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ABSTRACT 

Delivering high bandwidth to the individual household or small business is 

currently a major bottleneck in the high speed network, a problem referred to as 

the last mile issue. Multimode fibre is widely deployed in the last mile for cost 

reasons. Recently, the tremendous high-speed data transport potential of 

multimode fibre has been demonstrated by utilizing offset launch techniques and 

a laser source. However, modal noise, caused by interference among the various 

propagating modes of a multimode fibre in the presence of mode selective loss, is 

a significant problem when a laser source is employed.  

This thesis investigates several aspects of modal noise for what we believe 

to be the first time. By utilizing single mode fibre launching, modal noise is 

measured at different transverse offset launching positions with both continuous 

wave and pulse waveform input at several different fibre lengths. Modal noise is 

also measured for both waveforms in conjunction with a multimode optical fibre 

taper in an “in line” configuration, and timing jitter is investigated for the case of 

pulse waveform input. Performance improvements are found in some offset 

positions with the fibre taper in line. 
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1. INTRODUCTION 

 

1.1 Advantage of Optical Fibre 

Since the first practical fibre optic system was installed in the United States in 

1977 [1], fibre optic technology has undergone an enormous development. 

Currently, optical fibres are widely deployed in both telecommunication and data 

communication applications. Optical fibres have a number of advantages over 

copper wire as a means of long distance communications: lower attenuation over 

longer distance; negligible electromagnetic crosstalk between signals in different 

fibres and more robust to security intrusion due to tapping [2, 3]. 

The most important advantage, however, is the large low-loss bandwidth that 

allows high capacity transmission in optical fibre. For telecommunications, the 

standard is 10 Gbit/s for currently installed systems in internet backbones. That 

means close to 156,000 telephone conversations at 64 kbit/s can be processing 

simultaneously or around 400,000 letter-size pages of digitized text can be 

delivered per second. In more manageable terms, the latest version of the 

Encyclopedia Britannica can be transmitted via the optical fibre network within 

one second.  

Moreover, this does not represent the limitation of optical fibre capacity. New 

equipment with a data rate of 40 Gbit/s is available. Also, with Wavelength 

Division Multiplexing (WDM) technology, around 20 Tbit/s (1 Tbit = 1000 Gbit) has 
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been successfully tested in the laboratory [4]. 

The goal of deploying optical fibre is to provide high speed transmission for 

customers. Table 1.1 shows the bandwidth requirement of a common resident at 

present [5]. There are five broadband applications in the table: High Definition 

Television (HDTV), high quality web surfing, on-line gaming, telephones and file 

transferring. Typical numbers of each application in one household are shown in 

the second column, and the third column gives the bandwidth of each application. 

The total household bandwidth requirement is calculated at the right bottom cell of 

the table. 

 

Applications 
Number of 

Sessions 

Requirements 

(Mbit/s) 

Total Bandwidth

(Mbit/s) 

HDTV 2 20 40 

Web Surfing 2 5 10 

On-line Gaming 1 2 2 

Telephone 4 0.064 0.256 

File Transfer 1 10 10 

Total Bandwidth   62.256 

Table 1.1:  Residential bandwidth requirements [5] 

 

Also, according to AT&T Labs-Research, at the end of 2000, total data 
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transmission came to about 28,000 Tbits for one month in the United States [6]. 

That is less than 1,000 Tbits per day, and a single WDM fibre optics link can 

handle 1 Tbit per second.  

From all the data above, the bandwidth of optical fibre network backbones is 

not a major problem in the high speed network. In fact, the bottleneck is the 

delivery of this high bandwidth to the individual in the household or small 

businesses. It is referred to the first/last mile in the network [7]. 

 

1.2 First / Last Mile Issue 

The terms of first mile or last mile are actually the same portion in the network. 

For the phone company, it represents the final connection between the central 

office and the customer, and called the last mile. By contrast, it is called the first 

mile by the network equipment vendor, since it represents the initial connection 

from a customer to the internet [8]. In a word, they refer to the connection of the 

individual subscriber to the high speed fibre optic telecommunications backbone. 

The mile is just used to represent a short distance and does not necessarily mean 

exactly one mile. From now on, this is referred to the “last mile issue” to simplify 

the terminology. 

According to surveys, the last mile issue is reported as the main bottleneck 

for high speed network access by nine out of ten small businesses within the 

United States [9, 10]. 



 4

Unlike large capacity Metropolitan Area Networks (MANs) and Wide Area 

Networks (WANs), the cost of installing and operating the expensive equipment 

can not be spread out over a large number of customers in last mile. So the 

relative cost per individual subscriber in the last mile is high. As a result, running a 

high speed link in the last mile with an affordable cost is the main challenge. In 

other words, cost is the most important factor in the last mile issue. 

There are two main delivery methods for the last mile: wired systems and 

wireless systems. Wired systems, such as optical fibre wired Local Area Networks 

(LANs), are capable of higher data rate than wireless systems (e.g. free space 

optics and radio frequency based wireless technology). Moreover, wireless 

systems encounter severe problems of interference from unwanted noise and 

signals due to specific environmental constraints (e.g. multi-path fading from 

buildings as a result of reflection, attenuation due to rain and/or fog). 

Consequently, optical fibre wired LANs get a lot of attention as the potential 

solution to installed fibre in high-performance last mile networks.  

 

1.3 Installed Infrastructure in Local Area Networks (LANs) