results in an increase in the number of modes.  

 

For a silica fibre, both core and cladding are made of glass. The refractive index 

requirement can be achieved by doping the core with germanium/phosphorus to increase 

it or decrease the cladding refractive index by doping it with boron or fluorine. Both 

silicon and germanium are group four elements sharing very similar chemical 

properties[11]. Germanium is the preferred dopant as it exhibits low absorption properties 

for transmission wavelengths 1310 nm and 1550 nm. Glass optical fibre has low 

attenuation and is suited for long distance transmission (100 to 1000 km). Other fibre can 

be made from a glass core surrounded by plastic cladding. Coating is a layer surrounding 

the cladding to strip out light rays traveling in the cladding and a buffer over coating for 

extra protection. The coating has a diameter of 250    and painted with ultraviolet cured 

paint, which helps with identification when handling a number of fibres in a cable. The 

buffered optical fibre is surrounded by Kevlar and coated to form a tight jacket or it can 

be laid inside a loose plastic tube for harsh environmental condition protection[12].  

 

 

2.2 Signal Degradation 

 

The light pulse propagating through the optical fibre is subject to signal degradation as it 

is transferred from the transmitter to the receiver. Attenuation weakens the signal 

intensity as the light travels through the optical fibre, limiting the transmission distance. 

Dispersion is the main contributing factor in signal degradation. Signal degradation 

causes the light pulse to broaden as it propagates along the optical fibre path length, 

overlapping of pulses results in errors on the detection process by receiver limiting 

optical fibre information carrying capacity.  



9 
 

 

2.2.1 Attenuation of the Fibre 

 

Attenuation leads to the decrease in optical power of the signal. It may be caused by 

scattering associated with the fibre material and structural imperfections, and absorption 

related to fibre material. As the light ray travels down the fibre it is scattered and 

absorbed, which diminish the signal intensity. The absorption of a light pulse is caused by 

many different mechanisms including intrinsic absorption, extrinsic absorption and 

atomic defects. The intrinsic absorption is a fundamental lower limit. For silica fibre 

intrinsic absorption is due to the molecular composition of pure silica (SiO2) with certain 

wavelengths being absorbed[13]. Wavelengths in the ultraviolet region are absorbed due 

to electronic resonance in silica. In the infrared region the absorption is affected by the 

silicon-oxygen atomic bond vibration. Extrinsic absorption occurs because of various 

impurities introduced during the manufacturing process of the optical fibre. These 

impurities can be from transition metal ions such as iron, nickel and chromium. The 

largest absorption arise due to hydroxyl ions (OH
- 
) with absorption peaks at 2700 nm, 

1400 nm, 950 nm and 725 nm wavelength[14].  

 

The absorption loss is a lower limit as opposed to the scattering loss in the transmission 

windows of modern optical fibres.  Scattering signal loss is a result of microscopic 

variations in the fibre material density, molecular concentration variation, structural 

inhomogeneities and waveguide imperfections (defects). The effect of density and 

composition fluctuation gives rise to the variations of refractive index resulting in 

Rayleigh scattering. As the light pulse propagates down the waveguide, the photons 

interact with the fibre atoms (depending on the atom relative to the wavelength of light) 

resulting in the photons changing direction and light escaping the waveguide.  

The Rayleigh scattered intensity is proportional to 
 

  
 ; this results in a drastic decrease in 

scattering loss with increasing wavelength[15]. At high signal power non-linear effects 

(Raman and Brillouin scattering) occur. During Raman scattering the photons are 

absorbed by the silica molecules and re-emitted at slightly shifted wavelength with some 

of the energy absorbed. The energy of the scattered photon is equal to the energy of the 
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incident photon minus the energy of vibrating molecule (Stoke scattering) or plus the 

energy of the vibrating molecule (anti-Stoke scattering) which cause the re-emitted 

photon to change direction and polarization[14]. Brillouin scattering occurs when the 

high optical power generated acoustic waves affect the density of fibre resulting in 

variation in the refractive index[14].  

 

The power of a light pulse propagating through the fibre decreases with the distance 

traveled. Attenuation is one of the fibre’s very important properties as it determines the 

maximum distance a signal can be transmitted along a fibre before it cannot be detected 

or amplification is required.  A signal incident on a fibre with input power     and output 

power      at the end of the path length L in km experience a signal loss in units of 

decibels per kilometer given as: 

           (     )   
  

 
     (

    

   
)  (2.3) 

 

The signal loss is a function of transmission wavelength as illustrated by the attenuation 

curve in figure 2.2 

 

Figure 2.2: optical fibre attenuation as a function of wavelength at different windows of transmission[14] 
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The absorption spectrum of standard glass has 3 transmission windows. The first window 

of transmission 850nm has an attenuation of 3 dB/km. Its relative high attenuation limits 

transmission operation over optical fibre path lengths of over a few kilometres. It is 

useful for short-range transmission due to the availability and cost efficiency of the 

optical components operating at this wavelength. In the early 1980s the original band (O-

band) was developed. The optical fibre attenuation as a function of wavelength at 1310 

nm yields a value of 0.5 dB/km for a standard optical fibre.  

 This window was used when the transmitter and receiver technology for 1310 nm and 

1550 nm was still under developed. The relatively wide 1550 nm window (conventional, 

C- band) gained recognition in the mid 1980 to early 1990s with the development of the 

Erbuim Doped Fibre Amplifier (EDFA) for all optical amplification in this window. The 

attenuation at this window of transmission is 0.3 dB/km for standard optical fibre.  

 

 

2.2.2 Dispersion  

 

Dispersion is the broadening of a light pulse as it propagates through the optical fibre. 

Peak broadening can lead to neighboring pulses overlapping resulting in corruption of 

data which causes difficulties in the detection process at the receiver end of the link. The 

penalties of pulse broadening are intersymbol interference and power fading effects. If 

the pulse broadening exceeds the dispersion of the fibre the data output is rendered 

undetectable. This also poses limitations in the overall bandwidth of the fibre and affects 

the data transmission capacity, especially for high bit rate system operation where 

spacing (time domain) between pulses is small. Dispersion measures the total pulse 

broadening per unit distances. The total pulse broadening    is defined as the root of the 

difference between the input pulse spread      and the output pulse spread       given 

by[15][16]: 

 

   √   
       

             (
  

  
)   (  )         (2.4) 
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It is measured in time, typically nanoseconds or picoseconds. Dispersion is a function of 

optical fibre path length, the longer the fibre the higher the dispersion value. There are 

three major dispersion effects in the optical fibre: Modal dispersion, chromatic dispersion 

(CD), and polarization mode dispersion (PMD).  

 

 

(i) Modal Dispersion 

 

Modal dispersion is the pulse broadening caused by the time delay between rays traveling 

in different modes. Step index multimode fibre has light rays traveling in different 

directions, some travel in a straight path down the core (lower mode), whereas others 

zigzag as they bounce off the cladding (higher mode)[17]. Each mode travels a different 

distance hence they reach the end of the optical fibre path length at different times. This 

time delay results in pulse broadening, dispersion. The more modes present in an optical 

fibre the greater the effect of modal dispersion. It limits the bandwidth of a fibre. The 

effect of modal dispersion can be reduced by altering the refractive index profile of the 

fibre. For example the refractive index of fibre can be altered such that the refractive 

index of the core diminishes gradually from the center axis out towards the cladding. The 

light traveling in a straight path down the fibre propagates slower as compared to the 

light that curves helicaly of the periphery of the cladding[18]. The reduced path of the 

reflected light and high speed allows it to arrive at the receiver at the same time as the 

straight path light resulting in a less spread out pulse. This is referred to as graded index 

multimode fibre.  

 

 

(ii) Chromatic Dispersion 

 

Chromatic dispersion occurs within a single mode of propagation. It is a pulse broadening 

due to the different wavelengths of light propagating at slightly different velocities 

through the optical fibre path length. All light sources emit more than one wavelength 

instead of a single discrete spectral line since they have a finite number of spectral 
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width[19]. Chromatic dispersion is an aggregate of material dispersion and waveguide 

dispersion.  

 

Material dispersion is due to the refractive index of waveguide medium dependency a the 

light source wavelength. The refractive index varies as a function of wavelength. 

Consider an optical fibre where all the modes of propagation are excited with the spectral 

power equally distributed with each mode. Light propagation in each of these modes is 

treated as an individual spectral component of the wavelength of the source. Each 

spectral component through the optical fibre path length encounters different interference 

with the refractive index of the medium and thus travels through at different 

velocities[7][8]. These spectral components of the wavelength have different propagation 

times resulting in pulse broadening. The total delay difference     for a light source with 

spectral width    propagating through a fibre of length L is given as[20]: 

     
 

 

  

 
 ( )         (2.5) 

 

where D( ) is the material dispersion coefficient. The material dispersion pulse 

broadening is proportional to optical fibre length and the source spectral width. 

Broadband light sources such as a light emitting diode (LED) would lead to severe signal 

degradation (pulse broadening and overlap). To reduce the effect of material dispersion a 

light source with a narrow spectral width such as laser should be used.  

 

Waveguide dispersion is related to the ratio of mode confinement, which depends on the 

physical structure of the waveguide and the wavelength of light propagating within it. It 

results from the distribution variation of optical light power between the core and 

cladding[9]. Light distribution is a function of wavelength, core radius and the refractive 

index of the fibre. In single mode fibre, 80% of the light is confined in the core.  Twenty 

percent of the light propagates in the cladding, traveling faster than the light confined in 

the core, as the cladding refractive index is relatively lower than that of the core.  This 

results in the pulse broadening, waveguide dispersion.  

 

 



14 
 

 

 

Figure 2.3: chromatic dispersion curve for standard single mode fibre and dispersion shifted fibre[14]. 

 

Material dispersion and waveguide dispersion can have opposite signs depending on the 

wavelength of the light source being transmitted. It is possible for these effects to cancel 

out yielding a chromatic dispersion of zero. This is the case for standard step index single 

mode fibre at 1310 nm where the material dispersion positive and the negative waveguide 

dispersion counteract[21] as shown in figure 2.3.  Although transmission in the 1550 nm 

wavelength is preferred because of low attenuation, it does not posses the zero-dispersion 

properties seen in 1310 nm. By altering the design of the waveguide a dispersion-shifted 

fibre can be developed, this is achieved by increasing the waveguide dispersion such that 

the chromatic dispersion at 1550 nm is zero making high bandwidth and long distance 

communication possible[15]. Transmission of multiple closely-spaced wavelengths in the 

1550 nm bands over the zero dispersion shifted fibre gives rise to severe nonlinear 

effects. Non-zero dispersion shifted fibre was introduced to address the nonlinearities 

problem. This type of fibre ensures that all the channels have different speeds as they 

propagate through the optical fibre, achieved by moving the dispersion wavelength to 

either end of the 1550 nm band[22]. Non-zero dispersion fibre has a high tolerance for 

non-linear distortion effect and offers minimized bending and splice loss for dense 

wavelength division multiplexing networks[23]. 
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(iii) Polarization Mode Dispersion 

 

Polarization mode dispersion is the pulse broadening that occurs because of a phase delay 

between two orthogonal polarization states. The light pulse orthogonal components 

(polarization modes) generate a phase difference changing in time as they propagate 

through the orthogonal axes (principle axis) of the optical fibre.  

It is an aggregate of birefringence and mode coupling. The effect of PMD causes an 

increase in bit error rate making a limiting factor in high bit rate transmission systems. 

The PMD for a G.652.C optical fibre at 1550 nm transmission is 0.20 ps/√   relative to 

the chromatic dispersion value of 18 ps/nm.km, PMD is a second order effect[24].  

 

Single mode fibre supports one fundamental propagation mode consisting of two 

orthogonal propagation states. Ideally this optical fibre has a perfectly circular core and 

same refractive index for the propagation states[25]. However asymmetries in the optical 

fibre core geometry occur due to mechanical and thermal stress introduced during the 

manufacturing process. As a result of this asymmetry a small difference in the refractive 

index of the polarization states exists, a property known as birefringence. This creates 

different optical axes, one slow and the other fast. Birefringence causes the polarization 

states to travel with different velocities (one faster than the other) resulting in a difference 

in the time of arrival at the receiver end, called differential group delay (DGD) therefore 

an overall pulse broadening as shown in figure 2.4.  
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Figure 2.4:  Polarization mode dispersion in a fibre[26] 

 

The time difference is a function of wavelength. DGD is typically measured in units of 

picoseconds. The effect is intensified by external mechanical stress (bending and twist) 

and environmental condition fluctuation on the optical fibre. These random effects add up 

along the path length of the fibre, thus PMD is not given by a single value but it is rather 

described by the average of the DGD over some wavelength.  

 

Mode coupling is the exchange in energy amongst the two polarization modes 

propagating along the optical fibre path length.  The birefringence of an optical fibre is 

exacerbated by any bends or twist generating points of perturbation referred to as mode 

coupling sites. These points occur at random positions and with random orientation along 

the optical fibre length. When two states of polarization encounter the mode coupling site 

energy is exchange depending on the position and orientation. Mode coupling introduces 

multiple polarization modes splitting the input signal between the new fast and slow axes 

(random orientation of mode coupling site)[14].  For strong birefringence fibre there is a 

low degree of mode coupling as light propagates through the fibre, and the PMD 

increases linearly with fibre length. Mode coupling occurs easily in weak birefringence 

fibre, the average distance between mode coupling sites is less than the fibre length. In 

such cases the degree of mode coupling is high, and PMD has a square root dependence 

to the length of the fibre. Mode coupling mitigates the effect of PMD[27], [28]. In 

modern fibres mode coupling is induced intentionally during the manufacturing processes 
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to reduce PMD of a fibre. This is done by spinning the fibre while it is being drawn from 

the preform, this realigns the orientation of the axes of the fibre.  

 

 

The instantaneous PMD will be different along the length of the fibre as the wavelength 

of laser will be different. A small change in the wavelength can have a significant impact 

on PMD. The clock stability budget for the MeerKAT X/Ku-band (8-14.5 GHz/ SKA 

phase 1 mid) is 2.2 ps for a 0.2 rad phase error. For fibre length, L, the PMD penalty is 

approximately   (          
 

 )    
 

 [29]. 

2.3 Optical Fibre Types 

 

Two types of optical fibre are described in optical fibre communications, it transmits light 

in 1310 nm and 1550 nm wavelength. It was first suggested by Charle Kao and George 

Hockham that the loss of glass fibre could be reduced, this could be achieved by 

removing impurities. In the 1970s Corning glass work achieved a single mode fibre 

attenuation of less than 20dB/km by doping it with titanium[30]. This was one of the first 

lowest attenuation attempts.  

 

2.3.1 Multimode Fibre 

 

Multimode fibre is the first manufactured and commercialized fibre. It supports a number 

of modes that propagate simultaneously through the waveguide. The number of modes 

supported depends on the core size relative to the wavelength of light being transmitted 

and the numeric aperture. The core diameter of the multimode fibre is relatively large and 

supports a large number of modes. Multimode fibre can transfer light transmitted at 850, 

1310 and 1550 nm wavelength. Due to the large core a number of reflections are formed 

as light passes through. Multimode fibre can be categorized as either step index or graded 

index as shown in figure 2.5.  
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Figure 2.5: types of optical fibre[31] 

Step index multimode fibre has a uniform refractive index throughout the core and 

changes drastically at the core-cladding interface. This type of multimode fibre has light 

rays of a pulse traveling in different directions, some travel in a straight path down the 

core which others zigzag as they bounce off the cladding. Combinations of the different 

modes spread out the well-defined shape of the pulse. The dispersion caused by the 

difference in the path length for the varies modes makes this fibre too slow for most use, 

it is barely used in communication systems.  

 

 Graded index multimode fibre refractive index of the core diminishes gradually from the 

center axis out towards the cladding. The light travels in a straight path down the fibre 

slowly compared to the light that curves helically of the periphery of the cladding. 

Variation in the refractive index of the core compensates for the different path length of 

the modes[32]. The reduced path of the reflected light and high speed allows it to arrive 

at the receiver at same time as the light that propagated along the straight path resulting in 

a less spread out pulse. Graded index multimode fibre offers more bandwidth than the 

step index multimode fibre.  
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Due to the large core different light sources such as LEDs and VCSELs may be suited for 

applications over multimode fibre depending on the transmission speed and wavelength 

of light. The reach over multimode fibre is limited by modal dispersion and attenuation, 

typically 1.5 dB/km. 

 

2.3.2 Single Mode Fibre 

 

Theoretical description of single mode fibre with small core carrying light in one 

waveguide mode came in 1961 when Elias Snitzer demonstrated it using thin glass fibre 

with a loss suited for medical application[1]. Single-mode fibre allows one mode of light 

to propagate in a straight line down its small core without any internal reflection as the 

refractive index is reduced as shown in figure 2.5.  

 

 

To ensure no additional modes are created, the single mode fibre of core diameter d can 

only transmit wavelengths longer than the cut off wavelength    given as[5][6]: 

 

    
  

     
√  

    
   (2.6) 

The typical core diameter of single mode fibre is 9   .  Single mode fibre has a lower 

attenuation than multimode fibre and thus retains better pulse accuracy (less signal 

intensity weakening). Single mode fibre is characterized as step index fibre. It carries 

light in the second and third window of transmission where attenuation is minimized. The 

typical value is 0.4 and 0.25 dB/km for transmission at 1310 nm and 1550 nm 

respectively[16]. This means light can be transmitted over longer distances.  For long 

reach transmission over single mode fibre, a light source with narrow spectral width 

should be used as the waveguide has a small core. The reach is limited by chromatic and 

polarization mode dispersion as single mode fibre does not exhibit modal dispersion. At 

1310 nm the chromatic dispersion is zero for non-dispersion shifted fibre, the need of 

high bandwidth has brought about the need to operate at 1550 nm[5].  By modifying the 

refractive index of the step index single mode fibre such that it gradually diminished from 
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the center of the core into the low refractive index cladding, zero chromatic dispersion at 

1550 nm could be achieve, this was the introduction to zero dispersion shifted fibre.  

 

2.4 Mathematical Wave Description of Light 

 

In this section the electromagnetic theory is introduced. The theory describes the best 

known propagation phenomena of light and begins with Maxwell’s equations. The 

second approach uses Maxwell’s equation and treats light as an electromagnetic wave. 

 

2.4.1 Maxwell’s Equation 

 

The electromagnetic wave consists of oscillating electric fields  ̅ and magnetic fields  ̅ 

that are perpendicularly aligned. For a dielectric waveguide with no free charges or 

current the Maxwell’s equations can be expressed as[33]: 

 

   ̅        (2.7) 

 

   ̅   
  ̅

  
     (2.8) 

 

   ̅        (2.9) 

 

   ̅    
  ̅

  
      (2.10) 

 

 where   and   are the permeability and permittivity of the waveguide material 

respectively.   and  , do not depend on the direction of propagation and are not a 

function of  frequency[34].  The equations can be decoupled by taking the curl of 

equation 2.8 and 2.10 to give a standard wave equation for the electric and magnetic 

fields:  

 



21 
 

   ̅     
   ̅

   
    (2.11) 

 

   ̅     
   ̅

        (2.12) 

 

The two equations satisfy the classical wave equation with three-dimension generic form 

given as: 

 

   ̅  
 

  

   ̅

   
     (2.13) 

 

where v is the velocity of the wave and f is the wave amplitude. The electromagnetic 

waves propagate through the waveguide with a velocity: 

 

  
 

√  
 

 

 
       (2.14) 

 

where n is the refractive index of the material.  For an electromagnetic wave propagating 

in the z direction the refractive index is assumed to be constant, but can vary in the x and 

y direction[35].  The standard wave equation of the electric fields propagating in the z 

direction at a given instant in time t can be expressed as: 

 

 ̅(   )    
̅̅ ̅(   )          (2.15) 

 

where   is the angular frequency and   
 

 
  is the propagation constant. Due to the 

core dimension and the fibre geometry only discrete values of   act as solutions to 

equation 2.15 hence only certain modes are supported.  

 

Substituting equation 2.15 into the wave equation of the electric field gives: 

 

(
  

    
  

   )  ̅(   )  (       ) ̅(   )      (2.16) 
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The solution of the electric field in equation 2.16 may either vary exponentially or 

sinusoidally depending on whether (       ) is positive or negative. For light to 

propagate through the optical fibre length it must be confined in the core. This is 

achievable when the solution of the electric field is a stable sinusoidal varying function in 

the core and exponentially decaying function in the cladding[18][19].  

 

2.4.2 Polarization of Light 

 

Light consists of a number of waves each with different orientations of the electric field 

depending on the direction atoms and molecules of the source to which it is radiated.  A 

wave propagating in the z direction within an optical waveguide may be treated as a 

superposition of two orthogonal waves of the same frequency as shown in figure 2.6.  

 

 

Figure 2.6:  electric field propagating in the z-direction 

 

The resultant electric field of the wave can be expressed as a superposition of the time 

varying orthogonal components[33]: 

 

 ̅(   )    
̅̅ ̅(   )    

̅̅ ̅(   )   (2.17) 
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̅̅ ̅(   )         (        )  (2.18) 

 

  
̅̅ ̅(   )         (        )  (2.19) 

 

This light will be unpolarized as the electric field orientation would vary randomly with 

time. For polarized light the resultant electric field variation is predictable. The 

magnitude and orientation of the electric field is referred to as the state of polarization 

obtained once the amplitude     and phase    of the orthogonal components is 

known[36]. Light can be either unpolarized, partially polarized or polarized depending on 

the degree of polarization (DOP), which gives the intensity of the polarized light relative 

to the total intensity.  There are three states of polarization used to describe the 

orientation of the electric field for a propagating wave: linear, circular and elliptical. The 

states depend on the amplitude of the orthogonal wave components and the relative phase 

difference (       ) between them. In the xy plane the phase difference ranges from 

0 to 2 . This also controls the direction in which light is swept. For phase difference 

      the electric field would trace out in a clockwise direction and light is said to 

be right handed polarization state. Left hand polarization occurs when the electric field 

traces in an anticlockwise direction for phase difference       [37]. Figure 2.7 

shows the three states of polarization of light and the different directions.  
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Figure 2.7 state of polarization for varies phase differences[38] 

Light is linearly polarized if the phase difference between the components of the electric 

field is zero or an integer multiple of  .  

 

      

 

Light is considered to be circular polarized when the amplitude of the orthogonal wave 

components is equivalent and the phase difference is given by: 

 

 

   
 

 
     

 

and depending on the sign of the first term it is either left ( 
 

 
    ) or right ( 

 

 
 

   ) circular polarized. Light is left circular polarized if the electric vector coming 

towards you appears to be rotating clockwise. If the rotation is counter clockwise, the 

light is right circular polarized. When the critical conditions that classify light as either 

linearly or circular polarized are not met, then light is said to be elliptically polarized[21].  
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2.4.3 Stokes Parameter and the Poincaré Sphere 

 

Any form of complete polarization that results from a coherent light source can be 

analyzed using the polarization ellipse. The states of polarization of the resultant electric 

field may be represented by a polarization ellipse.[39] The minor and major axes of the 

ellipse do not correspond to the x and y axis. Instead the ellipse is tilted an angle   with 

respect to the x-axis as seen in figure 2.8.  

 

 

Figure 2.8: polarization ellipse for electric field propagation in the z direction[40] 

Different states of polarization have a unique polarization ellipse described in terms of 

two angles   and  . The angle   specifies the orientation of the ellipse. The second angle 

  is the ellipticity, it specifies the points of intersection    and     of states of 

polarization with the major axis of the ellipse. The angle   is defined in terms of the 

intersection point given as [39], [41]: 
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    ( 

 

 
    

 

 
) 

 

The sign of      distinguishes the different directions in which light traces out an ellipse. 

For light in the right-handed polarization state      
 

 
 therefore      is positive. For 

light in the left-handed polarization state  
 

 
             is negative[24]. This 

relates to the direction the electric field traces out its path, clockwise is for left-handed 

polarization and counter clockwise is for right-handed polarized light.  

 

The states of polarization of light be it unpolarized, partially polarized and polarized can 

be characterized by Stokes parameters. This is a more practical and convenient way to 

analyze light. These parameters are constructed from the orthogonal wave components of 

the electric field and are given as[42]: 

 

      
     

   (2.20) 

 

      
     

   (2.21) 

 

                (2.22) 

 

                (2.23) 

 

The four quantities were introduced by G.G Stokes in 1852. Only three of Stokes 

parameters are independent.    is dependent on the other three parameters and can be 

given as[24]: 

 

   √  
    

    
 
  (2.24) 
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The Stokes parameters may be used to determine the degree of polarization of partially 

polarized light given as[43]: 

    
√  

    
    

 

  
  (2.25) 

 

   is proportional to the intensity of the wave. The three independent Stokes parameters 

can be expressed in terms of   and  .  

 

                 (2.26) 

 

                 (2.27) 

 

             (2.28) 

 

These parameters represent the Cartesian coordinates of a point with spherical 

coordinates    and    on a sphere of radius    as shown in figure 2.9. 

 

 

 

 

Figure 2.9: Poincaré sphere[44] 
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The sphere illustrated in figure 2.9 is known as a Poincaré sphere.  The different state of 

polarizations are represented as points on the Poincaré sphere. For light that is right-

handed elliptical polarized the points representing this state of polarization lie on the 

northern hemisphere. For left-handed elliptical polarized light the points representing the 

state of polarization lie on the southern hemisphere. The points for linearly and circular 

polarized light lie on the equator and poles of the sphere respectively[25].  

 

2.5.  Optical link Components Instability Contribution 

 

Direct modulation is widely used in optical links because of its simplicity and cost 

effectiveness though the system gets limited by the nonlinear distortion and bandwidth of 

the laser and at high frequencies the undesired frequency modulation (chirping).  The 

maximum bandwidth exhibited by commercial lasers is 10GHz. The single frequency 

optical carrier is modulated by RF signal creating upper and lower sidebands. 

Transmission of the signal through optical fibre results in phase shift due to the effect of 

chromatic dispersion. At the receiver the photodiode converts the optical to electrical 

signal detecting destructive interference, attempting to recover the RF signal, which is 

attenuated, distorted and noise due to the optical link. 

 

2.5.1 Laser  

 

Semiconductor lasers are characterized by the electrical and optical properties. Optical 

fibre and the semiconductor lasers have changed the communication system becoming 

more reliable and efficient (with respects to the injected electrons) to meet the demand of 

high data communications and telecommunication networks, this taking advantage of the: 

bright output regardless of the small dimension, low power consumption as they have low 

threshold current and high mass production due to low cost of fabrication. A laser is 

electrically pumped based on a gain medium within an optical cavity composed by two 

cleaved facets of semiconductor[45]. Light is generated due to the two emissions taking 

place from the four basic electronic transitions (spontaneous emission, stimulated 
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generation, stimulated emission, trap-assisted and Auger recombination) occurring 

between the valance and conduction bands of a solid semiconductor material as shown in 

figure 2.10. 

 

 
Figure 2.10: Electronic transitions[46] 

 

The optical transitions are vertical in the k space and occur when an electron in the 

conduction band and a hole in the valence band recombine emitting a photon. The 

recombination time of direct bandgap semiconductors is very short. When the decay of 

the excited electron from the higher-energy level to the lower-energy level occurs without 

external influence a photon is emitted through spontaneous emission process. 

Spontaneous Emission is a random emission of photons so the phase is associated with 

the emitted photon. Electrons in an induced decay produce a photon identical to the 

incoming photon amplifying the intensity of light[47].  A laser emits electromagnetic 

radiation based on the stimulated emission of photons through a process of optical 

amplification. Stimulated emission is the process by which excited electrons decay to 

lower-energy levels upon interacting with an incoming photon of specific frequency, it is 

the main signal power emitted by a laser. A material with more than one electron in the 

excited state results in radiation that is monochromatic[48], [49]. This allows the laser to 

output a narrow beam of light thus being essential elements in optical communication 

systems. The range of emission wavelengths of semiconductor lasers covers the optical 

spectrum from near ultraviolet to far infrared depending on the materials used in the 

lasing region. The emission wavelength depends on the semiconductor bandgap. Long 
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wavelength lasers in the range of 1.1 to 1.6 µm are desirable in optical fiber 

communication since the optical fiber attenuation in this window is very low.  

 

In this work two types of lasers will be studied: vertical cavity surface emitting lasers, 

VCSEL and distributed feedback (DFB) lasers. The cavity and growth of VSCEL is in 

the vertical direction, and feedback is achieved by using a multilayer reflective stack 

grown below and above the active region. DFB lasers are usually within the in-plane 

cavity with active region and is assumed to be uniform over the volume. For standard 

double heterojunction semiconductors, a set of rate equations that govern the 

recombination effects of carriers inside the active region can be used describe the 

operating characteristics of semiconductor lasers. The unique characteristics of 

semiconductor lasers make them interesting sources for optical clock signal generation in 

distribution systems; these include the speed and ease for direct modulation. This is a 

way to convey information on the optical laser output by changing the strength of the 

laser excitation, adding a small time varying signal to the average pumping current, 

amplitude modulation. The optical output is proportional to the injected current. The 

current dependence of the refractive index within the laser active region allows for 

frequency modulation of light to occur. The current to modulation of light conversion is 

linear and the optical power of the laser is determined by the operating point which is 

mid-point of this linear range. Even at fixed DC bias current the semiconductor laser 

emits optical signal with intensity and phase fluctuations due to the random nature of 

photons generated during electron-hole recombination and spontaneous emission. The 

use of a large time varying signal may lead to distortion and noise; the laser has both 

amplitude and phase noise. The distortions limit the bit rate in the distribution systems. 

The amplitude noise of a laser quantifies the fluctuations of the laser output power.  

 

 

The relative intensity noise RIN is a number that sums up all the noise contributions of a 

laser. This includes the quantum effects and environmental condition variations. RIN is 

the ratio of intensity fluctuations about the average to the square of the instantaneous 

optical intensity[50]. Intensity noise of the laser can be characterized by the relative 

intensity noise at a given angular frequency. At a given frequency, the RIN decreases 



31 
 

with increasing laser power. It is the fluctuation of the power emitted by a laser around its 

steady-state value measured by detecting the laser output using a wide bandwidth 

photodiode and an electrical spectrum analyzer[51], [52]. The spectrum of these 

fluctuations is associated with the total power. The phase fluctuation is brought about by 

the phase change associated with variations in the carrier density and spontaneous 

emission.  The phase change is linked to changes in the refractive index related to the 

optical gain with changes with the carrier density[53]. The refractive index and frequency 

of the optical signal is affected by the carrier concentration variation in the active region 

due to direct intensity modulation. Semiconductor lasers in direct modulation operation 

are subjected to carrier density variation in the active region. Modulation occurs for the 

output optical power main signal and unwanted optical phase leading to frequency 

chirping. The frequency chirp as a function of optical output power P(t) can be expressed 

as: 

 

  ( )  
 

  

  ( )

  
 

 

  
 
 

  
   ( )    ( )  (2.29) 

 

here   is the linewidth enhancement factor, ∆ν(t) is the instantaneous frequency deviation 

and κ is the structure dependent constant, adiabatic chirp coefficient. The instantaneous 

frequency deviation is directly proportional to α. The linewidth enhancement factor gives 

the proportionality between gain and refractive index. This constant can be used to 

determine the linewidth of a laser and instantaneous change in the emission 

wavelength[54]. The linewidth of the laser is the full-width at half-maximum of the light 

spectrum. The linewidth is dependent on    and inversely proportional to the optical 

power. The first term of the equation represents the transient chirp which is proportional 

to the logarithmical power deviation. This kind of chirp is sensitive to the shape of the 

pulse slopes. In the presence of transient chirp the rising edges of the light pulse 

propagate faster than the flat parts distorting the output signal, in digital systems this 

leads to the wavelength of 1 being lower than that of a 0.  The second term of the 

equation represents the adiabatic chirp. This kind of chirp is due to temperature variation, 

it is proportional to output power[55][56]. In the optical transmission links adiabatic 
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chirp and optical fibre dispersion interaction leads to increased group velocity resulting in 

faster output pulse rising edges compared to input.  

 

The total chirp is the sum of contributions from carrier density variation and temperature 

effects. Phase is the integral of a laser instantaneous frequency deviation. 

 

 ( )    ∫   ( )
 

 
   (2.30) 

The phase noise of a laser is related to the fluctuations of the optical phase output 

associated with the quantum effect during the lasing process, the carrier recombination 

phenomena in the laser cavity[57]. The frequency chirp associated with laser intensity 

modulation can be demonstrated as a real-time analogue signal using the direct method of 

electrical spectrum analyzer. The technique is also used to extract phase noise and 

frequency instability through coherent up-conversion of optical clock tone heterodyne 

mixing with the local oscillator at the receiver. A photodiode is used to convert the 

optical signal to electrical signal. Photodiode thereforecontributes to the overall system 

noise.  

 

 

2.5.2 Photodiode  

 

The photodiode converts optical signal to electrical signal called the photocurrent. This 

can be measured as photo voltage depending on the load resistor of choice. For a P-N 

junction with no bias the incident photons are absorbed, exciting electrons from the 

valence to the conduction bands resulting in optical generation of electron-hole pairs[58]. 

Under the influence of bias voltage the electron-hole pairs are separated and collected by 

an external circuit. The charge carrier is directly proportional to the incident power 

falling on the detector.  

 

         ( )  (2.31) 

 

The incident power and the generated photocurrent are related by the proportionality 

constant    , the responsitivity of detector given by A/W[59]. At very low optical power 

(around noise floor) and near saturation limit this relationship does not hold. Saturation is 
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defined as the point when the optical power increases until the bias and output voltages 

are relatively close. Noise floor and saturation are affected by reverse bias voltage, 

responsitivity and the bandwidth of the detector. Applying the reverse bias voltage to the 

photodiode creates a photoconductive mode.  This operation has low capacitance, high 

speed and improved photodiode linearity, with the dark current being directly dependent 

of the reverse voltage[60], [61]. Dark current is due to the random generation of electrons 

and holes within the depletion region of the device that are then swept by the electric 

field applied to the diode, it is the constant response exhibited by a detector during 

periods when it is not actively being exposed to light. The noise contribution of the 

photodiode arises from the physical effects of the photodiode and the surrounding 

environment. 

 

 Noise equivalent power (NEP) is the minimum detectable power, it is reported in units of 

W/√  . It can be used to address the intrinsic noise of the photodiode. Light sources emit 

photons at random and the amount emitted is not constant. Photodiode convert these 

incoming photons into electric current within the semiconductor media. To characterize 

the excess noise due to the photodiode on starts with the known sources: shot noise, 

thermal noise and amplitude to phase noise conversion[62]–[64]. 

Shot noise of the dark current is not dependent on the quality of the detector nor is it 

avoidable. It is related to the randomness of the incident photon stream, the statistical 

fluctuation of photocurrent.  The RMS shot noise current variation can be expressed as: 

 

      √        (2.32) 

 

where e is the elementary charge             C ,      is the average photocurrent 

created by the incident optical power measured at the output of the PD and B is the 

detection bandwidth. Shot noise is dominating when the photodiode is operated in biased 

mode and becomes a real issue at low optical intensity[65]–[67]y. The shot noise power 

as a function of shot noise current is given by: 

 

             (2.33) 
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The SSB phase noise due to the phase fluctuations is the shot noise power ratio over the 

power from the signal generator: 

 

    (  )       
     

    
            [
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+ (2.34) 

 

where the power     is in mW units and current       in mA units. Thermal noise of shunt 

resistance is associated with the random fluctuation of the current across the resistive 

elements of the photodetection circuit[68].  It is generated by the thermal motion of the 

electrons inside an electrical conductor at equilibrium, which happens regardless of any 

applied voltage. This type of electric noise is dominant in photovoltaic mode of 

operation. 

The RMS thermal noise as a function of absolute temperature of the photodiode can be 

expressed as: 

 

     √
    

   
  (2.34) 

 

where  k is the Boltzmann’s constant and     is the shunt resistance of the photodiode. 

The shunt associated with reversed biased P-N junctions is large and for this reason the 

thermal noise is usually neglected[22], [25] .The voltage variance of the power in the 1 

Hz bandwidth is given by: 

 

  ̅̅̅̅       (2.35) 

 

This results in a noise power reduction by a factor of four since both the source and the 

load have 50 Ω impendance. Noise power contributes equally to the phase and amplitude 

of the signal, resulting in further reduction by an additional factor of two. The thermal 

noise induced SSB phase noise is expressed as[68], [71]: 

 

    (  )       
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+ (2.36) 

 

where Prf is the power in dBm units, as measured with an electrical spectrum analyzer at 

the output of the photodiode at the desired offset frequency. 
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In this work effects of gain, shot noise and thermal noise will be studied for the 

performance comparison of the conventional PIN photodiode with the voltage hungry 

Avalanche photodiode. APD photodetectors have shown supremacy in long haul 

communication due to the internal variable avalanche gain M. The APD is the preferred 

photodiode for loss limited systems.  The PIN photodiode produces a photocurrent that 

fluctuates randomly about the mean value. The produced photocurrent is an aggregate of 

two current contributions: Drift current associated with the carriers generated inside the 

intrinsic region and the diffusion current caused by generation of carriers on the edges of 

the intrinsic region[71]. The intrinsic layer is inserted between the n-type and p-type 

layers. Most of the incident power is absorbed inside the intrinsic layer, making the drift 

component the main contribution over the diffusion component. The 1310 nm window 

uses InGaAsP and Ge materials. The 1550 nm window is absorbed strongly by the 

InGaAs material with 0.77 eV bandgap, eliminating the diffusion current contribution. 

The responsitivity of the PIN photodiode is very small[58], [65]. It is more cost efficient, 

less sensitive to temperature and requires lower reverse bias voltage compared to the 

APD.  

 

The intrinsic gain provides APD with useful high sensitivity, this is a result of an 

additional p-type layer inserted between the intrinsic and n-type layer. The additional 

layer allows for the generation of secondary electron-hole pairs through impact 

ionization, avalanche multiplication. The process of electron-hole pair multiplication is 

random and increases the noise of the optical generated carriers[69], [70], [72]. The 

statistical nature of the avalanche processes result in the APD generating excess noise NF 

as a function of the carrier ionization ratio k. The ratio of hole-to-electron ionization 

probability is greater than 1. The shot noise of the photodiode can be assumed to be[61], 

[67]: 

 

                     (2.36) 

 

The total noise for both photodiodes is a summation of the shot noise and thermal noise. 
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and the NEP of the photodiode can be calculated as: 

 

    
      

   
   (2.38) 

 

In a typical high-speed detection system with a 50 Ω termination at room temperature the 

thermal level is approximated by: 

 

                 
 

This represents the thermal noise power generated in every Hz of bandwidth B.  The 

amplitude and phase fluctuations contribute equally to the total noise. For two-port 

devices, which add noise figure (NF) dB[70], and known power input the phase noise 

floor is: 
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Power-to-phase noise is defined as the root-mean-square phase variation due to fractional 

optical power fluctuation. It is related to the laser amplitude noise conversion to 

electronic phase noise and arises due to the saturation and other nonlinearities in strongly 

driven photodiodes. The electrical pulse of the photodiode is distorted and broadened 

experiencing phase fluctuation due to the fluctuation of incident optical power[59]. The 

transmission of the photocarriers generated by the incident light across the photodiode is 

delayed.  

 

2.5.3 Amplifier  

 

 

The electronic regenerator did the inline amplification of signals when the optical fibre 

became the medium of choice for data transmission. These optical-electrical-optical (O-

E-O) repeaters regenerate the optical signal by converting to the electrical, processing it 

and retransmitting it as an optical signal. In optical communication systems the repeaters 

are used to extend the reach by overcoming loss induced by optical fibre attenuation and 
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the optical signal distortion. The regenerator required synchronization to data amongst 

other problems such as distance limitation due to intermodal dispersion, chromatic 

dispersion at high bit rates and the system is expensive[73], [74]. In long haul systems the 

O-E-O repeaters were replaced by optical amplifiers. The noise characteristics of 

amplifiers was problematic and thus reduced the usefulness of the amplifiers.  In 1987 the 

development of erbium-doped fiber amplifier (EDFA) at the University of Southampton 

was a major milestone for optical fibre transmission systems[75].  The atoms in the 

Erbium doped fibre are pushed from the ground to excited state using a pump source as 

seen in figure 2.10.  

 

 
Figure 2.10: Schematic diagram of Erbium-doped fiber amplifier (EDFA)[76] 

 

A transition of the atom from excited to ground state is triggered by the incoming signal 

photons. The atoms absorb the laser light and use it for spontaneous emission which 

amplifies the signal and adds noise as seen in figure 2.11. 
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Figure 2.11: Erbium-doped fiber amplifier (EDFA) amplification mechanism 

 

The EDFA improved availability and bandwidth with mass migration to 1550 nm. Long 

distance transmission without regeneration every 40 to 80 km using expensive electronics 

makes the EDFA cost efficient.  The optical amplifier can amplify signals with different 

wavelengths simultaneously; this is used in WDM systems and can increase capacity of 

networks. The spontaneous emission of the EDFA which amplifies the signal adds noise 

and limits the performance of the amplifier in the distribution system[77].  For clock tone 

distribution done for a large number of antennas or at long distances, the received signal 

is weak and results in strong degradation in the stability. In such cases an optical 

amplifier is an essential component for retrieving a highly degraded signal time and 

frequency signal on the photodiode. An amplifier involved in the optical fibre link add its 

own noise, which makes a significant contribution to the link phase noise both close and 

far away from the carrier frequency. It affects the quality of the signal by adding 

amplified spontaneous emission noise ASE.  

 

The ASE noise power can be due to signal and ASE noise interaction, and the noise 

power of the ASE noise. Amplifiers are characterized by gain, output power and noise 

figure[78]. These can be used to choose an amplifier and the operation conditions that 
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will help reduce the noise contribution. Operation conditions can affect the stability 

performance of the optical link. These are classified as: linear (the small signal gain) and 

saturated (gain decreases with increasing optical power) regime[79], [80]. The EDFA 

improved the noise characteristics and the noise performance can be characterized using 

noise figure. The noise figure of the amplifier can be expressed as: 

 

   
     

    
 (2.39) 

 

where      is the average power of the spontaneous emission integrated on the spectral 

analyzer resolution B and G is the gain. In a link with an erbium-doped fiber amplifier 

(EDFA), additive noise is affected by the gain. High noise contribution by amplifiers 

occurs at the maximum gain. The phase fluctuation spectral density with amplifier noise 

contribution to the clock signal is expressed as: 

 

   
         

   
  (2.40) 

 

relating the phase noise to the noise figure, photodiode current     and the amplifier 

available  optical power input    . Regardless of the optical power input the noise of the 

amplifier is present. The phase instability of the link can be reduced by operating the 

EDFA at higher optical input power level[63], [81], [82]. In order to achieve this 

requirement, the amplifier could be placed closer to the transmitter. This means boosting 

the signal before transmitting via optical fibre as opposed to amplifying before receiving. 

 

 

 

In this chapter optical fibre waveguide theory was addressed. Two models were used to 

approach the propagation of light through a waveguide. Optical fibre design and the fibre 

types were studied with focus on the conventional transmission window and the 

parameters that affect the signal distribution such as attenuation, chromatic dispersion 

and polarization mode dispersion. In the sections to follow the use of light sources to 

generate an optical clock signal for stable reference frequency distribution over optical 
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fibre in telescope networks, and the effect the waveguide birefirence has on the clock 

phase stability, will be investigated.  
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Chapter 3 

Phase Stability in the Optical Fibre Links for 

Telescope Networks 
 

This chapter serves as a general introduction to the Square Kilometre Array telescope 

network. The development and architecture of the radio telescope is discussed for all its 

different phases. Timing and synchronization is an essential part of the project and thus 

the stability requirements for successful operation of the telescope will be addressed. 

There are different of sources of noise classified as short and long –term instability. In 

this work these will be measured and analyzed for the RF frequency reference clock 

characterized in the time and frequency domain as Allan Deviation and Phase noise, 

respectively. 

 

3.1 Introduction To Square Kilometre Array Architecture  

 

Square Kilometre Array (SKA) is an international science project in the radio astronomy 

field aimed at building the world’s largest radio telescope with a square kilometre 

collective area. The system will be a configuration of thousands of radio telescopes 

deployed in an array achieving 50 times sensitivity and 1000 times fast survey speed than 

any existing telescope[83]. This will enable astronomers to monitor the sky exploring the 

origin of the universe, expanding our understanding on star and galaxy formation, galaxy 

evolution, and dark matter and dark energy.  The SKA telescope will be co-located in two 

continents with telescopes in Australia and South Africa. The project will be built in two 

phases, with the first phase construction set to commence in 2017 for completion in 2023. 

SKA phase 1 consists of three individual elements: SKA1-low, SKA1 –mid and SKA1- 

survey.  

SKA1-low and survey are located in Western Australia with the headquarters 

(responsible for operation and maintenance) and science data processing centre (collects 

digitized data sent from antennas to the centralized signal processing facilities on site) in 

Perth. The SKA1-low operation frequency ranges from 50 MHz to 350 MHz. The system 
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is a collection of   250 000 antennas spread out between 911 low-frequency aperture 

array stations[84]. Most of the antennas are arrayed in a compact 1 km diameter core. 

The rest is arranged in 35 km diameter stations, consisting of 500 antennas configured 

into three equally spaced spiral arms. The SKA1-low telescope has a           

collective area with 65 km maximum baseline between stations[85].  The system has 25% 

resolution, 8 times sensitivity and 135 times survey speed more than the LOFAR Low-

Frequency Array, an instrument for performing radio astronomy in the Netherlands. The 

system conducts low radio frequency of pulsars, magnetized plasmas (in galaxy and 

intergalactic space), recombination lines and potentially extrasolar planets. It addresses 

observations of highly redshifted 21 cm hyperfine line of neutral hydrogen from the 

Epoch of reionization.  

SKA1- survey will build up on to the existing Australian Square Kilometre Array 

Pathfinder (ASKAP). ASKAP consists of 36 antennas each 12 m in diameter with 6 km 

maximum baseline between any two antennas and a 700 MHz to 1.8 GHz operation 

frequency range. Sixty SKA1 antennas with 15 m diameter will be added making up the 

96 antennas of SKA1-survey. The antennas are arranged within a 2 km diameter core 

with three spiral arms equally spaced expanding up to 25 km from the center.  The 

system is capable to operate for frequencies up to 20 GHz.  The telescope can survey 

large fractions of the sky mapping for spectral lines and continuums.  

 

The SKA1-mid will be located in central South Africa, in the Karoo. Developing from 

the seven mid-frequency antennas making up Karoo Array telescope (KAT7) located in 

the core of the site operating since 2010.  The KAT7 has been used to study Circinus X-1 

an X-ray binary star system that includes neutron star containing x-ray jets normally 

found in black hole systems. The Karoo Array telescope has observed radio signals 

associated with hydrogen emission from a nearby galaxy (NGC3109) and Blazer (PKS 

1510-089). It has peered into a small region (Hubble ultra deep field) of space in the 

constellation Fornax consisting of   10 000 galaxies, the Hubble space telescope’s 

deepest optical observation. The telescope is currently being developed to MeerKAT, 

―more of KAT‖, which will consist of 64 antennas with 13.5 m diameter concentrated in 
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a 1 km diameter and 8 km maximum baseline as shown in figure 3.1.  The MeerKAT 

antennas are equipped with x-band (8- 14.5 GHz) receivers.  

 

 

Figure 3.1:  development of the MeerKAT telescope array and KAPB construction[86] 

 

Each MeerKAT antenna houses four receivers and digitizers that capture the 

electromagnetic radiation and convert it to voltage signal, which is then converted to 

digital signal. The antennas are linked by optical fibre to the Karoo Array Processing 

Building situated at Losberg site complex, KAPB contains the central computing engine 

responsible for beamformation and astronomical data correlation. One hundred ninety 

SKA1 15 m diameter antennas operating up to 20 GHz will be added to make up the 254 

antennas SKA1-mid telescope. The rest of the antennas will be randomly placed in a 3 

km diameter connected to KAPB by optical with distance up to 100 km[1].  The major 

increase in the electrical equipment will bring about challenges such as radio frequency 
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interference producing devices which requires suppression or shielding. The KAPB 

houses an RFI shielded rack room. The KAPB can shield 70 MHz to 10 GHz range up to 

100 dB.  

Once the signals are digitized in each antenna the data is transferred to the correlator 

inside KAPB to form an image of deep space astronomical phenomena that the SKA is 

set out to explore. The high sensitivity of the telescope explores the continuum emitting 

objects, observing the radio pulsars and 21 cm hyper fine line of neutral hydrogen from 

the universe to moderate redshift. For high resolution images the antennas must be phase 

coherent with low levels of RFI so as not to reduce the detection sensitivity of the 

electromagnetic waves from cosmic radio sources[84][87]. The existence of coherent 

signals at every antenna could generate correlated radio frequency interference (RFI). 

Electrically small antennas with small collection area and very large field of view can be 

used as elements of phase array with beamformers performing the function of 

geometrical signal delay compensation to form a single output as shown in figure 3.2. For 

the SKA1-mid telescope array network coherence is maintained by distributing a 

synchronization and timing signal from the central processing point to each antenna via 

optical fibre. The highly stable RF time and frequency reference clock tone drives the 

digitizer, time-stamps the data and is used for monitoring and control functions.  
 

 

Figure 3.2:  Geometrical signal delay compensation[88] 
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3.2 Synchronization And Timing For Telescope Array Network 

 

There are two types of signals transported by the telescope array network: astronomical 

data signals that are sent from the remote antennas to the correlator and the timing signal 

distributed from the central processing point to each antenna. The astronomical data can 

be disseminated as either digital data as in SKA medium frequency array, or radio over 

fibre as proposed for SKA low frequency aperture array. The synchronization and timing 

signal in the SKA telescope network is required to meet a number of different but related 

requirements to ensure phase coherence for the array, provide high precision long-term 

timing, provide absolute time for antenna pointing, beam formation and data time 

stamping. It provides a reference sine wave from the clock. The synchronization and 

timing can come from an ensemble of clocks of a single centralized reference clock 

system linked to timing standards, distributing time, phase and frequency reference signal 

to the required level of accuracy[89], [90]. This and the stability requirements determine 

which clock system is to be used. The clock exhibits noise, a signal instability that 

consists of random noise processes and linear frequency drift.  

The stochastic noise process is a short-term instability measured as phase noise (signal 

phase fluctuation in the frequency domain), it is integrated over the offset frequency of 

interest and is given in terms of timing (phase) jitter. The deterministic aging 

characterizes the long-term instability of the clock, it is expressed as Allan deviation 

computed from observing instantaneous frequency of the signal recorded over long 

periods of time. The typical clock references used are hydrogen maser, cesium and 

rubidium. The rubidium clock offers good short-term stability with 8        Allan 

deviation for averaging time of hour for a day frequency observation[91]. High 

performance cesium clock is less sensitive to environmental variations and is free from 

linear frequency drift with 3        Allan deviation for hour averaging time. Hydrogen 

maser has good stochastic noise properties with 1        Allan deviation for averaging 

time of hour[92]–[94]. The highly stable reference is used to determine the geographical 

delays of signals as offsets from the synchronization system to each antenna.  

A centralized hydrogen maser reference clock system will be required for both South 

African and Australian sites.  The centralized clock is an ensemble of up to three 

hydrogen masers to correct for drift and for redundancy. The clock tone is distributed 
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from the central point and transferred to each antenna via optical fibre to ensure phase 

coherence of the telescope array network. The clock performance test is based on how the 

signal travels down the optical fibre and still maintains a useful level of stability even 

with changes such as the environmental condition variations induced noise. Any 

difference in the delay measurements indicates phase error, instability in the RF 

distribution system.  

Only 2% maximum sensitivity degradation is allowed with a 11  (  0.2 rad) RMS phase 

error[95]. For observation time interval from 1 s to a few min a phase coherence in the 

picoseconds range is expected, this corresponds to   1 ps for the maximum observation 

frequency. The aim is to distribute the RF time and frequency reference clock signal to 

the remote sites from the central point over optical fibre with an RMS jitter close to 1 fs. 

The MeerKAT and SKA1 telescope both rely on the highly stable and precise clock tone 

to be distributed from the KAPB central processing point via optical fibre to each 

antenna. The instability is determined by the sources of phase and frequency fluctuations 

subject to the clock signal along the transmission link and the receiver installed on the 

focus or within pedestal of antenna exposing it to harsher environmental conditions than 

the temperature regulated KAPB.  The optical fibre is buried beneath the earth surface to 

shield it from temperature fluctuations and reduce environmental variation induced 

instability. The clock signal phase stability is nonetheless still susceptible to optical fibre 

birefringence and polarization fluctuation. Optical fibre birefringence introduces 

instability on the clock phase as the polarization of the lightwave fluctuates. For 

successful operation of the MeerKAT the instability should remain within several 

hundred femtoseconds RMS jitter with the requirement being more stringent for the 

overall SKA telescope, a few fs jitter.  

 

3.3 SKA Stability Requirements 

 

The SKA RF clock distributing system should be capable of transmitting a highly 

accurate time, phase and frequency reference signal over long optical fibre path length up 

to 100 km, whilst maintaining a certain level of stability.  Optical fibre network in clock 

reference signal distribution for timing and synchronization is a suited option due to the 
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low attenuation, high bandwidth and immunity to electromagnetic interference of the 

medium, however optical fibre introduces excess phase instability. Similar transfer 

methods are being used in projects such as MERLIN and ALMA. The Multi Element 

Radio Linked Interferometer Network (MERLIN) is an array of radio telescopes spread 

across the United Kingdom (central and Northern England) with a maximum baseline of 

217 km. To achieve coherence a 1486.3 MHz oscillator locked to a 5 MHz frequency 

standard is transmitted over fibre to the 7 stations that make up the telescope network. 

For 1550 nm intensity modulated laser transmitted over 110 km shielded fibre the 

distribution stabilities of 1ps over 1s, 2 ps over a minute and 4 ps over 10 minutes have 

been obtained as demonstrated in [3]. Atacama Large Millimeter Array (ALMA) situated 

in Northern Chile desert is a 64 antennae array with a maximum baseline of 20 km. The 

distribution system phase coherence requirement is 0.1 ps in 1 s stability for a reference 

signal distributed over 15 km buried fibre[96]. The methods both rely on a common 

frequency standard and phase locked loop to perform round-trip phase corrections for the 

temperature induce instability, variable delay between antennas and the central 

processing point[97].  

The RF time and frequency reference distribution system stability depends linearly on the 

observing frequency and the different distribution lengths.  There are three frequency 

clock operations for the SKA telescope with varying baselines: MeerKAT L-band at 

1.712 GHz with 12 km maximum baseline, 100 km maximum baseline SKA1-mid 

operating at 14.5 GHz and the SKA phase 2 1000 km spiral arms at 20 GHz clock. The 

clock stability budget for the SKA telescope MeerKAT L-band and MeerKAT X-band 

(SKA1-mid) is 18.6 ps and 2.2 ps timing jitter respectively. The timing jitter budget for 

the maximum observing frequency is 1.6 ps with a long-term frequency stability 

requirement of 3.2        for 1000s averaging time[84], [87]. The clock stability 

0.2 rad phase error requirement for each observing frequency increases with optical fibre 

path length as seen in table 3.1.  
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Table 3.1: clock stability budget for MeerKAT and SKA telescope [29] 

 

The phase instability introduced by the optical fibre depends more strongly on the 

environmental conditions in which it is installed than it does the link length.  A lower 

level of vibration induced phase instability is expected on a long fibre installed in the 

Karoo than a short optical fibre in a metropolitan environment. 

Round-trip corrections might not be necessary for short links where the temperature 

variation may be reduced significantly by using a thermally controlled laser and burying 

the fibre beneath the ground[97].  There is an active delay compensation required for 

links as short as 1 km buried at shallow depths. The environmental condition variation of 

the optical fibre path length affects the phase stability of the reference signal. The 

temperature induce instability is a limiting factor in the Karoo which experience harsh 

conditions. The physical length of the optical fibre changes with fluctuating temperature 

levels by a factor 5 ppm/  which affects the propagation delay. Exposed optical fibre 

sections are subjected to temperature changes up to 10  from direct sunlight in less than 

30 min. These can be diurnal or seasonal temperature changes[98].  A 12 km optical fibre 

link in such condition would experience a 600 mm path length change. The temperature 

fluctuation can be reduced by a factor of 1000 by burying the optical fibre 1 m below the 

earth’s surface. This is active compensation for the phase fluctuation and frequency drift 

introduced by temperature variation related delay due to optical fibre length change.  
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3.4 Phase instability in Optical Fibre Links for Telescope Networks  

 

The performance of the RF time and frequency reference clock tone is characterized by 

accuracy and instability. A periodic voltage signal is generated by the clock whose ideal 

frequency is defined by a number of oscillations per second. The clock tone contains 

noise, a combination of generated signals and nondeterministic noise. These random and 

systematic effects result in a signal with offsets compared to the nominal frequency. 

Accuracy is used to specify how the systematic offset frequency in the RF clock signal 

can be quantified. It is an uncertainty, a measure (proper summation) of the estimates of 

various systematic offset frequency and random noise. Every RF source exhibits 

frequency instability, which includes random noise (thermal and shot noise), modulation 

(both intended and incidental), and other undetermined origins that affect the output[99]. 

The random noise relates the signal to noise ratio of the clock, the power at nominal 

frequency to the offset frequency power. Systematic noise is the slow deterministic 

changes in the frequency observed over time.  

Instability is a measure of how much the frequency fluctuates, the degree by which the 

same frequency value is produced over a specified period of time[100]. This decreases 

the stability of the frequency of the signal expressed as a perfect sine function. The 

frequency instability of the RF clock can be classified into two basic types: short-term 

instability and long-term instability. Short-term instability refers to the random 

fluctuations where frequency is observed over several seconds to few minutes sampling 

time. Long-term instability is the systematic effect, the deterministic frequency drift due 

to changing environmental conditions surrounding clock and the frequency aging due to 

changes in the components that make up the clock. The generated noise signals can be 

described in the time and frequency domain.  

In the frequency domain it is characterized as phase noise obtained from the power 

spectral density of the signal measured by a spectrum analyzer. Power spectral density is 

the graphical representation of the signal fluctuations in the frequency domain. Phase 

noise is the ratio of the signal power at the nominal frequency to the offset power in a 1 

Hz bandwidth. In the time domain the frequency fluctuation is characterized as an Allan 

variance, a two-sample frequency variance[101], [102]. This is based on the 

instantaneous frequency deviation from the nominal frequency with time. The frequency 



50 
 

deviation is normalized to the nominal frequency (fractional frequency) and reported as a 

function of the averaged observation time. The phase noise can be converted to phase 

jitter, integrated phase noise over a range of offset frequency and presented in the time 

domain. The graphical presentation of the signal frequency is used to characterize the 

types of noise present in the RF clock tone and source of instability.  

 

 

 

3.5 Signal Fluctuation  

3.5.1 Time Domain 

 

A signal generator produces a signal that changes with time as the amplitude changes 

with the phase. Figure 3.3 shows the ideal instantaneous output voltage from signal 

generator which is undisturbed and can be described by a perfect sine wave expressed as: 

 ( )                (3.1) 

where    is the nominal amplitude and    the frequency produced by the clock at time t. 

The nominal phase of the signal at a given time is given by: 

 ( )          (3.2) 

The nominal angular frequency of the clock is obtained from the time derivative of the 

phase; this comes with the natural relation between the phase and frequency: 

   
 

  

  ( )

  
   (3.3) 

This equation expresses the relationship between phase and frequency stability. 

Frequency stability is the degree to which an oscillating signal produces the same value 

of frequency for any interval over a specified period of time[103]. This is mainly used for 

comparison between signal generators. 
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Figure 3.3: ideal output voltage of an unperturbed RF clock signal[104] 

The signal is undisturbed, there is no fluctuation in the frequency and the phase is not 

shifted. There is no source of noise, signal is highly accurate and stable.  

In real situations the output signal is perturbed. The RF clock tone frequency has deviated 

from the nominal as seen in figure 3.4. There are many sources of noise in the signal 

generator including contribution from the components that make up the oscillator and the 

surrounding environmental conditions. The fluctuation of peak value of voltage results in 

amplitude instability. Phase instability is due to zero crossing fluctuations[105].  The 

frequency instability results from the period of signal fluctuating. Frequency instability is 

the spontaneous and/or environmentally caused frequency change within a given time 

interval. If a carrier is considered a dc, the frequencies measured relative to it are the 

offset noise or Fourier frequencies. The output voltage of the signal generator can be 

expressed as: 

 ( )       ( )            ( )   (3.4) 

Where  ( ) amplitude fluctuation and  ( ) phase fluctuation of the signal, deviation 

from the nominal. The amplitude deviation is assumed to be substantially smaller than the 

nominal value. These instabilities are directly related since period thus the frequency, 

amplitude and phase of a signal are related  
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Figure 3.4: The output voltage of noise infested RF clock signal[104] 

 

The amplitude fluctuation can be neglected since RF time and frequency reference signal 

distribution systems are more interested in zero crossing levels. The instantaneous 

frequency of the signal is defined as: 

 ( )       
 

    

  ( )

  
    (3.5) 

The second term is the fractional frequency fluctuation of the RF clock signal with time. 

It relates the frequency deviation from nominal to the phase fluctuations and can be 

expressed as: 

 ( )  
 

    

  ( )

  
 

 ( )   

  
   (3.6) 

Frequency fluctuation is the instantaneous frequency deviation from the nominal 

frequency, it corresponds to the fluctuation in the period of the signal generator 

oscillations (  
 

 
). A signal counter is used to measured the frequency fluctuations of 

the RF clock, it uses a reference oscillator (considered to have a zero phase instability 

term) sensing the zero crossing of the output voltage analyzing the phase and period 

fluctuations and reporting back the instantaneous frequency over a desired time period at 

defined intervals[106].  

The phase instability can be expressed in terms of time fluctuation defined in units of 

time as: 
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 ( )  
 ( )

    
    (3.7) 

Since x is a random quantity it is described by statistical parameters. This parameter can 

represent any parameter disturbed by noise. The random phase fluctuation in the time 

domain can be described by a distribution function as seen in figure 3.5. 

 

Figure 3.5: RF clock signal random phase fluctuation in the time domain[107] 

 

3.5.2 Frequency Domain 

 

The frequency domain is the commonly used measure for characterizing clock tone 

instability. It is analyzed by looking at the power distribution of a given signal. The 

technique takes a Fourier transform of the signal, converting the universal time domain 

representation of the signal to a more localized signal.  A power spectral density Sx can 

be used to represent the total noise of the signal resulting from the amplitude and phase 

deviation from nominal, it does not indicate the contribution of each fluctuation[108], 

[109]. In the frequency domain a RF clock signal instability is characterized by the power 

spectral density of phase fluctuation.  

The undisturbed signal in the frequency domain is a single spectral line located at the 

frequency of the generator as seen in figure 3.6. It corresponds to the perfect sinusoidal 

wave (equation 3.1) and includes all the energy of the signal. In the frequency domain the 

signal is represented by a delta function: 

  (  )  
  

 

 (     )
   (3.8) 
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The equation is defined for Fourier frequency fm from zero to infinity. It is the total 

power of the signal. 

 

Figure 3.6: ideal RF clock signal in the frequency domain[110] 

In real situations the output signal is perturbed in amplitude, frequency and phase as 

depicted in figure 3.7. The perturbed signal produces other frequencies    at every given 

instant, Fourier frequencies measured as offset from the carrier frequency. It has several 

spectral lines spread out on either sides of the carrier frequency as seen in figure 3.7. The 

time taken to produce    relative to    is the probability density[111]. The total noise 

power is obtained by integrating the noise power in a defined bandwidth B over the 

frequency.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

 

Figure 3.7: disturbed RF clock signal in the frequency domain[110] 
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The power spectrum displays upper sideband and lower sideband power at offset 

frequencies above and below the carrier frequency respectively. The power sidebands 

result from signal amplitude and phase deviating from the nominal values. The noise 

components in the signal cause broadening of the power spectrum around the carrier 

frequency.  

The power spectral density of amplitude, phase and frequency fluctuation is a noise 

power distribution as a function of the Fourier frequency an offset away from the carrier 

given as: 

Amplitude noise   (  )   *
      

     
+ 

Frequency noise   (  ) in *
      

     
+ 

Phase noise   (  )  in *
        

     
+ 

Spectral density is a plot of the signal RMS power at a specified bandwidth as a function 

of Fourier frequency.  

 

The power spectral density of phase fluctuation provide immediate estimation of the 

spectral purity, signal frequency instability. The noise power integral over the defined 

offset frequency range for the specified total noise power[112]. The phase fluctuation that 

occurs on a signal is analyses as a low frequency continues spectrum defined for positive 

offset frequencies in a 1 Hz bandwidth, the single sideband phase noise spectrum as 

shown in figure 3.8. 

 

Figure 3.8: single sideband total noise spectrum[107] 
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3.6 Instability Characterization 

 

Signal instability is the fluctuation of the frequency of the RF clock.  It is how close the 

frequency of the signal remains to the nominal value over various time periods. The 

frequency fluctuation of the signal is affected by the random and deterministic noise. The 

amount of random fluctuations and drift occurring on a RF clock tone is based on the 

stability of a highly accurate and precise reference oscillator. The frequency/phase 

instability is categorized into two forms: short–term and long-term instability, these 

reflect the signal’s sensitivity to temperature, vibrations, power supply, variation, 

humidity and atmospheric pressure. Short-term instability is the measurement of the 

random fluctuation of the unwanted modulation over a short sampling time. It reflects the 

uncertainty of the RF clock at a given instant in time. Long-term instability is an analyses 

of the progressive change in the frequency of a signal, the frequency drift.  The drifting 

process is predicted based on the past events. The smaller the frequency drift, the better 

the performance of the system. 

 

 

 

3.6.1 Short-Term Stability  

 

Short-term stability is referred to as the random fluctuations that are related to the signal-

to-noise ratio of the system. It represents the phase modulation of the clock output 

signal[113].It describes all the fast fluctuations about the nominal frequency, these 

changes occur in duration less than a few seconds as shown in figure 3.9. These are small 

random processes that change very rapidly and result in the clock signal spectrum 

spreading[114]. The short-term stability measurements are dependent on the 

measurement interval with a large peak-to-peak jitter obtained for longer observation 

time. In this period the oscillator stability is sufficient for the phase to stay in the  (-   ) 

interval[115]. It is measured at offset frequencies greater than 1 Hz.  
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Figure 3.9: Clock signal short-term frequency fluctuation[116] 

 

In the frequency domain it is expressed as Phase noise measured using a narrowband fast 

Fourier transform (FFT) spectrum analyzer, which characterizes the shape of the clock 

signal power spectrum[117].  

 

 

 

3.6.2 Long-Term Stability  

 

Long-term stability is referred to as the deterministic change in the signal that includes 

random-walk frequency noise. It describes the slow changes of the clock signal from 

nominal value over time[114]. It can be treated as systematic instability as it is derived 

from slow processes such as frequency drift, clock aging and effects of the environmental 

conditions like temperature variation. Aging is the change of the RF signal frequency that 

occurs due to aging of the elements or the materials of the electronic components of the 

oscillator. Drift is the frequency change due to aging and temperature variations is 

characterized as the long term instability[118]. The RF signal frequency can drift more 

than a half-cycle of the carrier frequency leading to indefinite phase. It can be used to 

describe the phase noise close to the carrier. 
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Figure 3.10: Clock signal long-term frequency drift[116] 

Long-term stability is expressed in parts per million per specified time span (hour, day, 

week, month or year) describing the percentage by which the frequency may drift 

(frequency fluctuation normalized to the nominal frequency)[119]. 

A hydrogen-maser clock has higher frequency stability compared to a Cesium clock from 

second to second, while Cesium has a better long-term stability. Quartz-oscillators are 

highly stable in the short-term, but drift in frequency. They do not the have excellent 

long-term frequency stability of atomic clocks. 

3.7 Phase Noise and Allan Deviation  

 

3.7.1 Single Sideband Phase Noise  

The signal frequency instability can be characterized by measuring the phase fluctuation. 

The method is useful for determining short-term instability of the RF reference signal 

used in the telescope network for synchronization of the remote antennas. The phase 

fluctuation is measured with respect to a lower phase noise frequency reference 

oscillator. Phase fluctuation creates noise sidebands on either side of the carrier 

frequency, this attenuates the power in the carrier as it is spread to the sidebands as noise 

power. The phase noise is expressed as a power spectrum density of phase fluctuation, 

the mean square of the  phase fluctuation at Fourier frequency offset from the carrier for a 

defined bandwidth. The spectral density is the total noise distribution in the frequency 

domain. The distribution includes both the amplitude and phase fluctuations. It is the 

power obtained from the voltage measurement of a signal[120]. An electrical spectrum 
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analyzer is used to measure clock output amplitude signal as a function of frequency, 

resonance curve. The frequency of the RF clock must be in the range of the measuring 

instrument.  The signal under test is mixed down to direct current by a reference signal 

from the electrical spectrum analyzer local oscillator using a double balance mixer. The 

mixer multiplies the two signals which are     out of phase[121]. The mixer products are 

the sum and difference of the frequencies. The quadrature suppress the amplitude 

modulated signals and the phase modulated remains[122]. If the sum of frequencies 

signal is filtered out, the output voltage signal from the mixer is proportional to the phase 

fluctuation: 

 

  (  )      (  )    (3.9) 

where     is the  mixer phase sensitivity. It depends on the input powers and frequencies. 

One of the requirements is that the voltage measurement be squared[2]. The power on 

both sidebands of the carrier is measured. The plot is double sided as the Fourier 

frequency ranges from negative to positive infinity offset from the carrier. The random 

phase fluctuation is referred to as the phase noise. The deterministic phase fluctuation is 

known as spurious noise. Discrete- frequency noise is a dominant observable probability 

due to power line frequency, vibrational frequency or frequency chirping. It appears as a 

distinct spectral line and could have its own spectral density as seen in figure 3.11. Phase 

noise quantifies the noise power at given offset fm from the carrier normalized to a 1 Hz 

bandwidth. Phase noise is one of the most significant measurements of the RF clock, 

there  are phase noise requirements that have to be taken into account during the design 

and construction of the telescope network.  
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Figure 3.11:  power spectrum density of a real RF clock tone over a range of Fourier frequency[124] 

At offset frequencies very close to the nominal frequency it is difficult to separate the 

noise from the power. At offset frequencies very far away from the carrier, the power of 

the signal is low in the specified bandwidth.  

The amplitude fluctuation effect on the output signal is reduced, this is achieved by 

operating the mixer in saturation mode. Neglecting the amplitude contribution, the phase 

fluctuation spectral density can be expressed as: 

  (  )  
     

 (  )

 
*
        

     
+   (3.10) 

The spectral density of the phase fluctuation is a normalized frequency measure of the 

phase variation sidebands.  

The single sideband is commonly used to characterize the instability of the signal, it is 

measured for the positive offset frequencies (above the nominal frequency). It is used to 

quantify the phase fluctuation on the signal with small deviation Δϕ <<0.1 rad[122]. The 

single sideband phase noise is expressed as: 

  (  )  
 

 
  (  )  
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+  (3.11) 

with 

  

  
 

 

 

     
 (  )

 
      (3.12) 

This is based on the assumption that single sideband phase noise is half that of the double 

sideband phase noise (the upper and lower power side bands are equal at given absolute 



61 
 

Fourier frequencies away from the carrier) because of the symmetry of the density close 

to the nominal frequency. The bandwidth should be narrow to produce a trace that is flat 

within the bounds of the bandwidth, whilst avoiding the presence of spurious noise within 

the bandwidth and wide enough to provide smoothing (enough integration)[109], [123]. 

The integrated phase noise from far offset frequencies to the fm is very small. Single 

sideband (SSB) is the ratio of the power density at an offset frequency from the carrier 

normalized to 1 Hz bandwidth, to the total power of the carrier signal. 

    (  )  
  

  
[
   

  
] 

The phase noise is given in units 
   

  
 at an offset frequency    with c index implying the 

power is related to the carrier. 

 

In logarithmic scale  

    (  )         (  ) *
   

  
+      (3.13) 

The direct measurement of single sideband phase noise from a spectrum analyzer not 

resolved to 1 Hz (without noise cancellation) is obtained by subtracting the power at the 

power of the carrier from the desired offset frequency and an additional subtraction of 

converting from present bandwith to 1 Hz.   

The single sideband phase noise is plotted as a function of the Fourier frequency. The 

phase noise curve is approximated by a number of line segments. The one sided spectral 

density plot contains random walk of frequency, flicker of frequency, white of frequency, 

flicker of phase and white of phase as seen in figure 3.12, which can be used to identify 

the source of instability on the signal. 
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Figure 3.12: single sideband phase noise of a signal[124] 

 

For RF time and reference signal distributed to remote antenna the signal instability is 

commonly expressed as phase jitter. Jitter species the magnitude of disturbance on a 

signal[8], [16]. SSB phase noise can be converted to phase jitter used to calculate the 

signal to noise ratio degradation. Jitter analyses the phase deviation from nominal value 

due to timing uncertainty. Integrating the phase noise power over a frequency range of 

interest offset frequency) results in phase jitter. The area under the phase noise curve: 

        √∫   (  )   
 

 
[          (3.14) 

This is the phase difference of the disturbed signal and the ideal signal. It relates the 

phase noise to the clock performance. Single sideband phase noise curve is approximated 

by a number of individual line segments with different slopes[12]. The area under each 

individual line segment yields different power ratio, whose sum is the integrated phase 

noise power (A) given in dBc units. Once the phase noise power is known it can be 

converted to phase jitter: 

        √    
 

               (3.15) 

Timing jitter in seconds is obtained by dividing the phase jitter by      the nominal 

angular frequency. The jitter is a result phase fluctuation of the clock tone associated with 

thermal noise and drift. For successful operation of the MeerKAT the clock signal should 

remain within several hundred femtosecond jitter, the requirement is more stringent for 

the SKA telescope with a stability of few femtoseconds.  
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3.7.2 Non-Overlapping Allan Deviation  

 

The characterization of the RF frequency reference signal instability in the time domain 

measures the frequency over a given interval. The signal instability is analyzed as 

fractional frequency fluctuation and characterized by Allan variance a two-sample 

frequency variance. It is a prediction of the expected frequency over an observation 

period. It can be used to measure the instability at offset frequencies lower than 1 Hz 

away from carrier for long-term instability[126]. It conveys details of the sources of 

instability on the RF clock and the factors that affect the signal. The Allan variance 

characterizes both the random and deterministic variations. The environmental effect on 

the clock signal is estimated by the random fluctuations. Characteristics and 

specifications of the RF reference clock are important for telescope network design to 

ensure the stringent requirements are met. For successful operation of the MeerKAT and 

SKA telescope an Allan deviation of           at 100 seconds averaging time is 

required[87]. 

The single sideband power spectral density of fractional frequency can be used to 

measure the clock stability. The power spectral density of phase and that of fraction 

frequency fluctuation are related by: 

  (  )  (
 

    
)
 
(    )   (  )  (

  

  
)
 

  (  ) *
      

     
+  (3.16) 

Fractional frequency is related to the power spectrum of the normalized frequency 

deviation (  (  )   
 

) where   is the spectral density coefficient[127]. Allan variance 

can be calculated from the power spectral density of the fractional frequency fluctuations, 

thus allowing for the long-term signal instability to be characterized in the time domain. 

A number of instantaneous frequency values are measured over a specified time period at 

fixed sampling time intervals    seconds. A frequency/signal counter built into the 

electrical spectrum analyzer samples the frequency of the clock tone under test and the 

instantaneous frequency measurement data is logged into a computer. Fractional 



64 
 

frequency is obtained from the sample data using equation 3.6. The fractional frequency 

can be averaged over different time intervals       where n > 0[101], [105]: 

  ̅  
 

 
∫  ( )  

    

  
   (3.17) 

Fractional frequency fluctuation is a dimensionless deviation from the nominal value and 

its integral gives time deviation of a signal as a function of phase deviation as show in 

figure 3.13.  

 

Figure 3.13: time deviation and fractional frequency fluctuation as a function of observation time[128] 

 

It is used to approximate the Allan variance: 

  
 ( )  

 

 (   )
∑ ( ̅     ̅ )

    
     (3.18) 

The statistical sample assumes there is no dead time between samples and takes a 

difference of two adjacent measurements  ̅    and  ̅  for large observation time for M 

number of data points. Dead time results in loss of coherence between data point, and 

depending on its length white phase noise may be detected as white frequency noise.  

Longer observation time improves the accuracy of the prediction and quality of the 

analysis. By choosing different averaging time, a new data set from the total number of 

sample points in a data set divided by the number of points within the new averaging time 

(M/n) can be formed and different Allan variance values can be obtained from the same 

data set M[129]. The number of points plotted depends on the length of the data set M 
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and averaging time  . The averaging time must be bigger than the sampling time interval, 

resolution. Low resolution can hide significant effects of instability on the signal. 

Allan variance can be modeled by a sum of four different power laws: 

  
 ( )  ∑   

 
         (3.19) 

The square root of Allan variance is Allan deviation   ( ). According to the power law 

spectral can be approximated as   ( )  
 

 [130]. The Allan deviation curve is made up of 

individual line segments. It is used to predict how far the clock frequency is likely to drift 

one interval based on the averaging interval observed. The signal stability may increase, 

decrease or remain the same as the averaging time is shortened or lengthened causing the 

curve to go in an upwards, downwards or flat pattern.  

The log-log plot of Allan deviation as a function of averaging time exhibits the five 

common types of noise estimating the value of   as shown in figure 3.14. For      

one cannot differentiate between the white phase noise and flicker phase noise (in the 

frequency domain   is 2 and 1 respectively) as they are on the slope [18],[21]. The 

different types of noise and the corresponding estimated exponentials in both the 

frequency and time domain are illustrated in table 3.2. 
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Figure 3.14: log-log plot of non-overlapping Allan deviation as a function of averaging time 

 

The five noise processes that make up the phase noise with characteristics based on 

the dependence to frequency (time) for phase noise, spectral density of fractional 

frequency fluctuations and Allan deviation are given as[131],[132]: 

 

Table 3.2: power noise processes as a function of averaging time and the offset frequency[21] 

 

 

Each process identified in the phase noise plot should also be identifiable in the Allan 

deviation log-log plot. 
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The noise processes can be described in the following manner[101], [106], [123], 

[133]: 

 

1) Random walk of frequency 

 

The 
 

   slope noise is difficult to measure as it is very close to the carrier. It is related to 

the signal generator’s physical environment. If random walk of frequency is the dominant 

feature of the spectral density of phase or fractional frequency fluctuation plot then 

mechanical shock, vibration, temperature, or other environmental effects may be causing 

"random" shifts in the carrier frequency 

 

 

2) Flicker  of frequency 

The
 

    sloped noise is common in high-quality signal generators, but may be disguised by 

white of frequency 
 

  
 or flicker of phase 

 

 
  in lower-quality signal generators. It is related 

to the power supply, parts used for the electronic and environmental properties. All 

semiconductors exhibit flicker noise. The frequency stability in the time domain is 

constant over an extended observation time period. 

3) White of frequency 

This type of noise is common amongst passive resonant generators, it gets better with 

time until converting to flicker of frequency.  

4) Flicker  of phase  

The
 

    sloped noise is introduced by noisy electronics such as amplifiers which brings 

the amplitude of a signal up to a usable level and can be reduced by careful design 

and critical component selection (link performance optimization).  

5)  White of phase 
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Broadband phase noise is dominant in passive components. White of phase is flat and can 

be reduced by narrow-band filtering at the output. It is commonly known as thermal 

noise. 

In this chapter the architecture for MeerKAT and overall SKA telescope network was 

introduced. The RF signal crucial for timing and synchronization was addressed with the 

focus on the requirements for successful distribution system operation. The short and 

long-term RF signal instability was discussed. The characterization time domain and 

frequency domain instability in terms of phase noise and Allan deviation was studied. In 

the sections to follow these will further be used to analyze the magnitude and type of 

noise induced by different components making up the transmission link of a distribution 

system over optical fibre similar to the MeerKAT telescope network.  
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Chapter 4 

Techniques for Measuring Instability 
 

In this chapter three different techniques for measuring signal instability are described. 

The measurement setup for each technique and the necessary calibration required are 

addressed. The signal instability can be characterized in the time and frequency domain. 

In this work extraction of phase noise and Allan deviation information from the different 

techniques is discussed. 

 

4.1 Phase Lock Loop Measurement Technique 

 

The phase noise associated with the RF distribution telescope network can be the limiting 

factor of the system. Hewlett-Packard pioneered the frequency instability 

measurements[133] and its importance is explained for a number of applications. The 

difference between short-term (random) instability and long-term (drifting) instability of 

the signal is discussed in reference [134]. The short-term and long-term stability of a 

signal generator and the two-port components (added noise) that make part of the system 

is quantified by measuring the Phase noise in the frequency domain and the Allan 

deviation in the time domain. 

 

4.1.1 Signal Source Analyzer 

 

Phase lock loop (PLL), also referred to as the direct homodyne is formed by the feedback 

control system. The linear function of PLL is used to describe the response to small 

signal modulation, phase noise, and spurious (discrete) noise[135][136]. The signal under 

test is multiplied by the reference signal 90  off phase to separate the amplitude noise 

from the perpendicular phase noise. The method measures the voltage fluctuation 

produced by combining two input sources, this is proportional to the phase fluctuation. 

The control system maintains the phase of the output signal in-step with the phase of the 
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reference signal, tuning it using the output voltage. It has low noise floor making it a 

sensitive method with high noise detection capability. 

 

4.1.2 Experimental Set-Up 

 

The phase-lock loop is a feedback system that drives a voltage-controlled oscillator to 

maintain a constant phase angle coherent with the clock signal frequency. 

The method uses two sources, the device under test and the reference signal are input into 

the RF and LO ports of the mixer at phase quadrature. The system behaves as phase 

detector for the input signals adjusted into the mixer to be 90   out of phase as seen in 

figure 4.1, achieved by offsetting the frequency of one source. Good quadrature 

guarantees maximum sensitivity of phase noise and neglects amplitude noise[137]. For 

sources with the same frequency the output signals at the IF port of the mixer are the sum 

and the difference of the frequencies. The low pass filter removes the higher frequency 

component of the mixer output signal allowing the difference corresponding to 0 V DC 

average voltage[138][139]. 

 

Figure 4.1: basic phase lock loop measurement technique[140] 

The DC voltage signal contains AC fluctuations proportional to the phase difference 

between the two input signals[141]. The AC fluctuations rising on the DC voltage are 

proportional to the combined noise of the two sources. The output voltage fluctuation is 

given as: 
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        (      ̅̅ ̅̅ )  (4.1) 

 

where    is the phase detector constant in 
 

   
 dependent on the phase deviation.  At 

   ̅̅ ̅̅ ̅       the mixer functions as a phase demodulator suppressing the amplitude 

modulated signal. Phase fluctuation   << 1rad thus cos   ~    resulting in the output 

fluctuation voltage being: 

 

                                          (4.2) 

 

The phase constant is equal to the peak voltage of the sinusoidal control signal for a 

linear mixer. For phase noise above 0.1 rad the mixer response is non-linear and degrades 

the accuracy of the measurement system[137][135]. The voltage-control oscillator 

replicates the input frequency so that upon mixing the output voltage is zero volts. To 

ensure that the sources maintain the phase quadrature a phase lock loop is used in a 

feedback path to the reference source. 

 

This measuring technique is implemented in the round trip path length compensation of 

the ALMA and e-MERLIN telescope array. It uses a multiplexed pulsed system on a 

single fibre to correct for the large temperature swings and delay variations. The 

compensation is based on the return signal sent back from the antenna to the central 

processing site having twice the delay as that of the one-way trip delay[87]. The delay 

difference measurement is used to correct for the phase changes of the input signal 

propagating the optical fibre path length through a PLL circuit connected to the VCO 

reference clock. For e-MERLIN the compensation for path changes in 1 s time scale are 

done after correlation. In timescale the back to back clock distribution, 1310 nm laser 

transmission over 28.6 km optical fibre and 1550 nm thermal controlled laser 

transmission over 110 km optical fibre were analyzed, a stability of 1 ps RMS was 

recorded for all three distributions[98]. The system has been further developed to 

improve the accuracy and precision of the high stability time and frequency reference 

clock distribution over optical fibre. The National Physical Laboratory group 

improvement of the PLL technique uses a mode-locked laser to generate femtosecond 
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pulses transmitted over 86 km dark fibre. The path delay is compensated using the 

combination of slow thermal and fast piezoelectric effects induced on fibre-stretchers 

controlled by measuring the phase difference of the return signal. The distribution system 

achieved a fractional frequency stability of 4.00        for 1600 s averaging time, 

corresponding to 64 fs RMS[94]. 

 

4.1.3  Extracting Phase Noise From Phase Lock Loop 

 

The average voltage signal is amplified with low noise amplifier (LNA) and is input to a 

spectrum analyzer. The spectrum analyzer measures variations of the output voltage for 

phase difference between the signals thus the direct measure of phase noise.  On the 

spectrum analyzer the measured output voltage is expressed as function of the offset 

frequency as: 

 

     (  )       (  )       (4.3) 

 

The phase fluctuation can be defined in terms of the power spectral density of the voltage 

fluctuation out of the phase detector: 

 

  (  )  
     

  
                   (4.4) 

 

The power spectral density of phase fluctuation becomes: 
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The single sideband phase noise: 

 

 (  )  
 

 
  (  )                 (4.6) 
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The performance of the reference source must be well characterized and perform better 

than the signal under test.  The phase noise contribution of an ideal reference oscillator is 

significantly lower than that of the RF oscillator[142] resulting in the total phase noise 

being equivalent to the signal under test phase fluctuation. The noise contribution of the 

reference source and signal under test can be separated using correction factors ranging 

from 0-3 dB, with the highest being when the oscillators equal noise level. The phase 

noise of the reference cannot deviate from measured total noise by more than 3 dB. 

 

4.1.4 Pros and Cons of Signal Source Analyzer Measurement Technique 

 

The narrow bandwidth PLL tracks the sources within the bandwidth and neglects phase 

fluctuations outside the PLL bandwidth. The system is insensitive to the amplitude noise, 

suppressed due to quadrature set up. The reference source is a crucial component of the 

phase lock loop method. A highly stable low-noise reference source is required which is 

electronically tunable. The noise of the reference source must be known and must be 

lower than that of the signal under test (20 dB margin) [141]to be neglected. The system 

uses two oscillators; the noise measured by the spectrum analyzer is the sum of the two 

source’s noise contribution, it is 3 dB higher. The voltage error output by the mixer is 

applied to a source with capability of electronic tuning with a wide frequency range for 

clock signals that have high frequency drift rate; this is the complexity of the phase 

locked loop method.  If the signal under test has a large drift it may drive the reference 

source tuning range to its limit. A mixer detains the overall performance of the system (in 

the linear region it outputs a sinusoidal signal), thus its selection is very important[137]. 

The noise floor sensitivity is a function of the mixer input level, better performance is 

expected from high power level mixers with precautions taken not to mismatch the mixer 

drive to available source power. 
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4.2 Delay Line Measurement Technique 

 

4.2.1 Frequency Discriminator 

 

The frequency discriminator method translates the short-term frequency fluctuation to 

low voltage fluctuation that can be measured by the spectrum analyzer. The frequency 

fluctuation is converted to a power spectral density used to calculate phase noise from the 

phase and frequency instability relationship. 

 

4.2.2 Experimental Set-Up 

 

The signal from the device under test is split into two channels using a 3 dB splitter. One 

channel is sent through a discriminator (delay line) relative to the other and another 

channel and is input to the RF port of the double balance mixer as seen in figure 4.2. The 

reference channel passes through a variable phase shifter, the local oscillator channel 

contains the signal that drives the mixer at the prescribed load[143]. The delay line 

converts the frequency deviation to phase fluctuation relative to the LO channel.  Voltage 

fluctuation of the mixer output signal is proportional to the frequency variation of the 

signal under test. 

 

 

Figure 1.2: basic frequency discriminator technique[8] 



75 
 

The RF and LO are input into the double balance mixer acting as a phase detector. The 

phase quadrature is adjusted with a phase shifter. The phase shifter eliminates the need 

for a reference source. The delay line converts the frequency variation of the signal into 

phase variation. The phase difference between the RF and LO channel signal is converted 

to the DC average voltage signal by the phase detector. The output voltage is proportional 

to the delay   in seconds, it exhibits null in frequency       
 

  
. The output signal goes 

through a low pass filter and is amplified by LNA before being measured by a spectrum 

analyzer. 

 

The Instrumentation Technology group in Slovenia have implemented the technique to 

test the short and long-term stability of a 2998 MHz reference clock distribution 

system[96]. The RF signal is split into two branches using a thermally stabilized power 

splitter to achieve the 90  phase shift (maintained by the phase shifter). The distribution 

system uses a 300 m optical fibre spool to transfer the reference signal between the 

transmitter and receiver; this fibre serves as a delay line. The fibre spool is surrounded by 

foam to reduce temperature variation induced instability thus simulating the installation 

site conditions. A long-term stability of 20 fs peak-to-peak over 180 hrs was observed 

using this phase detection system, this corresponds to 8 fs RMS jitter[144]. 

 

 

4.2.3 Extracting Phase Noise From Delay Line 

 

The output voltage from the mixer is proportional to the phase shift (dependent on the 

instantaneous frequency of the signal)[145]. The output signal is amplified to a dynamic 

range of the spectrum analyzer using a low noise amplifier. Voltage fluctuation is 

measured as frequency noise and converted it to phase noise. The output voltage as a 

function of the offset frequency can be expressed by: 

     (  )  [      ]  (  ) (4.7) 

This small frequency fluctuation is as a function of offset frequencies   (  ) in*
   

  
+, 

relating the phase detector constant   and the delay time of the delay line    in 
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seconds[146]. If the discriminator constant          *
 

  
+ is known, the peak 

frequency fluctuation as a function of offset can be measured[146]. The output voltage is 

measured as a double sideband voltage spectral density, which can be converted to a 

frequency fluctuation spectral density     in a 1 Hz bandwidth[147]: 

     
     

 (  )

  
                                     (4.8) 

The presence of frequency fluctuation on the signal gives rise to the phase fluctuation 

difference at the output mixed differential signal associated with delayed and local 

oscillator channel. This frequency noise can be converted to phase noise[138]. 

  (  )  
   (  )

  
 

   (4.9) 

 

4.2.4 Pros And Cons Of Delay Line Measurement Technique 

 

The method does not need a second source; it is useful for free running sources, for noisy 

signals with high spurious sidebands close to the carrier that pose problems for PLL 

technique. It measures the frequency fluctuation of the device under test directly, even 

those with strong drift, and it suppresses amplitude noise. The sensitivity of the method is 

sacrificed at offsets close to the carrier decreasing as a quadratic function[148].  Though 

a longer delay line can improve sensitivity, it reduces the signal to noise ratio due to 

insertion loss [138]. The loss of the delay line restricts the system performance; it should 

be within the mixer power requirement, limiting the maximum offset frequency that can 

be measured away from carrier. The sensitivity is decreased at high offset frequencies 

with    
 

  
 being the limit. 

 

4.3 Direct Method Measurement Technique 

 

This is the simplest and easiest way to measure instability. The output signal of the 

source under test in the frequency range of the spectrum analyzer is connected directly to 

the spectrum analyzer. The spectrum analyzer displays the total power at the respective 

offset frequencies about the carrier[131]. Upon rejecting amplitude noise from the total 
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noise, the power spectrum is converted to a phase noise plot rejecting amplitude 

fluctuation. The frequency instability in the time domain is commonly measured by Allan 

deviation, estimated by signal counter[149]. Real signal is not constant and stable, its 

instantaneous frequency can be defined as a time derivate of the signal phase. Using a 

signal counter the actual frequency can be tracked and represented over time[105][150]. 

 

4.3.1 Spectrum Analyzer 

 

The spectrum analyzer measures the total power spectral density respective at the offset 

frequencies.  The power spectral density of the signal under test is measured. The power 

spectral density includes both phase and amplitude fluctuations. The amplitude 

fluctuation results from the power output variation[131]. For the transfer of power 

spectral density to phase noise plot to occur the amplitude noise must be neglected. If the 

amplitude fluctuation is not rejected it must be significant lower than the phase 

fluctuation, as the component would add to the phase noise and cannot be separated by 

the direct method[142]. 

 

The signal instability can be characterized in the time domain, it is specified as frequency 

instability in terms of frequency deviation from the nominal value. Frequency noise can 

be derived directly from phase noise, defined in terms of instantaneous frequency as a 

function of instantaneous phase of the signal[137][151]. Random phase variation causes 

short-term frequency instability. The frequency fluctuation of the clock is characterized 

using the frequency drift of the signal and is estimated using statistical analysis. 

 

4.3.2 Experimental Set-Up 

 

The signal under test is mixed with an internal local oscillator of the spectrum analyzer. 

The LO acting as a reference source, mixes down the signal under test to produce a DC 

average voltage signal output. The LO adds noise to the input signal as shown in figure 

4.3. 
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Figure 4.3:basic direct spectrum analyzer measurement technique[152] 

 

The spectrum analyzer displays the SSB phase noise due to the phase fluctuation of the 

signal as a function of the offset frequency from the carrier to the total signal power. The 

phase noise is normalized 1 Hz bandwidth at each offset frequency, a bandwidth of an 

ideal rectangular filter[107]. A signal counter tracks the phase of the signal by detecting 

the zero crossing occurring over time involved in the integer number of counted signal 

cycles. The signal cycles occurring at regular time intervals are continuously 

counted[150]. The signal counter measures the change of phase at the beginning and end 

of a measurement period. This is used to determine the frequency from the time 

derivative of signal phase. In this work the method uses a frequency counter built into the 

spectrum analyzer to measure the instantaneous frequency in Hz. The counter repeatedly 

measures the frequency at fixed time intervals relative to the resolution, using a GPIB or 

LAN connected computer to remotely control the measurements using Labview to log the 

data over a specified time interval. The variation between successive frequency 

measurements is used to characterize the frequency stability of the source. 

 

The direct method has been implemented in the University of Applied Sciences (UAS) 

(German tertiary education institution) by the Faculty of Electronics to measure and 

analyze the short and long-term of a RF- Field control system composed of a master 

oscillator and very complex reference clock distribution[106]. The performance of the 
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master oscillator was characterized by phase noise measurement conducted using a 

FSEM30 spectrum analyzer from ROHDE and SCHWARZ. Three observing frequencies 

were tested: 9 MHz, at 1.3 GHz and 2.856 GHz. The phase instability was measured for 

an offset frequency range 1 Hz- to 1 MHz integrated to give the timing jitter. The 

stability of 611 fs RMS was observed for the master oscillator at 9 MHz. at 1.3 GHz and 

2.856 GHz the stability is 281 fs and 114 fs respectively[107]. 

 

4.3.3 Extracting Phase Noise From Spectrum Analyzer 

 

The spectrum analyzer is calibrated to display sinusoidal signals. Phase noise is 

normalized for 1 Hz bandwidth of ideal rectangular filter, the true filter has Gaussian 

characteristics. This results in the measured power being 2.5 dB lower in level, 

systematic error[141][123]. 

 

Example: 

 

The power spectral density of phase fluctuation per unit bandwidth can be measured by 

the spectrum analyzer. A center frequency 1 GHz with 10 dBm power is displayed on the 

electric spectrum analyzer over a 500 MHz span. At 15 kHz offset frequency away from 

the carrier the power is -60 dBm and the resolution is 3 kHz as measured in the NMMU 

optical fibre lab. In the frequency domain the spectral density is characterized by the 

phase noise on either side of the carrier: 

 

  (  )  
  

  
        (4.10) 

At a given offset frequency away from the carrier, the single sideband phase noise is 

defined in decibels relative to the carrier: 

 

    (  )         (  ) *
   

  
+  (4.11) 

 

The phase noise with all the power correction will be: 
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    (      )                        [
   

  
] 

 

10 ∗ log 1.2 ∗3 kHz =35.6 dB is the filter characteristics correction achieved by[153]: 

 

Bnoise = 1.2 B3dB    (4.12) 

 

1.2 is the correction factor for the error between the ideal rectangular filter and the real 

Gaussian filter and B3dB is the 3 dB corner frequency of the resolution bandwidth filter 

[14]. 

 

 

4.3.4 Extracting Allan Variance From Spectrum Analyzer 

 

The data is logged for the desired time period and used to obtain fractional frequency, 

thus Allan variance. The time series will have a length of T (duration) consisting of M 

sample points in   desired time intervals, minimum   depends on the signal counter 

resolution[105][151]. The difference of two successive fractional frequencies from the 

nominal value is obtained using two-sample variance.  It is expressed as a mean square of 

all the signal counter samples calculated in Matlab as Allan variance, thus Allan 

deviation. This was an implementation made at NMMU optical fibre lab for the 

computation of the non-overlapping Allan deviation from the instantaneous frequency of 

an RF clock signal for characterization of the long-term instability.  

 

Instantaneous frequency: 

 ( )  
 

  

  ( )

  
    (4.13) 

 

Fractional frequency: 

 ( )  
 ( )   

  
     (4.14) 
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Allan deviation: 

  ( )  √(
 

 (   )
)∑ ( ̅     ̅ )

    
      (4.15) 

 

 

 

This is a direct method for measuring the frequency fluctuations. It is a standard 

technique for obtaining Allan deviation. It is used to characterize the long-term stability 

of the frequency source in the time domain. 

 

 

4.3.5 Pros and Cons of Direct Method Measurement Technique 

 

The sensitivity of the method is limited by the dynamic range, resolution bandwidth, and 

local oscillator phase noise of the spectrum analyzer[142]. The instrument adds noise to 

the signal. The smallest offset frequency depends on the minimum resolution bandwidth 

available on the spectrum analyzer. The direct method is not suitable for heavily drifting 

signals and measuring phase noise at small offset frequencies. The maximum allowable 

drift depends on the measurement sweep time in a given frequency range[107]. If the 

signal drifts out of the resolution bandwidth, the small offset frequency measurement 

takes longer and results in errors as they dependent on the purity of the internal LO[137]. 

 

The SSB phase noise of the spectrum analyzer is required to be lower than that of the 

signal under test. The technique does not require additional components, making it easy 

and quick to configure. For high noise oscillators it provides convenient and quick 

qualitative evaluation, providing preliminary view of the phase noise plot and the 

sources[148]. The cost and availability of spectrum analyzers make the method cost 

efficient. It is easy to calibrate and operate. It offers a high offset frequency range, 

making it possible to measure phase noise at high offset frequencies (far away from the 

carrier). The spectrum analyzer has built in amplitude noise rejection and spurious noise 

suppression[151]. The spectrum analyzer built in signal counter functionality compares 

the signal under test to the reference oscillator, with major uncertainties rising from 
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reference oscillator. The signal counter is required to be fast and have high resolution. It 

should be able to take continuous measurements and time stamp the signal zero crossing 

every   seconds for the M  measurement duration time, where M is the number of 

samples.  

 

 

4.4 Overall Comparison of Techniques 

 

The three techniques each have different advantages and disadvantages as discussed in 

the previous sections. The measurement setups come with different complexities and 

unique limitations. For phase locked loops and delay line method, calibration and 

component matching is essential, especially the mixer. The different techniques offer 

unique sensitivity to noise and thus may be used based on the signal stability 

requirements of the system being analyzed.  In the Centre for Broadband 

Communications the signal stability characterization is conducted for RF time and 

frequency reference clock distribution, similar to that of the MeerKAT. Short and long-

term signal stability measurements will be used and analyzed as phase noise and Allan 

variance for observation time of a day. This will be the first time these techniques are 

used to analyze a system and the lab is being developed to support such tests. The 

MeerKAT telescope requires the RF clock to maintain a stability of several hundred 

femtoseconds jitter for successful operation. Since this is obtainable using the direct 

method, which is more cost effective and easy to calibrate, this will be the technique of 

choice for characterization. 

 

This chapter covered the different techniques commonly used for signal instability in 

both the time domain and frequency instability, with focus on the complexity of setting 

up and calibration for each technique. The advantages and disadvantages of the 

techniques was discussed. In the chapters to follow the direct method is going to be the 

technique of choice for all measurements and analyses of the RF distribution system 

stability characterized in the frequency and time domain, in terms of phase noise and 

Allan deviation respectively.  
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Chapter 5 

Experimental Apparatus 
 

This chapter covers all the different instruments used to build up the distribution system 

and the different purpose each instrument served. Collectively several instruments were 

used mainly for the formulation and implementation of a suite of measurement tools 

suitable for complete characterization of clock tone distribution similar to the telescope 

network. Secondly, the equipment was used for the generation of a stable optical clock 

signal for distribution over optical fibre. In this chapter the operating principle of 

apparatus such as electrical spectrum analyzer, signal generator, distributed feedback 

laser, temperature controller and positive intrinsic negative photodiode, are described.  

 

5.1 Electrical Spectrum Analyzer 

 

The electrical spectrum analyzer used in this study was the Rohde & Schwarz FWS 

signal and spectrum analyzer operational in a broad frequency spectrum ranging from 2 

Hz to 26.5 GHz as shown in figure 5.1. The electrical signal transmitted by the RF clock 

and passing through different devices through the system is characterized by the ESA. 

The precision and performance of system is characterized as phase noise, achieved by 

measuring the power at the desired offset relative to the carrier frequency. 

 
Figure 5.1: Rohde & Schwarz FWS signal and spectrum analyzer 
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The electrical spectrum analyzer is used primarily to display and analyze the frequency 

spectrum of the RF signal with the ability to make power measurements. It analyzes 

different aspects of the RF signal, taking frequency and amplitude measurements.  It 

reveals elements of the signal and is used to characterize the performance of circuits 

producing it. It shows the levels of the signal on different frequencies within the range of 

the particular span.  

 

To observe how the signal varies in amplitude as time progresses, it is done by looking at 

waveform in the time domain. In the frequency domain the signal is viewed as a function 

of its frequency. Mathematical Fourier transformation accommodates the phase of the 

signal, which is a complex measurement for many test equipment[50].  The main issue in 

this context is the resolution bandwidth, R&S
®

FSW can achieve RWB of 1 Hz away 

from carrier frequency. Unwanted signals (noise) are kept below acceptable level. 

Harmonics and spurious content of the signal can be analyzed[154]. The large variety of 

measurement that the spectrum analyzer can perform makes it a helpful tool for the RF 

signal design development and system characterization. In this work the electrical 

spectrum analyzer was operating over a 500 MHz frequency span at a resolution 

bandwidth RWB of 3 MHz and sweet time 1.5 ms to measure and analyze a 10 GHz RF 

signal. The reference level was set to 10 dBm with the RF attenuation at 10 dB to keep 

the unwanted signals below acceptable level.  

 

 

5.2 Signal Generator 

 

Figure 5.2 shows the Rohde & Schwarz SMB100A RF and Microwave signal generator 

with frequency range from 100 kHz to 20 GHz. It is an electronic device that generates 

electronic signals and waveforms with variable output by setting the amplitude and the 

frequency. It is based on the sine wave oscillator with distinction in design of RF and 

Audio frequency signal.  
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Figure 5.2: Rohde & Schwarz SMB100A RF and Microwave signal generator 

The signal generator covers a range of frequencies that need to be generatored for 

different applications. The time and frequency reference in telescope network uses 1.712 

GHz in MeerKAT L-Band, 14.5 GHz for MeerKAT X-Band/ SKA Phase 1 mid, and 20 

GHz for SKA phase 2 with phase error not exceeding 0.2 radians. The signal generator 

output range is controlled to a high degree of accuracy. A constant level is maintained 

and passed through a variable attenuator to change the range. The high level of 30 dBm 

reached is governed by an amplifier built into the RF signal generator[155]. It offers a 

virtual electronic for the telescope network clock tone used for RF signal distribution, to 

test and develop the system. In this work, the signal generator was operated at 10 GHz 

RF clock tone at 795.5 mV RMS level for the intensity modulation of DFB laser and at 

61.87 mV RMS for VCSEL intensity modulation corresponding to the peak-to-peak 

current of each laser.  

 

5.3 Rubidium Frequency Standard  

 
For phase noise and Allan deviation measurement of the RF clock tone to be accurate and 

precise, a more stable reference signal is needed. The signal under test stability is 

measured based on how its phase, frequency and amplitude drifts and fluctuates about the 

highly stable and spectral pure reference signal. In this study a Stanford Research 

Systems (SRS) Model FS725 rubidium frequency standard was used as seen in figure 5.3. 

The Rb clock maintains a fractional frequency stability of           in an 
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environment with temperature variation ranging between 10   to 40  . Rear panel 

connection to a 10 MHz sine wave was used as an external reference oscillator for the 

electrical spectrum analyzer. The sine output is 0.5 V RMS level[156].  

 

 
Figure 5.3: SRS FS725 Rubidium frequency standard 

 

The noise contribution of the reference oscillator must be well known and lower than the 

signal under test. At 10 kHz offset frequency the phase noise of the reference oscillator is 

            . In the time domain the frequency instability in terms of Allan 

deviation is            for 100 s averaging time.  

 

 

5.4 Laser Diode Controller 

 
The Thorlabs LDC 201C laser diode controller as seen in figure 5.4, was used with a 

current range from 0 to 100 mA. The current limit can be adjusted and can not be 

exceeded.  A 5-digit LED displays the laser current, photodiode monitor, or current limit. 

The laser diode or photodiode are connected in the rear of the unit via 9-pin connector. 

The LCD has two modes by which the laser diode can be driven: constant current (CC) is 

used when lowest noise and highest response speed is required, and constant power (CP) 

actively stabilizes the laser diode output power using the internal photodiode adjusted by 
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the feedback circuit[157]. Laser diode is driven with respect to the ground, an operation 

that offers low noise, current transient suppression and stability. At the rear of the laser 

diode control unit there is a modulation input for laser current or power used to pulse the 

laser diode output. In this work it was used to tune the bias current of both the DFB laser 

and VCSEL as discussed in the following sections.  

 

 
Figure 5.4: Thorlabs LDC 201C laser diode controller 

 

 

 

5.5 Laser Diode Temperature Controller 

 

Figure shows a Thorlabs TED 200C precision temperature controller designed to drive 

the thermoelectric cooler element with current ranging from 0 to 2 A. The temperature 

reading of the heating current is shown on the 5-digit LED display.  The temperature 

measure is directly proportional to the produced voltage output using a sensor that can 

adapt to different thermal loads. The compact design of the TED unit makes it easy for 

system integration[158]. For applications such as time and frequency reference RF clock 

tone distribution where temperature compensation and cooling are crucial, the laser diode 

temperature control can be used to maintain temperature stability < 0.002   for noise 

reduction and system stability. In this work the TED was operated by setting the sensor 

thermistor in the 20 k  range as seen in figure 5.5. 
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Figure 5.5: Thorlabs TED 200C temperature control 

 

The temperature control value is given in Ohms as the resistance of the thermistor is the 

control parameter for adjusting. The resistance to temperature stability conversion is 

nonlinear and depends on the thermistor. The 10 k  resistance translate to 20   with 0.5 

  (1 mK) stability[159].  

 

 

5.6 Laser 

 

5.6.1 Vertical Cavity Surface Emitting Laser (VCSEL) 

 

Figure 5.6 shows the RayCan 1550 nm vertical cavity surface emitting laser (VCSEL). 

VSCEL is a semiconductor laser diode that emits highly efficient optical beam in the 

vertical cavity. The light is emitted perpendicular to the surface layer of the laser. 

Fabrication costs are kept at a low by using traditional semiconductor manufacturing 

(while in wafer form) equipment[55]. The laser shown in figure was optimized to operate 

at current ranging from 2 mA (the threshold current) to 9 mA, with wavelength adjustable 

between 1548 nm to 1554 nm, and 0.5 mW typical optical power output. Short resonator 

makes it easy to achieve single-frequency operation. The wavelength is adjusted by 

varying the bias current from the laser diode controller, resulting in a more controlled and 
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predictable yield. The relatively low power is favorable for short distance distribution and 

use in access network applications.  

 
Figure 5.6: RayCan 1550 nm single mode vertical cavity surface emitting laser 

 

The electro-optical properties and the ability to be directly modulated at high frequencies 

makes it ideal for high-speed optical fibre communication. It can be used as a miniature 

optical clock in a virtual telescope network system. Wafer integration of VSCEL makes it 

compatible with commercial detectors. In this work the VCSEL with use of a laser diode 

controller at bias current 5.5 mA achieved an optical power output of – 6.23 dBm at 

1552.8 nm wavelength. The VCSEL was directly modulated by a 10 GHz RF clock tone 

at 61.87 mV RMS level corresponding to 3.5 mA peak-to-peak current to allow for a 

complete modulation swing[160].  

 

5.6.2 Distributed Feedback (DFB) Laser 

 

The distributed feedback laser has a diffractive grating in its active region. The diffractive 

grating is a periodic structure made with phase shift in its middle; it functions as a Bragg 

reflector to provide the optical feedback. It reflects a narrow band of wavelengths to 

produce a single lasing mode (single-frequency operation), optical guiding improving 

efficiency. The divide electrode structure on one of the surfaces of the DFB laser allows 

injected current distribution to be modified so as to enable control of the laser output 

power and wavelength[54].  The spectral range of the NEL DFB laser is from 1530 nm to 

1565 nm, with 0.4 spectral width, and a typical optical power of 4 mW. Highly stable 

wavelength can be produced by temperature stabilization of the laser.  
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Figure 5.7: NEL distributed feedback laser 

In this work the DFB laser with use of a laser diode controller at bias current 55 mA 

achieved an optical power output of 4.08 dBm at 1551.48 nm wavelength. The DFB laser 

was directly modulated by a 10 GHz RF clock tone at 795.5 mV RMS level 

corresponding to 45 mA peak-to-peak current to allow for a complete modulation 

swing[161].  

 

 

5.7 Photodetector 

 

5.7.1 Positive Intrinsic Negative (PIN) 

 

The positive intrinsic negative photodiode was invented in the late 1950’s. It is a diode 

with a wide undoped intrinsic semiconductor region between the p and n-type heavily 

doped semiconductor regions used for ohmic contact. The width of the intrinsic region is 

larger than the space carrier width of normal p-n junction. The photodiode converts the 

optical signal to electrical. It operates with an applied reverse bias voltage, with space 

charge region completely covered by intrinsic region[58]. The photoconductive mode is 

ideal for applications in which rapid signal response is required, with the dark current 

exponential growth with the temperature being the downfall. It generates charge carriers 

(electron hole pairs) in the space charge region by absorbing photons of sufficient energy, 
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thus creating photocurrent. For diodes not operating in the state of saturation, the 

photocurrent remains linear to the absorbed light.  

 

Figure 5.8: 10 GHz linear PIN-TIA optical receiver 

 

In this work a Discovery Semiconductor, Inc® 10 GHz linear PIN optical receiver was 

used as shown in figure 5.8. The photodiode is operated by applying a 10 V bias voltage, 

then a bias voltage amplifier of 8 V from a current limited power supply. For operation at 

1550 nm the photodiode has a responsivity of 0.8 A/W and sensitivity is – 19 dBm at 10 

Gb/s with optical input power damage threshold of 8 dBm peak[162].  

 

5.7.2 Avalanche Photodiode (APD) 

 

The avalanche photodiode is similar to the PIN, with an internal gain mechanism. It uses 

a large reverse bias voltage to cause impact ionization. The first electron hole is 

generated by photon absorption in the depletion region.  The electron-hole pairs are 

accelerated by applying an external voltage, further generating more pairs through on 

impact ionization. In high frequency modulation where the optical signal is very low, the 

APD is employed[69]. The additive noise level associated with this detector is lower than 

the combined contribution of the conventional photodiode and amplifier. In this work a 

Discovery Semiconductor, Inc® 10 Gb/s APD with low-noise 500   transimpendance 

amplifier (TIA) optical receiver with optical data recovery (CDR) was used, as shown in 



92 
 

figure 5.9. This InGaAs APD has a variable gain of M=2 to M=7 and a sensitivity of -25 

dBm.  

 

Figure 5.9: InGaAs 10 Gb/s APD+TIA optical receiver with CDR 

 

The APD was operated by applying 10 V stabilized bias voltage Vbd from a current 

limited power supply. The amplifier bias Vdd was then turned to 8 V; the desired 

multiplication gain M was achieved by adjusting the bias voltage between 24 V to 35.6 

V. For operation at 1550 nm at room temperature the sensitivity is 0.7 A/W. The APD 

was paired with a 3 dB attenuator for the DFB laser optical to electrical signal conversion 

as it has an optical input power damage threshold of 3 dBm[162].  
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Chapter 6 

Phase Noise Measurements with Direct Method 
 

In this chapter the direct method is used to measure the phase noise of a signal generator 

and the additive noise introduced by single mode fibre of different types and different 

lengths. The experimental configuration associated with the direct measurement 

technique is discussed in chapter 4.3. This measurement will be used as a reference for 

the noise contributed components in the distribution system transmission link. It will 

serve as a guide to check that the stability requirements of the telescope network are met 

and to complete a clock stability budget.  

 

6.1 Experimental Setup for Back-To-Back Measurement 

 

The signal generator generates a sine wave signal with high spectral purity. The RF 

signal is used for phase noise measurement and direct modulation of the optical source. 

In the frequency domain an ideal sine wave appears as a single spectral line, a real signal 

appears with sidebands about the carrier. The following results show the single back-to-

back power spectrum in the frequency domain as measured by the electrical spectrum 

analyzer as shown in figure 6.1. A detailed description is provided to illustrate the single 

sideband phase noise extraction from first principle.  

 

 

 

 

 

 

 

 

 

 

The spectrum analyzer was used to observe the signal generated by the RF source in the 

frequency domain. This includes spurious signals, harmonics and noise signals. The 

spectrum analyzer provides signal amplitude against frequency plot that has a graticule 

Signal 

generator 

Electrical 

spectrum 

analyzer 

Rb ref 

clock 

Figure 6.1: experimental setup measuring the frequency instability of the 10 GHz RF clock from 

the signal generator in the frequency domain 
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with 10 major horizontal divisions linearly calibrated in frequency and 10 major divisions 

calibrated in amplitude in either linear or logarithmic scale. The amplitude scale is in 

dBm. Unlike a power metre that measures the total power within the bandwidth of the 

sensor head regardless of the frequency, the spectrum analyzer measures the power level 

at a specific frequency. The oscillator under test must have a low level drift compared to 

the spectrum analyzer sweep rate. The electrical spectrum analyzer was paired with a 

rubidium atomic clock as an external reference to ensure that the instrument has the 

lowest phase noise level to be able to measure the noise of the RF clock.  

 

 

 

6.2 Extracting Phase Noise from Power Spectrum Density 

 

A certain amount of phase noise exists on all real signals. These random perturbations 

manifest themselves by broadening the bandwidth of the signal and extending out on 

either side of the carrier. A 10 GHz signal generator at 795.495 mV VRMS level signal is 

measured by the electrical spectrum analyzer sampled at 500 MHz span with a sweep 

time of 1.5 ms at 3 MHz bandwidth. The result is plotted on the screen and can be saved 

for analysis. The power spectral density was normalized to 10 dB. The input signal 

results in a power spectrum with Gaussian distributed noise symmetric about the carrier. 
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Figure 6.2: the power spectral density of the RF clock signal 

     

 In the spectrum analyzer the delta marker was used to extract the noise power at specific 

frequencies relative to the signal power directly from power spectral density. Using a 

marker the carrier power can be identified and given in dBm, with the noise power given 

as the integrated power normalized to a 1 Hz bandwidth. The phase noise is measured by 

placing the markers at the respective positions as seen in figure 6.2. The power difference 

between marker 1 and marker 2 corresponds to the relative single sideband phase noise 

ratio of noise power in the 1 Hz bandwidth offset from the carrier by a desired offset 

frequency relative to the wanted signal power. The power at the central frequency was 

recorded as 6.14 dBm by marker 1 and average noise power at 50 MHz offset frequency 

was -82.78 dBm as noted by marker 2.  By substituting the values into equation 3.13 the 

phase noise was calculated as a function of frequency.  

The single sideband phase noise can be calculated from the power spectrum of a signal at 

a desired offset frequency. Example: The power at 10 kHz away from a 10 GHz central 

frequency with 6.14 dBm is -33.71 dBm measured at 3 MHz bandwidth, to arrive at 
   

  
 : 

-33.71- (6.14) - 10   
     

    
= -104.64 

   

  
. The phase noise at 10 kHz offset from the 

carrier is -104.62 
   

  
 as marked on figure 6.3.  
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Figure 6.3: single sideband phase noise for RF clock signal as a function of offset frequency 

 
 

Table 6.1: summary of the RF clock signal SSB phase noise at different offset frequencies 

Frequency offset (Hz) Phase noise (dBc/Hz) 

1 -30.65 

10 -54.76 

100 -82.62 

1000 -96.17 

10000 -104.62 

100000 -107.76 

1000000 -123.38 

10000000 -143.36 

 

 

The RMS jitter expressed in seconds can be determined by integrating the SSB phase 

noise over the spectrum associated with the given frequency range. The signal generator 

has a 501.99 fs phase jitter in the 1 Hz – 10 MHz frequency range. The RF clock tone is 

within the stability requirements for MeerKAT telescope of several hundred 

femtoseconds jitter for successful operation. The RF signal may be used to directly 

modulate a laser to generate a stable optical clock signal for a distribution system over 

optical fibre similar to that of the MeerKAT and SKA telescope.  
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6.3 The Effect of Optical Fibre Link on The RF Clock Stability 

 

Transmission in single mode fibre is characterized by: attenuation, polarization mode 

dispersion, chromatic dispersion, and non-linear effects. These affect the phase stability 

and the power level of the RF time and frequency optical clock reference signal. 

Attenuation leads to the decrease in optical power of the signal. It may be caused by 

scattering associated with the fibre material and structural imperfections, and absorption 

related to fibre material. Polarization mode dispersion is the pulse broadening that occurs 

because of a phase delay between two orthogonal polarization states. The light pulse 

orthogonal components (polarization modes) generate a phase difference changing in 

time as they propagate through the orthogonal axes (principle axis) of the optical fibre. 

Chromatic dispersion is a pulse broadening due to the different wavelengths of light 

propagating at slightly different velocities through the optical fibre path length. In this 

section the G.652.C optical fibre phase instability contribution as a function of different 

lengths (11 and 22 km), and its limitations on the optical fibre link for telescope networks 

is studied. The requirements discussed will be based on the MeerKAT and SKA phase-1 

telescope standards.  
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Figure 6.4: experimental setup measuring the frequency instability effect of optical fibre on the 10 GHz RF clock 
from the signal generator in the frequency domain 
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An optical fibre link is required to distribute the centralized RF time and frequency 

reference signal to the remote antennas. The 10 GHz RF clock signal directly modulated 

the NEL 1551.48 nm high speed DFB laser source, emitting a 5.33 dBm resultant optical 

clock signal for 55 mA bias current at room temperature. The optical clock signal was 

transported over a 11 km optical fibre. The optical signal was detected by the DCS-R402 

10 GHz linear PIN photodiode, after which the electrical signal was passed on to a 

spectrum analyzer for analysis as shown in figure 6.4. The optical component noise 

contribution on the RF clock tone is studied as a real time analogue signal in the time 

domain to demonstrate the output wave distortion as seen in figure 6.5.  

 

 

 
Figure 6.5: power spectrum in the time domain for a) back-to-back RF clock tone b) optical clock signal 

(laser and photodiode link) and after c) 11 km d)22.3 km optical fibre transmission 
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The spectral purity of the signal generator RF clock tone is shown in figure 6.5 a). The 

optical clock signal generated by intensity modulation is analyzed. Figure 6.5b) 

demonstrates the effects of the laser and photodiode on the signal stability. The rising and 

falling edges of the signals are distorted and the power level is lowered. This change 

affects the time taken to complete one cycle resulting in frequency fluctuation. The 

optical clock signal was transmitted over 11 km fibre which deteriorated signal shape and 

power level. The combined effect of laser frequency fluctuation and the chromatic 

dispersion of fibre results in additive noise contribution, dispersion noise.  The presence 

of dispersion noise leads to difficulties in detection of the main power signal as the noise 

power appears as a discrete peak leading to spurious noise. Chromatic dispersion is a 

function of fibre length and wavelength, the longer optical fibre transmission signal 

degradation is severe as seen in figure 6.5 d). The pulse broaden and overlap due to the 

different wavelengths of light propagating at different wavelengths of light traveling at 

slightly different velocities through the optical fibre path length. 

The optical fibre transmission link is a crucial part of the MeerKAT and Square 

Kilometre telescope Array which both rely on a highly stable clock tone to be distributed 

over optical fibre from a central processing point to the remote antennas. Futher more the 

optical fibre is required to transport the scientific data from individual antenna elements 

to the central computing engine for correlation. The MeerKAT telescope upon 

completion will consist of 64 antennas with a maximum baseline of 12 km. each antenna 

element linked to the central processing point by buried optical fibre to shield it from 

temperature and environmental perturbations. The optical clock signal clock stability of 

18.6 and 2.2 ps is allocated for the 1.712 GHz MeerKAT L-band and 14.5 GHz 

MeerKAT X-band clock respectively with a 0.20 ps PMD penalty for 12 km optical fibre 

distribution.  

 

The generated optical clock signal output from the laser is transported some distance over 

a G.652.C optical fibre. The optical fibre was protected within a cable shielding it from 

phase fluctuations due to thermal, environmental and mechanical variations of fibre. The 

G.652.C optical fibre has a maximum attenuation of 0.3 dB/km at 1550 nm. At a similar 

transmission window the maximum chromatic dispersion and polarization mode 
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dispersion is 18 ps/(nm.km) and 0.20 ps/√   respectively. A RF optical clock signal was 

transmitted over 11 km and 22.3 km G.652.C fibre to demonstrate the effect of these 

parameters on the clock stability as a function of length.  

 

 
Figure 6.6: power spectral density of the RF optical clock signal transported over different optical fibre 

lengths 

Figure 6.6 shows the power spectrum of the 10 GHz optical clock signal before and after 

transmission. For distribution over 11 km optical fibre the optical power is degraded to 

2.30 dBm with a 2.2 dB loss, the central peak RF power of -6.57 dBm. For transmission 

over 22.3 km the loss is 4.46 dB bring the optical power to -1.15 dBm, the central peak 

RF power of -6.80 dBm. At offset close to the carrier and away the power difference and 

noise contribution of fibre increases with increasing length.  

 

The power level in both optical and electrical domain is given in table 6.2 at different 

points of the transmission link as a power budget analysis of the distribution system.   

 
Table 6.2: Power budget of the distribution system similar to telescope network 

 RF 

clock  

After laser 11 km 22.3 km 

Optical power (dBm)  5.33  2.30  -1.15  

RF central peak power (dBm) 6.14  -5.41  -6.57  -6.80  

Loss (dB)   2.2  4.46  
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Figure 6.7: optical fibre additive single sideband phase noise on RF clock signal as a function of  a) log 

offset frequency (close to carrier) b) offset frequency (far away from carrier) 

 

The slight difference in noise power and RF power is translated to phase noise. At 

Fourier frequencies close to the nominal frequency the fibre length have similar noise 

trends, with a discrete noise peak above 10 kHz as seen in figure 6.7. The spurious noise 

appears as a result of severe light pulse distortion with noise peak appearing as a 

secondary peak, this effect is more pronounce over 22.3 km optical fibre distribution. At 

very high offset frequencies the 22 km fibre noise contribution is visibly higher. The 

phase noise of the signal at different offset frequencies presented in table 6.3 

 

Table 6.3: experimental summary of the optical fibre effect on the frequency instability of RF clock signal in the 

frequency domain 

G.652.C Frequency offset (Hz) Phase noise (dBc/Hz) 

11 km 1 -18.56 

10 -47.72 

100 -81.83 

1000 -97.31 

10000 -105.98 

100000 -107.33 

1000000 -119.14 

   

22 km 1 -08.26 

10 -45.99 

100 -82.49 

1000 -97.45 
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10000 -105.35 

100000 -107.28 

1000000 -119.51 

 

The characteristics of a single mode fibre transmission are a function of length and 

wavelength. These affect the power level and the phase stability of the optical clock 

signal propagating through the fibre. The short-term signal instability in the frequency 

domain is extracted from the sideband noise power associated with phase fluctuation, 

relative to the carrier power. The power budget is highly affected for longer optical fibre 

transmission links. Single sideband phase noise contribution of the 22.3 km is more than 

that of 11 km. Thermal, environment and mechanical perturbations mitigation by cabling 

may be used as passive noise compensation.   

 

In this chapter the direct method using an electrical spectrum analyzer was used to 

measure the stability of an RF clock tone. The technique was used to obtain the power 

spectrum density for phase, frequency and amplitude instability analysis in the frequency 

domain. The central frequency peak was surrounded by sideband noise power on either 

side used to extract phase noise. The RF clock tone short-term signal measurement was 

used as a noise floor for studying the noise contribution of the optical fibre transmission 

link of the distribution system. The instability introduced by the optical fibre on the 

optical clock phase was studied as a function of optical fibre length for a distribution 

system similar to the telescope network such as MeerKAT.  In the following chapter the 

direct method is used to analyze and characterize the long-term RF clock stability in the 

time domain as Allan deviation.  
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Chapter 7 

Allan Deviation Measurements with Direct 

Method 

 
Clock frequency otherwise known as clock rate is the reciprocal of the amount of time 

required for a signal to complete one cycle. The rising and falling edges of clock signal 

may vary, affecting the cycle time. This change in the clock rate is the signal instability. 

In this chapter the clock stability was measured and characterized in the time domain. 

The random fluctuation and frequency drift of the clock tone was analyzed as Allan 

deviation from the two-sample statistical variance obtained from the fractional frequency. 

The result of these measurements can be used to predict long-term signal stability of the 

radio frequency clock signal 

 

7.1 Spectrum Analyzer for Allan Deviation  Experimental Set Up 

 

The real RF clock tone is unstable; the clock rate changes. This is ulike the ideal source 

that is constant in value, defined by a single spectral line in the frequency domain. The 

real RF clock tone contains sidebands on either side of the nominal frequency. Frequency 

fluctuation of the signal generator RF clock tone is measured by the spectrum analyzer 

which has a built in signal counter that monitors the instantaneous frequency, observing 

the drift at any given frequency over time. The instantaneous frequency is the derivative 

of the total phase.  

 ( )       
 

    

  ( )

  
  

 

For RF clock time domain frequency instability analysis, we define the fractional 

frequency offset.  Fractional frequency is the instantaneous frequency deviation from the 

nominal frequency normalized to the nominal frequency, it is denoted by y (t). Phase 

fluctuation and fractional frequency are directly related.  
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 ( )  
 

    

  ( )

  
 

 ( )    

  
 

Time domain instability is a quantitative and standardized description of these values and 

their dependence to time and environmental conditions. The fractional frequency 

instability is characterized by the Allan variance, a two-sample frequency variance.  The 

statistical measurement is accomplished with an array of frequency data points equally 

spaced in time.  

  
 ( )  

 

 (   )
∑( ̅     ̅ )

 

   

   

 

The sampling time   , is based on the resolution of the signal counter.  For a RF clock 

whose frequency is taken every    for M number of points, the Allan variance (dependent 

on the averaging time  ) can be computed for several       where the averaging factor 

is greater than zero. The data samples were recorded using LabView. The data file is 

transferred to a MatLab program were a code was written to compute the Allan deviation 

from the fractional frequency at different averaging times. 

 

 

 

 

 

     

                      

 

 

7.2 Extracting Allan Deviation from Frequency Measurements 

 

Signal 

generator 

Electrical 

spectrum 

analyzer 

Rb ref 

clock 

LabView 

 

 

Data file 

 

 

MatLAB 

Figure 7.2: experimental setup measuring the frequency instability of the 10 GHz RF clock from the signal 
generator in the time domain 
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A 10 GHz nominal frequency produced by the signal generator was measured, 20 data 

points were recorded at 1 s sampling time. The built in signal counter resolution of the 

spectrum analyzer is 100 ms. The phase of the signal under test was compared to the 

phase of the highly stable Rb clock connected to the electrical spectrum analyzer to serve 

as an external reference oscillator as seen in figure 7.1. The phase noise and Allan 

deviation of Rb is known. Over the sampling period of 20 s the instantaneous frequency 

of the 10 GHz RF clock tone was observed, ranging from 10000000143.90 and 

10000000144.90 Hz. The equally spaced data sample was used to obtain the fractional 

frequency used Allan deviation computation at different averaging time, as seen in table 

7.1. The averaging time can not be less than the sampling time. Allan deviation requires 

at least two frequency measurements separated by a fixed time interval to predict the 

clock drift one interval into the future based on the averaging interval in the past. 

 

Table 7.1: experimental summary of frequency instability of RF clock signal in the time domain, characterized as Allan 

deviation obtained from instantaneous frequency 

Observation 

time (s) 

Instantaneous 

frequency v (t), (Hz) 

Fractional frequency 

 ( )  
 ( )   

  
 

Allan deviation 

 ( )  √
 

 (   )
∑(    ̅̅ ̅̅ ̅̅    ̅)

 

   

   

 

1 10000000144.70 1.447e-008 3.825e-011 

2 10000000143.90 1.439e-008 3.337e-011 

3 10000000144.90 1.449e-008 2.871e-011 

4 10000000144.40 1.444e-008 1.202e-011 

5 10000000143.90 1.439e-008 9.129e-012 

6 10000000144.00 1.440e-008 2.187e-011 

7 10000000144.90 1.449e-008 1.313e-011 

8 10000000144.90 1.449e-008 7.071e-012 

9 10000000144.70 1.447e-008 7.857e-012 

10 10000000144.40 1.444e-008 9.899e-012 

11 10000000144.50 1.445e-008  

12 10000000144.90 1.449e-008  

13 10000000144.70 1.447e-008  

14 10000000143.90 1.439e-008  

15 10000000144.80 1.448e-008  

16 10000000144.50 1.445e-008  

17 10000000144.90 1.449e-008  

18 10000000144.70 1.447e-008  

19 10000000144.30 1.443e-008  

20 10000000144.90 1.449e-008  
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Figure 7.2: frequency deviation normalized to nominal frequency of a 10 GHz RF clock observed every second for 20 

seconds 

 

Figure 7.2 shows the fractional frequency averaged by a factor of 5, the 20 frequency 

measurements become M=4 frequency measurements. The mean frequency value 

  ̅̅ ̅  
 

 
∫  ( )   

    

  

              

 
 is computed for t1 to t5. Similarly,   ̅̅ ̅ is obtained for 

t6 to t10,   ̅̅ ̅ is obtained for t11 to t15 and   ̅ for t16 to t20. The Allan deviation is computed 

from the root of the sum of the mean fractional frequency difference squared, divided by 

the number of frequency measurements less one. The number of pairs in this sequence is 

M-1=3. 

Table 7.2: fractional frequency for RF clock signal for Allan deviation computation at 5 s averaging time 

Mean fractional frequency   ̅ First difference  
    ̅̅ ̅̅ ̅̅    ̅ 

First difference squared 
(    ̅̅ ̅̅ ̅̅    ̅)

  

1.444e-008   

1.446e-008 -2e-011 4e-022 

1.446e-008  0 0 

1.447e-008  1e-011 1e-022 

∑(    ̅̅ ̅̅ ̅̅    ̅)
 

   

   

 
 

5e-022 
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Detailed calculation of Allan deviation at 5 s averaging time 

 

Average fractional frequency: 
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Non-overlapping Allan deviation: 

 

 ( )  √
 

 (   )
∑(    ̅̅ ̅̅ ̅̅    ̅)
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Allan deviation was calculated using a MatLab program for averaging time        as 

seen in line 2 to 5 as seen in figure 7.3. The 20 fractional frequency data measurements 

are uploaded as nameArray on the program, which works out the mean fractional 

frequency for different averaging times as defined in line 10 to 12. The mean values   ̅ 

and     ̅̅ ̅̅ ̅ are defined by indexOne and indexTwo respectively, are stored as arrays used to 

calculate the first difference and first difference square as seen on the for loop in line 19. 

The sum of the first difference squared at a given averaging time is given by line 30 and 

the corresponding number of pairs M-1 given by 31, used to calculate the Allan deviation 

defined in line 34. The Allan deviation values are stored as an array with the 

corresponding averaging tau time values, used to plot the graph representing a 

relationship between the expected value and the deviation of the frequency fluctuation as 

a function of observation time for a finite number of data samples. The log-log plot of the 

Allan deviation against average time is used to identify the types of noise affecting the 

clock signal. 
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Figure 7.3: Matlab (screenshot) program used for calculating Allan deviation at different averaging times 

from fractional frequency observed at fixed intervals 
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An Allan deviation as a function of averaging time was plotted as shown in figure 7.4. 

This was used to determine how stable the RF clock tone from the signal generator is and 

how long will it remain synchronized for a distributed telescope network.  

 

                         
Figure 7.4:  Frequency instability of RF clock signal in the time domain characterized as non-overlapping 

Allan deviation as a function of averaging time 

 

The 10GHz clock instability can be predicted over long term based on the frequency 

deviation normalized to the nominal frequency over a 20 s observation time.  

 

 

 

 

 

 

 

7.3 Allan Deviation of RF Clock Signal 

 

The frequency instability of the RF clock signal was measured in the time domain using 

the experimental setup depicted in figure 7.1. The instantaneous frequency of the signal 

generator was observed over 24 hours, measuring the frequency changes every 0.2 
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seconds. The 10 GHz reference signal was observed drifting with time over a 

10000000135.10 to 10000000146.70 Hz range. The frequency deviation was normalized 

to the nominal frequency for time domain signal instability computation. The result is 

shown in figure 7.5 

 

 
Figure 7.5: frequency deviation normalized to nominal frequency of a 10 GHz RF clock observed every 0.2 

second for 24 hours 

 

From figure 7.5 the random frequency fluctuation of the signal is apparent with 

significant changes occurring between 1 and 30 000 seconds. The signal frequency drifts 

with time. The fractional frequency data file as collected by Labview was loaded to the 

MatLab program and used to calculate the standard non-overlapping Allan deviation as a 

function of tau. The random frequency fluctuation is present and the linear frequency 

drift of the RF clock tone is demonstrated. 
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Figure 7.6:  Frequency instability of RF clock signal in the time domain characterized as a) non-overlapping Allan 

deviation as a function of averaging time b)log-log plot of sigma tau as function of averaging time 

The long-term instability of the RF clock signal is shown in figure 7.6. The frequency 

deviation is reported for tau 1s to 12 hours averaging time, as at least two data points are 

needed to compute the Allan deviation.  In figure 7.6 a) the random and deterministic 

frequency fluctuations are demonstrated; with time the clock linearly frequency drifts 

from nominal value. At averaging time 100 s the non-overlapping Allan deviation was 

recorded as           . 

Figure 7.6 b) is a log-log of the Allan deviation as a function of averaging time (sigma-

tau) plot. The curve is made up of different slopes as illustrated by the different colour 

dash lines. The tangent lines can be used to estimate the magnitude contributed by the 

types of noise affecting the clock stability based on the type of oscillator the signal 

generator represents. The type of noise indicates the source of noise. The purple line 

contains white phase noise and flicker both in the     slope, this relates to physical 

resonance mechanism of an oscillator. The blue line represents the white frequency noise 

slope     common in passive resonator frequency standards. Flicker frequency noise 

slope    is represented by the black line on figure 7.6 b). This type of noise is related to 

the physical resonance mechanism of active oscillator, parts used in the electronics and 

the power supply. The green slope represents the random walk frequency    which 

relates to the oscillator’s physical environment (temperature, vibration and mechanical 

effects).  
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In this chapter a suite of measurement tools suitable to characterize the long-term 

stability of a RF clock tone in the time domain was formulated and implemented in a 

frequency distribution system similar to the MeerKAT and SKA phase-1 telescope.  The 

non-overlapping Allan deviation was used to analyze the random and deterministic 

frequency fluctuations of clock signal over time.  The log-log sigma tau curve was used 

to demonstrate the types of noise sources contribution to the signal instability of signal 

generator frequency reference signal. The direct method of spectrum analyzer will further 

be used to characterize the noise contribution of different components of the transmission 

link, to optimize the stability of the distribution system by hand-selecting all components 

to reduce noise contribution. 
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Chapter 8 

Optical Link Component Noise Contribution to 

RF Clock Tone Stability 

 
In this chapter the noise contribution of the different components that make up the clock 

tone distribution system will be analyzed. The components will be tested under different 

conditions to optimize the performance of a distribution system similar to a telescope 

network. The transmission link additive noise will be characterized in the frequency and 

time domain using phase noise and Allan deviation as measured by the direct spectrum 

analyzer method using the clock stability budget of the MeerKAT telescope network as a 

guideline. The effect components have on the frequency stability of the RF reference 

clock signal is studied. Both the short and long term were investigated. 

 

8.1 Effect of laser source temperature stabilization 

 

In this section the performance of a semiconductor laser as a function of temperature 

stability is studied. The laser operates as high-frequency oscillator used to generate a RF 

optical signal in the gigahertz range. The laser diode has relatively better coherence and 

lower power consumption amongst other advantages compared to other commercial light 

sources. For successful operation of the telescope network distribution a highly stable and 

pure RF clock tone must be generated, this makes the stability of the laser wavelength 

crucial. Operating characteristics of a laser: emission wavelength and threshold current 

vary as a function of temperature. The threshold current of VCSEL is 2 mA and that of 

DFB laser is 11 mA as seen in figure 8.1 
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Figure 8.1: Operating characteristics of laser a) VCSEL b) DFB laser 

 

The thermal expansion on the grating period of the laser changes with temperature, 

causing the peak wavelength to vary as the dimensions of the laser cavity change[163]. 

The wavelength shifts linearly with changing temperature, this affects the laser optical 

power output. The intensity of a laser power output decreases with increasing power, due 

to increased phonon radiation[164].The temperature controller system can heat or cool 

the laser to a constant temperature to achieve temperature stability. Temperature 

controller reduces frequency deviation by stabilizing the RF carrier to a specific 

frequency. 

 

A DFB laser is directly modulated by a 10 GHz RF signal at 794.49 mV RMS from a 

signal generator. At a bias current of 55 mA, the optical power output of the laser is 4.08 

dBm as measured by a power metre.  The signal generator was operated at 795.49 mV 

RMS level to match the laser peak-to-peak current for a 50   load, increasing the laser 

intensity to 5.33 dBm upon modulation. The performance of the DFB laser generated 

optical clock signal is compared to that of a VCSEL as a way to carefully design the 

transmission link and hand pick components to reduce the noise contribution affecting the 

clock stability. The optical power output of the VCSEL is -6.23 dBm at 5.5 mA bias 

current. The modulation with 10 GHz RF signal with 61.87 mV RMS level 
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corresponding to the peak to peak current of 3.5 mA for a 50 Ω load, results in -6.40 dBm 

optical power output. 

 
Figure 8.2: the power spectrum of signal generator against a) VCSEL with and without TEC b) DFB laser with and 

without TEC as observed on electrical spectrum analyzer 
The optical signal from the carrier is sent to the PIN photodiode for electrical conversion 

before being plugged into the Spectrum analyzer. Figure 8.2 displays the signal as seen 

on the spectrum analyzer; from the power spectrum the effects of laser diode is visible. 

The central frequency RF power from the signal generator at 794.49 mV is 8.77 dBm as 

measured on the spectrum analyzer. Upon adding a DFB laser and PIN photodiode to the 

distribution link to generate optical clock signal, the central frequency power drops to -

5.41 dBm. The RF power at the central frequency from signal generator at 61.87 mV 

RMS level is 6.14 dBm. Upon adding a VCSEL and PIN photodiode to the distribution 

link to generate optical clock signal, the central frequency power drops to -24.82 dBm 

both with and without TEC. The components affect the signal central power, which 

relates to the phase noise. The phase fluctuation brought by the spontaneous emissions 

phase change is associated with total power. 
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Figure 8.3: the SSB phase noise of VCSEL with and without TEC as a function of a) log offset frequency b) offset 

frequency away from carrier 

Figure 8.3 a) shows the noise contribution of the VCSEL without TEC at offset 

frequency close to carrier is random and unstable, with a discrete peak between 1 and 10 

Hz smoothened by addition of TEC. At 10 kHz offset frequency the phase noise is -97.61 

dBc/Hz. The phase noise is represented in the time domain as RMS phase jitter. This is 

achieved by integrating the phase noise over the desired frequency offset, in this case the 

offset frequency ranges from 1 Hz to 10 MHz, for a laser with temperature control the 

RMS jitter is 798.43 fs compared to 847.42 fs when operated without TEC. Laser 

introduces additive noise to the clock signal. This is a drop in the clock stability from 

501.99 fs corresponding to the phase noise of signal generator of -108.13 dBc/Hz at 10 

kHz frequency offset.  

 
Figure 8.4: the SSB phase noise of DFB laser with and without TEC as a function of a) log offset frequency b) offset 

frequency away from carrier 
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The phase noise of the signal generator is -108.13 dBc/Hz at 10 kHz frequency offset. 

The corresponding RMS jitter is 439.10 fs. At low frequency offset (close to the carrier), 

adding temperature control reduces the phase noise of the distribution link as seen in 

figure. 8.4. Between 100 Hz and 1.2 MHz the laser and photodiode noise contribution 

does not affect the RF reference signal significantly. At 10 kHz frequency offset the 

phase noise is -95.49 dBc/Hz for laser with temperature control with 682.54 fs RMS jitter 

compared to 735.25 fs when operated without TEC. Adding a temperature control helped 

smooth the spurious noise peak at offset close to the carrier. The VSCEL is unstable 

compared to the DFB laser, this can be associated with the narrow linewidth of DFB laser 

relative to VCSEL. Temperature stabilization helps reduce frequency fluctuation, 

resulting in less random noise contribution from the semiconductor laser assuming the 

photodiode noise is insignificant.  

 

The optical power output of the DFB laser was 4.08 dBm at 55 mA bias current as 

measured by the power metre, as seen in figure 8.1. The modulation with a 10 GHz RF 

signal increases the optical power output to 5.33 dBm. The RF power is obtained from 

the spectrum analyzer, at the central frequency the power of the signal generator is 8.77 

dBm. Upon adding a DFB laser and PIN photodiode to the distribution link to generate 

optical clock signal, the central frequency power drops to -5.41 dBm. Adding a 

temperature control does not affect the main signal power of the DFB laser as seen in 

figure. 8.3 a) since it is already stable. The linewidth of the DFB laser is narrow 

compared to the VCSEL. From the power spectrum the VCSEL displays discrete peaks 

close to the main power peak. The optical power output of the VCSEL was -6.23 dBm at 

5.5 mA bias current, as measured by the power meter. The modulation with 10 GHz RF 

signal with 61.87 mV RMS level corresponding to the peak to peak current of 3.5 mA for 

a 50 Ω load, the optical power output changes to a mere -6.40 dBm. The RF power is 

obtained from the spectrum analyzer, at the central frequency the power of the signal 

generator is 6.14 dBm. Upon adding a VCSEL and PIN photodiode to the distribution 

link to generate the optical clock signal, the central frequency power drops to -24.82 

dBm. 
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8.2 Noise contribution of VCSEL vs DFB laser 

 

In this section the noise contribution of different semiconductor lasers is compared. The 

affect they have on the frequency instability of a clock signal is studied in an attempt to 

optimize the distribution system. The DFB laser emits an elliptical cone shape optical 

beam parallel to the wafer surface cleaved into laser bars, a processes not needed on the 

circular optical beam emitting VCSEL[165].  The VCSEL has low-cost fabrication and 

can be tested without waiting until the end of the production process. The DFB laser 

radiation is more concentrated compared to the vertical cavity surface-emitting laser. 

VCSEL has a low threshold current of 2 mA at room temperature. This is due to its small 

volume, providing lower power consumption and wide temperature range [166]. The 

physical size of a DFB laser is large and is the main reason for its larger current threshold 

(10 times more than the VCSEL) and power consumption. The DFB laser has diffractive 

optical grating structure inside the resonator which helps with wavelength selection, the 

resonator of a VCSEL is short in length thus it uses the vertical lasing axis in its 

cavity[167]. VCSELs are not suitable for high power applications. Both lasers operate in 

a single longitudinal mode, with the DFB laser having a narrow-spectral width, this 

allows it to stay in a single mode even in high speed modulation [168]. DFB laser is ideal 

for high capacity, long distance optical distribution systems. The lasers were both 

operated with TEC, to provide temperature stabilization reducing frequency fluctuations 

which may result in random noise contribution. 
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Figure 8.5: the SSB phase noise of VCSEL and DFB laser as a function of a) log offset frequency b) offset frequency 

away from carrier 
 

The VCSEL has a broader linewidth and lower optical power output compared to the 

DFB laser. Both lasers maintain the same shape at the noise floor. At offset frequencies 

close to the carrier the VCSEL is compatible with the DFB laser, even outperforming it in 

some instances below 10 Hz offset frequency as seen in figure. 8.5 a). At high offset 

frequencies the DFB laser additive SSB phase noise is less than that of the VCSEL, 

contributing a lower effect to the clock instability. The SBB phase noise of the DFB laser 

with PIN PD is -108.25 dBc/Hz and -107.53 dBc/Hz for VCSEL at 10 kHz offset 

frequency. The RMS jitter of the RF reference signal is degraded due to DFB laser and 

VSCEL by 243.44 and 296.44 fs, respectively.  The results are within the clock stability 

requirement for successful operation of the MeerKAT telescope. Though the VCSEL is 

small and cost effective, for highly stable RF signal distribution the DFB laser would 

maintain purity of time and frequency reference stability as it contributes less noise to the 

clock signal. Over long distance distribution of the optical clock signal over optical fibre 

the DFB laser would maintain spectral purity of the reference signal at a level within the 

clock stability budget. VCSEL can be used for short length optical fibre distribution 

system if the stability requirements are satisfied and the optical power output is within the 

sensitivity of the photodiode.  

 

 

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

-160

-140

-120

-100

-80

-60

-40

-20

 

 

S
S

B
 P

h
a

s
e

 n
o

is
e

 (
d

B
c
/H

z
)

Frequency offset (Hz)

 B2B

 VCSEL

 DFB laser 

2.0x10
6

4.0x10
6

6.0x10
6

8.0x10
6

1.0x10
7

-160

-140

-120

-100

-80

-60

-40

-20

 

 

S
S

B
 P

h
a

s
e

 n
o

is
e

 (
d

B
c
/H

z
)

Frequency offset (Hz)

 B2B

 VCSEL

 DFB laser 

a) 
b) 



121 
 

8.3 Noise Contribution of PIN vs APD Photodiode 

 

In this section an evaluation and comparison between the PIN and APD photodiodes is 

conducted based on the functional parameters as a means to characterize and analyze the 

performance in terms of phase noise measurements. A photodiode converts an optical 

signal to an electrical signal for easier information extraction. When photons of energy 

equal to or higher than the band gap illuminate the photodiode, electrons carried by the 

absorbed photon move from the valance band to the conduction band. The number of 

electron-hole pairs created is relative to the absorbed light. The junction capacity and 

transit time limit the responsivity of the photodiode, improved by increasing the reverse 

bias voltage. The PIN intrinsic layer width is optimized to maximize the performance of 

the device at the recommended reverse bias voltage. APD is a refinement of the PIN, the 

internal gain multiplies electrons by the avalanche effect on the intrinsic layer[67].  

 

 

Random intrinsic fluctuations generate photodiode noise, which degrades the stability of 

the signal, imposing difficulties in information extraction at the photodiode output. The 

photocurrent generated through the photon to electron-hole pair conversion is used to 

measure the noise. The photodiode noise is a sum of thermal and shot noise.  Thermal 

noise is derived from the shunt resistance (photodiode load resistor) the cause thermal 

agitation of electrons affecting responsivity, this type of noise is dominant in the PIN 

photodiode. Shot noise is associated with the dark current and the photocurrent, arises 

due to the optical power fluctuations of light made up of a discrete number of 

photons[169]. Photodiode is required to have low sensitivity and high responsivity at the 

wavelength of interest, high bandwidth, fast response time and temperature variation 

insensitivity, amongst other things. The photodiode absorption coefficient is related to the 

temperature; temperature variation affects the sensitivity and dark current[170]. Electrons 

in the valance band are excited by increasing temperature, pulling them to the conduction 

band[171].  

The APD gain factor improves the lowest detection limits, resisting thermal noise 

through avalanche processes giving rise to quantum noise. The excess noise is generated 

by the current statistical fluctuation associated with the process of ionization by impact 
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affecting response time. The gain increases until the shot noise and thermal noise reach a 

level of equilibrium, making both noise types significant in the APD. The avalanche 

photodiode has an internal gain making it a good candidate for long haul communication, 

where a signal from central point to remote location is reliably transmitted over long 

distance. APD needs a high reverse bias voltage corresponding to the high electric field 

that energizes the photo-generated electrons. PIN is easier and cheaper to fabricate[172].  

The optical input power threshold for the APD is 3 dBm; since the directly modulated 

DFB laser has an optical power output of 5.33 dBm a 3 dB attenuator was added bringing 

the power to 2.75 dBm. Figure 8.5 shows the power spectrum of the APD for the 

different multiplication gain tuned by changing the bias voltage of the amplification stage 

between 24 V and 35.6 V. 

 
Figure 8.6: Power spectrum as a function of frequency for APD photodiode at different multiplication gain 

The central frequency power peak increases with the multiplication gain M as seen in 

figure 8.6. For M= 2.01 the central peak is lost within the noise with RF power of -69.15 

dBm, improving to -52.68 dBm for M= 7.21 at bias voltage of 35.6 V closely related to 

the -53.49 dBm at M= 6.60 at 34 V. The SSB phase noise is dependent on the power of 

the carrier.  
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 Figure 8.7: the SSB phase noise of APD photodiode as a function of a) log offset frequency b) offset frequency away 

from carrier 

 

 

 At offset frequencies close to the carrier, the noise contribution is relatively similar with 

no spurious noise with the exception at M=3.44 possessing a discrete peak at offset 

frequency around 10 Hz. At far offset the larger multiplication gain has lower noise 

contribution reaching equilibrium at M=6.60 and M=7.21. The RMS jitter is 6.62 ps for 

M= 2.01 compared to 915.34 fs at M= 7.21. The APD had a fan attached to it to maintain 

temperature stability and avoid over heating with time. 

 

The 10 Gb/s APD has an ultra-high sensitivity of -26 dBm and 0.7 A/W responsivity at 

1550 nm. It contributes a group delay deviation of 15 ps. The PIN photodiode optical 

sensitivity is -19 dBm with a typical responsivity of 0.8 A/W at 1550 nm. It has a group 

delay deviation of 10 ps. The optical input power damage threshold for a PIN photodiode 

is 8 dBm. Figure 8.8 displays the power spectrum of both photodiodes against the signal 

generator (back to back) measurement. The 10 GHz RF clock tone from the signal 

generator was used to intensity modulate a DFB laser generating an optical clock signal 

with 5.33 dBm optical output power. This is the optical input power sent into the PIN 

photodiode. 
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Figure 8.8: Power spectrum as a function of frequency for PIN and APD photodiode  

 

 

 

 

The APD peak is low in power as the input power was attenuated using a 3 dB attenuator 

to satisfy the optical input power damage threshold. The optical input power sent into the 

APD is 2.67 dBm. The peak appears narrower. The bandwidth of APD is typically 7 GHz 

with that of the PIN being 10 GHz with wavelength response range of 950-1650 nm and 

800-1650 nm respectively. Both photodiodes have a transimpendance of 500 Ω. The 

thermal noise of the PIN photodiode is more dominant as it has a higher bandwidth for 

the same resistance and temperature conditions. To ensure temperature stability, both 

photodiodes were operated with a fan to mitigate the effect of temperature variation. 
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Figure 8.9: the SSB phase noise of PIN and APD photodiode as a function of a) log offset frequency b) offset 

frequency away from carrier 

 

 

At offset frequencies close to the carrier, the APD does not degrade the stability of the 

signal, it follows the same trace as the clock tone at the same SSB phase noise level. At 

offset above 100 kHz the phase noise flattens with the photodiode noise contribution 

highly noticeable as seen in figure 8.9. The PIN deviates from the back to back trace at 

offset frequencies above 3 MHz. The RMS jitter contributed by using the APD to convert 

the optical signal to electrical is 915.34 fs which drops to 682.54 fs when PIN photodiode 

is used. Both photodiodes would be useful for the successful operation of the MeerKAT 

telescope but the PIN would optimize the link stability. For low optical power signal 

detection and long haul communication APD would be ideal as it has a lower detection 

limit and an internal gain to increase the electrical signal power that corresponds to the 

incident optical power. 
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8.4 Cabling Effect on the Different Types of Optical Fibre 

 

 
Radio frequency (RF) signals transmission from a centralized clock to remotely located 

antennas interlinked by optical fibre forms the backbone of telescope networks. The time 

and frequency reference signal is disseminated via a buried fibre to every digitizer to 

ensure they are synchronized to the same clock tone for proper alignment and later 

correlation. The correlator is situated inside the Karoo Array Processing building (KAPB) 

with a maximum of 12 km length of fibre between it and any single antenna [173]. For 

thermal stability the optical fibre cable runs through a conduit buried 1m below the 

ground. In this section the cabling effect of optical fibre with different profile on the 

clock tone stability is studied. A 23.5 km low water peak non zero dispersion-shifted 

fiber (ITU-T G.652.C- compliant) with 10.5 µm mode field diameter offers low 

attenuation around the OH peak. The corresponding effective area is 52 µ    It has a 

cutoff wavelength ≤1260 nm and is optimized for transmission systems that occur across 

a broad range of wavelengths from 1285 nm to 1625 nm. For short, unamplified metro 

and access networks the G.652 fiber offers excellent capability with a dispersion limit 

distance of 60 km at 10 Gb/s without dispersion compensation. For transmission at 

1550 nm the dispersion is 16.34 ps/nm*km[24].  

 

 

The G.652.C optical fibre used in the NMMU lab has customized cabling with thermal 

protection tape, loose fibre sealed with moisture-proof gel and laid around a non-metallic 

stress member. It is rolled up into a spool with a bigger radius compared to G.655 whose 

optical fibre is just a core and cladding. G.652.C frequency and amplitude is fairly kept 

constant with deterministic phase shift[174]. A 24.8 km nonzero dispersion shifted fiber 

(ITU-T G.655) has a mode field diameter of 8.3 µm with 80 µ   corresponding effective 

area. At 1550 nm the chromatic dispersion is roughly 3.65 ps/nm*km. G.655 fiber is 

more suitable for long distance transmission and high capacity WDM (wavelength 

division multiplexing) system[10]. WDM systems are optimized at conventional C-band 

(1530-1565 nm) and long wavelength L- band (1565-1625 nm) with less attenuation 
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compared to original O-band (1260-1360 nm). G.655 fiber suppress the growth of four-

wave mixing by moving the zero-dispersion wavelength outside the 1550-nm operating 

window .The limited distance at 10 Gb/s without any dispersion compensation is 260 km. 

The channel spacing is ≤0.8 compared to the G.652 ≥0.8 nm.  

 

 

 

A 10 GHz RF clock signal was used to intensity modulate a 1550 nm DFB laser. The 

generated optical clock signal of 5.33 dBm optical output power was transmitted over 

different types of optical fibre with under different cabling conditions. A 24.8 km G.655 

optical fibre spool was used to distribute the optical signal and the effect it has on the 

phase stability of the clock was studied. This was compared to transmission over a 

specially cabled 22.3 km G.652.C optical fibre. 

 

 
Figure 8.10: Power spectrum as a function of frequency for different fibre at 1550 nm detected by PIN photodiode 

 

Both fibers have the same ≤1260 nm cut off wavelength. The attenuation is 0.2 dB/km 

with a typical less than 0.1 ps/km PMD parameter in both cases. Upon transmission over 

the G.655 optical fiber the RF power of the central peak is -17.09 dBm with a lower noise 

floor compared to the G.652.C optical fiber as seen in figure 8.10.  

9.800 9.900 10.000 10.100 10.200

-100

-80

-60

-40

-20

0

 

 

P
o

w
e

r 
(d

B
m

)

Frequency (GHz)

 G652

 G655



128 
 

 
Figure 8.11: the SSB phase noise for different fibre at 1550 nm detected by PIN photodiode as a function of a) log 

offset frequency b) offset frequency away from carrier 

 A complex interaction of parameters of the fiber induces the nonlinear effect. This effect 

is directly proportional to the reciprocal of the effective area. The higher effective area of 

the G.655 mitigates the nonlinear effect meaning it has less noise contributing factors. At 

offset frequencies lower than 10 Hz the SSB phase noise of the G.655 optical fibre is 

lower than the G.652.C and again at values greater than 1 MHz. the G.652.C fibre has a 

spurious noise peak at offset frequency close to 10 kHz as seen in figure 8.11, this affects 

the overall RMS jitter of the transmission link. The RF clock signal distribution system 

has a RMS jitter of 1.37 ps short-term instability when 10 GHz is transmitted via 24.8 km 

G.655 optical fiber. The lower dispersion of the G.655 fiber makes it highly dispersion 

tolerant for the cost effective direct modulation of DFB laser. It is ideal for long haul high 

capacity systems. Erbium Doped Fiber Amplifier (EDFA) can be used to boost the 

optical signals in C-band capability before transmission.  

 

For any given signal the PMD is unstable, and unpredictable and must be measured. 

Unpolarized light is represented at the centre of the Poincaré sphere. Linear states lie in 

the equator. Elliptically polarized state are found everywhere on the surface[28], [41]. 

The north and south pole represent the right and left circular states respectively. 
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Figure 8.12: PMD vector on a Poincaré sphere for G.652.C and G.655 fibre 

 

The PMD vectors for an optical clock signal were observed over 24 hours; the phase 

shifts due to the state of polarization shift from SOP to another is represented on the 

Poincaré sphere. Figure 8.12 shows a continuous evolution of SOP for G.655 transmitted 

optical clock signal, the light moves from one orthogonal state to another. The fibre 

birefringence is temperature dependent, with phase and group delay changing with 

temperature variation. Cabling fibre ensures thermal stability and reduced fibre noise 

contribution and frequency instability on the RF clock signal. The G.652.C optical fibre 

has customized cabling with thermal protection tape, loose fibre sealed with moisture-

proof gel and laid around a non-metallic stress member. It is rolled up into a spool with a 

bigger radius compared to G.655 whose optical fibre is just a core and cladding. G.652.C 

frequency and amplitude is fairly kept constant with deterministic phase shift. 

 

The SKA requirement for frequency stability to ensure successful is at least            

for 100 s averaging time distributed over 8-12 km optical fibre. This is for distribution of 

precise time and frequency reference signal from a centralized processing station to 

remote antenna array interlinked by optical fibre. The optical fibre is superior to coaxial 

fibre as it is immune to radio frequency and magnetic interferences and can transmit high 

frequency signals over tens of kilometers without the use of O-E-O repeaters 
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(regenerators). The optical fibre group delay variation imposes difficulties in ultra-stable 

frequency signal distribution. This results in the RF clock signal being offset by an 

amount proportional to the rate of change, frequency fluctuations. 

 

 

Figure 8.13: non-overlapping Allan deviation as a function of tau log-log plot 

 

The instantaneous frequency of the optical signal was observed for 6 hours at 0.2 seconds 

sampling time interval. The frequency instability of the RF reference clock signal from a 

10 GHz signal generator transmitted over a 22.3 km G.652.C optical fibre follows an 

unlocked system pattern with stability degradation over time. The frequency instability 

was measured and expressed as a non-overlapping (standard) Allan deviation to be 

          for 100 s averaging time. The optical clock signal after transmision through 

a 24.8 km G.655 optical fibre has a locked system pattern. The Allan deviation is of the 

expected 
 

 
 slope. This can be used to predict the stability of the system over time and the 

amount of drift in the clock. The frequency instability is           for 100 s averaging 

time. 
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In this chapter a distribution system similar to the MeerKAT telescope was developed. 

The noise contribution of different components that make up the transmission link was 

studied, analyzing how each affects the stability of the frequency reference clock signal. 

The comparison was made between VCSEL and DFB laser, PIN and APD photodiode, 

and between G.655 and G.652.C under different cabling conditions. The noise 

contribution was demonstrated as the short-term instability characterized as the single 

sideband phase noise as measured by the spectrum analyzer direct method. The results 

were used to hand pick optical components for the distribution system design that would 

reduce the additive noise contribution and optimize the performance of the RF clock 

stability. Furthermore, the optimized distribution system will be used to study the 

additive noise contribution of an optical amplifier, with focus on the position to place the 

device along the transmission link for reduced noise.   

 

 

 

 

 

                                                                                                           
 

 

 

 

 

 



132 
 

Chapter 9 

Environmental variation induced noise and 

amplifier additive noise 
 

In this chapter the effect of the environmental variation in the surrounding areas of an 

optical fibre was studied. The optical fibre length changes with varying temperature 

introduce group delay variation. Birefringence of the optical fibre introduces phase 

instability in the clock signal. The thermally induced signal instability was analyzed in 

the time domain and characterized in terms of Allan deviation as measured by the 

spectrum analyzer direct method. Furthermore, the method was used to measure the 

additive noise of an optical amplifier at different positions along the optical fibre link.  

 

9.1 Effect of Temperature Variation on the Transmission Link 

 

Optical fibre is the perfect choice for RF clock distribution at high frequency with high 

precision; additive timing jitter is expected to be low, and there is a demand for long-term 

stability over short distance and low frequency capable coaxial cable. A one-way transfer 

is used to distribute a centralized frequency reference signal to the remote site (antennas) 

over optical fibre. The phase and frequency fluctuation of the RF clock signal over 

optical fibre limits the performance of the telescope network. The transmission line 

instability degrades the optical signal (laser cavity gets broadened)[175], contributing a 

significant fraction to the overall deviation of highly stable and precise RF clock signal 

required for successful operation of the telescope. The noise in the optical fibre link 

results from noise contribution from multiple sources. The waveguide phase noise 

contribution appears at the receiver. The temperature and mechanical variations in the 

surrounding areas of optical fibre translate to phase noise, which will need to be 

considered in the network design[47].  
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These environmental perturbations introduce group delay variation on the optical fibre. In 

unidirectional (one-way) frequency distribution the temperature effect on the optical fibre 

propagation variation results in: thermal induce change of the refractive index, physical 

length of the fibre variation with temperature fluctuation and the interaction between the 

thermal induced laser wavelength shift and the fibre chromatic dispersion [176]. The 

rapid changes in the optical fibre group delay cause the frequency and phase of the 

transferred RF clock tone to shift. The temperature variation of fibre is 6.6 ppm/ [87]. 

For a 20 km long optical fibre, 10   temperature change in the surrounding areas of the 

fibre constitutes a 1.32 m length increase equivalent to 6.38 ns change in phase as seen in 

figure 9.1 

 

Figure 9.1: phase change in difference fibre lengths as a function of temperature variation 

 

For monochromatic light (single mode frequency signal) the noise accumulates along the 

length of the transmission medium[177]–[179].The laser wavelength shift can be reduced 

by thermal stabilization of the laser, achieved by using a temperature controller. This 

variation in the propagation delay affects the stability and precision of the time and 

frequency reference signal. The RF frequency remains more stable over environmental 

isolated fibre (the variation is slow in thermal stabilized optical fibre) compared to 

overhead path, this is more apparent in short-term characterization [175][179].  
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The fibre is cabled and buried 1 m under the earth’s surface to reduce temperature and 

vibration fluctuations, the unidirectional optical fibre transfer of the RF clock signal is 

suitable for short distance 8-12 km distances between any antenna and the central 

building for the MeerKAT telescope[84], [85], [87]. Shielding the optical fibre helps 

compensate for the environmental induced noise. To achieve an Allan deviation in the 10
-

15  
range at 24 hour duration distributed over a     km link, the delay variation should be 

within the picosecond range. In this section the temperature induced group delay 

variation on a frequency reference optical clock signal distribution system using standard 

available telecommunication components is studied. The measurements were performed 

on an optical fibre on a spool, exposed to daily temperature changes and subjected to 

drastic temperature changes.  

 

9.1.1 Experimental Setup 

A G.655 optical fibre on a spool of 23.8 km length was used to transfer an optical clock 

signal. The signal is generated by the intensity modulation of a C-band thermally 

stabilized 1550 nm DFB laser using a highly stable 10 GHz RF clock tone from the signal 

generator. The optical fibre was subjected to harsh temperature variations, regularly 

inserted inside a fridge to lower the surrounding temperature (simulating the late night 

levels in the Karroo) and was also left out in the open exposing it to daily temperature 

variations. The temperature variation was done at random times for different time 

intervals, enough to change the temperature from cold to warm with the range of 7   to 

25  . The optical clock signal is recovered at the receiver end, PIN photodiode 

converting it from optical to electrical signal before inserting it to the electrical spectrum 

analyzer for slow variation analysis. A Rubidium clock was attached to the spectrum 

analyzer and was used as an internal reference signal (local oscillator) of the measuring 

instrument, tracking how the phase of an optical clock signal changes with time. The 

single mode fibre dependence on temperature was measured and characterized in the 

frequency domain as well as the time domain in terms of phase noise and Allan deviation, 

respectively. The experimental set up used is shown in figure 9.2. 
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Figure 9.3: frequency instability of optical fibre with temperature fluctuating conditions in the time domain 

characterized as log-log plot non-overlapping Allan deviation as a function of averaging time  

 

The phase fluctuates due to temperature expansion of the fibre and the thermal by 

induced changes in the refractive index. Figure 9.3 shows the effects of temperature 
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Figure 9.2: experimental setup measuring the frequency instability effect of temperature variation on optical fibre transmitting 10 GHz 
RF clock tone from the signal generator in the frequency and time domain 
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fluctuation on a G.655 fibre, degrading the frequency stability of RF signal from 4.08E-

09 non-overlapping Allan deviation averaged over 100 s to 7.8E-08. The measurement 

was taken over 2.7 hrs with the temperature variation between 7 and 25  . For an optical 

fibre kept at room temperature an Allan deviation of 6.31E-08 averaged over 100s was 

measured. At short time scale the environment perturbation couples to optical fibre and 

causes the physical length of fibre to change.  

The RF clock tone is transfer based on the group delay for propagation of the single mode 

optical fibre, this is expressed as group velocity for 1550 nm at 23.8 km. the group delay 

depends on the refractive index which is affected by the environmental conditions 

(temperature fluctuations, atmospheric pressure change and bending in the optical fibre) 

with a significant contribution being from temperature variation effects on the frequency 

stability transmitted through the optical fibre. For MeerKAT telescope networks the 

optical fibre is buried 1 m underground to shield the optical fibre from temperature 

fluctuations, thus the process will be slow and will mostly be affected by the diurnal and 

seasonal temperature cycles. 

 

9.2 The Optical Amplifier Residual Phase Noise  

 

A classical optical fibre link (modulator, laser, optical fibre, and photodiode) signal is 

weak and results in a strongly degraded RF reference signal, especially in short-term 

characterization in the frequency domain where the phase noise is related to the power of 

the signal. The use of optical amplifiers in transmission links overcomes the distance 

limitation imposed by optical fibre attenuation, assisting in the retrieval of high power 

signal on the photodiode. An optical amplifier allows for direct optical signal 

amplification with high capacity WDM transmission over ultra-long haul. Passing the 

signal through the optical amplifier lowers the optical SNR, linearly adding amplitude 

spontaneous emission to the signal resulting in amplitude noise[78]. The non-linear 

interaction between the electrical spectrum analyzer (ESA) from optical amplifier and the 

signal under test results in phase noise. The amplifier additive phase noise contributed to 

the phase noise close and far away from the carrier frequency of the RF signal. The main 

types of phase noise that originate inside an amplifier are white noise and flicker noise, 
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these are responsible for the short-term phase fluctuation of the signal. The white noise is 

produced by the random motion of electrons, adding random noise to the RF frequency 

signal power spectral density[77][180]. Flicker phase noise is formed at offset Fourier 

frequency close to the carrier. Independent of the signal, the noise contribution by optical 

amplifier is constant. The amplifier can be specified by its noise figure/noise factor, 

which is a measure of the noise out of the two-port as a function of inverse gain. An ideal 

amplifier noise factor is 0 dB, with low noise amplifiers ranging between 0.5 and 2 

dB[79][181]. Amplifier additive noise is low and is measured as a contribution to the 

absolute phase noise measurement of the system. 

 

9.2.1 Measurement Setup 

For this study an Erbium Doped Fibre Amplifier (EDFA) was used in the linear regime 

operation condition. The device was used to amplify an optical clock signal generated by 

intensity modulation 1550 nm DFB laser by a 10 GHz RF clock tone distributed over a 

23.8 km G.655 optical fibre kept at room temperature. Upon amplification the optical 

signal is converted to electrical signal by a PIN photodiode before being sent to the 

electrical spectrum analyzer for instability measurement using direct method as shown in 

figure 9.4. The residual phase noise measurements were done relative to the signal gain 

of the amplifier. The amplifier is necessary for bringing the amplitude of the signal to a 

usable power level. The amplifier added phase noise contribution is distinguished from 

the other optical link components added noise by comparing the classical optical fibre 

link (pre-amplified) noise floor measurement to the amplified signal. 

 

 

 

 

Signal 

generator 

Electrical 

spectrum 

analyzer 
Laser Photodiode 

Electrical signal 

Optical signal 

Rb ref 

clock 

EDFA 

Figure 9.4: experimental setup measuring the frequency instability of the temperature variation on optical fibre 10 GHz RF clock clock tone 
from the signal generator in the frequency domain 
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Figure 9.5: SSB phase noise as a function of Fourier frequency for different amplifier gains 

The power spectral density of the EDFA at different gain is shown in figure 9.5. In the 

linear regime, the gain corresponds to small signal gain. The additive phase noise 

increases with increasing gain. The flicker phase noise is independent of the power. 

Flicker phase noise is represented by 1/f
2
 slope on the single sideband phase noise plot. 

This type of noise is introduced to the clock signal by noisy electronic devices such as 

amplifiers.  At 4.76 dB gain the noise floor is reduced and there is multiple spurious noise 

peaks, discrete phase noise. The noise floor for the EDFA at 1.55 dB gain is   

    dBc/Hz compared to the   109 dBc/Hz for 4.76 dB. The phase noise floor changes 

with changing gain. The amplifier gain is directly proportional to the amount of additive 

noise; the maximum amplifier phase noise contribution occurs at maximum signal gain. 

The optical amplifier is commonly placed at the end of the optical fibre span to boost the 

power of the transmitted signal to compensate for the attenuation. The cumulative noise 

induced by the amplifier is a function of gain. To ensure minimalistic noise contribution 

and reduced frequency/phase instability of the link, the EDFA should be operated at high 

optical input. This can be achieved by placing the optical amplifier close to the 

transmitter.  
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Figure 9.6: Optical amplifier additive SSB phase noise on RF clock signal as a function of a) log offset frequency 

(close to carrier) b) offset frequency (far away from carrier) at different position of the transmission link 

 

The short-term instability of the RF time and frequency reference signal is affected by the 

additive noise contribution of an optical amplifier to the transmission link. The effects of 

placing the amplifier close to the transmitter or after the signal has been transferred (just 

before the receiver) does not have a drastic/significant change to the overall frequency 

instability in the frequency domain as seen in figure 9.6. Increasing the input power to the 

EDFA results in lower EDFA gain and the additive phase noise decreases as the EDFA 

gain decreases. 

 

The long-term frequency instability for a clock tone signal transferred over an optical 

fibre transmission link was measured. The additive noise contribution of the optical 

amplifier was studied as a function of power, moving the amplifier close to the 

transmitter (amp) and at the end of the transmission link (boost) to observe the frequency 

drift as a function of time. 
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Figure 9.7:  frequency instability of RF clock signal transferred through amplifier containing transmission link in the 

time domain characterized as non-overlapping Allan deviation as a function of averaging time (log-log plot) 

 

The instantaneous frequency instability of the system was observed for 27 hours at 0.1 

seconds sampling time. The data collected was used to calculate the Allan deviation at 

different averaging times as seen in figure 9.7. From the results the noise contribution of 

the amplifier and the improvement associated with the placement is evident. The 

frequency instability of the G.655 at 100 s averaging time is           as represented 

by Allan deviation. Upon amplification the ASE reduce the phase stability to      

     and           at 100 s averaging time for amp and boost respectively. The 

position of the amplifier on the optical fibre link leads to different phase noise 

contributions, placing the amplifier close as possible to the transmitter a higher input 

power is achieved. Placing the amplifier close to the transmitter is not always the best 

solution (especially for fixed output amplifiers), as inputting high power signals into the 

optical fibre lead to nonlinear effects burning the optical fibre.  
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In this chapter the direct method of electrical spectrum analyzer was used to measure and 

analyze the effects of environmental variation in the surrounding areas of optical fibre on 

the phase stability of an optical clock signal. The instability was characterized in the 

frequency domain as well as the time domain in terms of phase noise and Allan deviation, 

respectively. Furthermore the technique was used to investigate the additive phase noise 

of an optical amplifier as a function of gain. The amplifier was placed at different 

positions along the RF clock signal distribution system over an optical fibre kept at room 

temperature. 
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Chapter 10 

Conclusion 
 

 

 

The direct method of spectrum analyzer is a common technique for measuring signal 

instability. The technique does not require a lot of components, making it easy to setup 

and calibrate. In this work, a direct method was used to formulate and implement a suite 

of measuring tools for complete characterization of fibre-based clock tone distribution 

systems used in the MeerKAT and SKA telescope networks. The suite was used to 

measure the signal instability of a RF frequency reference clock signal and the noise 

induced by the components making up the optical fibre transmission link. The signal 

instability was measured and analyzed at 1 Hz and above offset frequency away from the 

carrier using phase noise. The signal instability was also measured at offset less than 1 Hz 

away from carrier using the Allan Deviation. This was the first time that these 

measurements were conducted at the Nelson Mandela Metropolitan University, Centre 

for Broadband Communication. The MeerKAT and SKA RF clock stability requirements 

for successful operation were used as a guideline for a detailed study of signal instability. 

The short-term instability was characterized in the time domain as phase noise and 

spurious noise. Long-term instabilities such as aging and frequency drift were analyzed in 

the frequency domain.  

 

A spectrum analyzer was used to measure the phase and frequency fluctuations at a given 

time instance. Labview code was developed to log the instantaneous frequency values as 

measured by the signal counter built into the Rhode and Schwarz electrical spectrum 

analyzer. The data points were recorded at fixed time intervals equal to or larger than the 

signal counter resolution (100ms) for a desired observation time period.  The finite 

number of data points was loaded to Matlab code developed to statistically estimate the 

frequency drift at different averaging time based on the observed frequency fluctuation.  
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The estimation is taken as the two-sample variance of instantaneous frequency from its 

nominal value and was analyzed as non-overlapping Allan Deviation. The suite is 

capable of measuring the amount of instability, the type of noise and the source of the 

noise. These include the birefringence of optical fibre induced instabilities in the RF 

clock phase as the polarization of lightwave fluctuates.  

 

For a telescope network such as the MeerKAT and SKA, the RF clock is the heartbeat 

and optical fibre forms the backbone of this scientific project.  The stable clock is 

distributed over optical fibre from the central processing site to each antenna of the radio 

telescope array. The clock is used to trigger the digitizers in the antennas and to time-

stamp the captured data. When a stable RF frequency reference clock tone is used to 

directly modulate a coherent source for distribution over optical fibre to the receiver, 

instabilities may arise due to the components that make up the optical transmission link, 

the operation parameters of the devices and the environmental conditions in the 

surroundings of the components. The effects of environmental conditions (especial 

temperature variations) on the optical fibre is of great importance because of the harsh 

temperature conditions in the Karoo.  

 

In chapter 6 the direct method was used to measure and analyze the inherent noise of the 

RF clock tone as generated by the signal generator. A back-to-back phase noise 

measurement was performed for a 10 GHz clock signal with 6.14 dBm power. The phase 

noise spectrum spanned over an offset frequency range from 1 Hz to 1 MHz. At 10 kHz 

offset frequency the phase noise was recorded as –104.62 dBc/Hz. The signal instability 

of 501.99 fs phase jitter was recorded for the clock and used as a noise floor to extract the 

additive phase noise contributed by the components making up the optical link of the 

distribution system. For the MeerKAT telescope the clock tone will be distributed to 

antennas positioned at 8- 12 km away from the central processing building. A signal 

propagating through optical fibre is attenuated and distorted as a function of wavelength. 

In chapter 6 the effect of optical fibre length on RF clock tone stability was studied. The 

10 GHz frequency reference signal was used to directly modulate a 1550 nm DFB laser 

transmitted over a 11 km and 22 km G.652. C fibre kept under the same environmental 
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conditions. At 10 kHz offset frequency the phase noise was measured as - 105.98 dBc/Hz 

and – 105.35 dBc/Hz for an optical clock signal transmitted over an 11 km and 22 km 

optical fibre, respectively. The phase noise contribution was found to increase with 

increasing fibre length. For a 22 km distribution link the signal was severely distorted, as 

shown by the presence of spurious noise. The phase noise proved useful for 

demonstrating the effect of fibre length on the short-term signal instability.  

 

The reference frequency signal generated by the clock randomly fluctuates and with time 

starts to drift from its nominal value as demonstrated in chapter 7.  A 10 GHz RF signal 

was observed for 24 hours recording the instantaneous frequency every 0.2 s for the non-

overlapping Allan Deviation computation at different averaging time ranging from 1s to 

10 hours. An Allan deviation value of           was recorded for the RF signal at 100 

s averaging time. The log-log plot of the non-overlapping Allan Deviation as a function 

averaging time revealed that the clock exhibits different types of noise including 

white/flicker phase noise, flicker frequency noise and random-walk frequency. The RF 

reference clock signal displayed a relatively similar trace as the Allan deviation 

requirements for the MeerKAT/SKA telescope. The Allan variance proved to be a useful 

method for long-term signal instability analysis. The RF clock tone Allan deviation plot 

was used as a reference to observe how the long term stability is affected by the optical 

link components of the distribution system.  

 

There are a number of optical components commercially available, each having 

advantages and disadvantages. For optical transmission link performance to be optimized 

the selection of components should be done with precision based on the requirements of 

application. In chapter 8 components for the distribution system were selected based on 

their additive phase noise contribution. A phase noise contribution of -97.61 dBc/Hz at 

10 kHz frequency offset was measured for a VCSEL operated with temperature 

controller. The phase noise was integrated over the offset range from 1 Hz to 10 MHz to 

give an RMS jitter. For a VCSEL laser operated without a TEC the RMS jitter was 

measured to be 847.42 fs compared to 798.43 fs for a laser operated with TEC. The noise 
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contribution of the laser was reduced by adding a temperature controller to the light 

source, this compensated for the thermal induced phase/frequency fluctuation.  

 

In chapter 9, a 23.8 km G.655 optical fibre was subjected to temperature variation prone 

to change the physical length of the fibre, thus leading to change in the time delay. The 

optical fibre was kept in an environment where the temperature was fluctuated randomly 

between 7   and 25  . The long-term instability of an RF clock signal distribution over 

optical fibre was measured in the time domain and characterized in terms of Allan 

deviation. At room temperature the Allan deviation at 100 s averaging time was measured 

at 6.31E-08. For an optical fibre subjected to temperature fluctuation the Allan deviation 

of 7.8E-08 at 100 s averaging time was measured.  The phase fluctuation due to 

temperature expansion of the fibre and the thermal induced changes in the refractive 

index resulted in an added phase noise further degrading the RF clock tone stability as 

compared to a distribution system where the fibre was kept at relatively stable conditions 

such as room temperature.  

 

A light pulse propagating through an optical fibre is attenuated as a function of 

wavelength. A 10 GHz clock tone was used to directly modulate a 1550 nm DFB laser to 

generate an optical clock signal distributed over a 23.8 km G.655 optical fibre with 0.2 

dB/km attenuation. This effect can be compensated by adding an amplifier to the 

transmission link. Amplifier introduces noise that degrades the RF reference signal 

stability. In chapter 9 the additive noise of an Erbium Doped Fibre Amplifier (EDFA) 

operating in the linear regime was measured and analyzed at different gains. The noise 

contribution of the amplifier was found to increase with gain. Phase noise is related to the 

power input; in theory, the additive phase noise of an amplifier could be reduced by 

operating it at high optical power. In this work, this was achieved by placing the 

amplifier closer to the transmitter as opposed to the end of the transmission link (close to 

the receiver) to avoid amplifying both the intended and accidental modulated signal. 

 

In this work, a direct method was used to formulate and implement a suite of 

measurement tools complete for short and long-term characterization of RF clock tone 
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distribution system over optical fibre, similar to the MeerKAT and SKA radio telescope 

network. The characterization of the signal instability was done in the frequency and time 

domain as phase noise and non-overlapping Allan deviation, respectively. The technique 

proved useful for measuring and analyzing the stability of RF frequency reference clock 

tone and signal instability effects that different components of an optical transmission 

link impose on the under different environmental conditions, and operating parameters.  

 

The techniques developed in this thesis are of crucial importance for distribution system 

design, power budgeting and optimizing the optical transmission link based on the 

additive noise contribution of components and stability requirement of different time and 

synchronization application.  
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APPENDIX I 

Instantaneous Frequency Logging 
 

 
In chapter 7 the RF clock tone long-term instability measurement in the time 

domain in terms of Allan deviation was discussed. A suite of measurement tools was 

established using the frequency counter built into the electrical spectrum analyzer. 

The direct method of the incorporated Labview code was used to log the data 

samples, measuring the instantaneous frequency of the clock signal of desired 

frequency at fixed time interval, as shown in figure A.1.1.  

 

 
Figure A.1.1: Labview electrical spectrum analyzer signal counter 
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The signal counter function originating from the Rohde & Schwarz FWS signal and 

spectrum analyzer was used and coupled, with Labview mainly incorporated for data 

handling. Parameters such as span, center frequency, frequency counter resolution, 

sampling time interval and marker position are set on Labview to resemble those of 

the spectrum analyzer signal counter. The computer running the Labview code is 

connected to the electrical spectrum analyzer by a GPIB cable for remote control 

operation. Once all the relevant parameters have been set, the program may start by 

clicking the run button. The RF clock instantaneous frequency is then recorded at 

every defined sampling time interval defined as milliseconds to wait in the program, 

and will track the sample number and the observation time defined as counter time 

on the program. After reaching the desired observation period the program may be 

ended by clicking the stop button. The data file (labeled on file path) from labview is 

then used to compute the Allan deviation at different averaging times, as earlier 

discussed in chapter 7. 
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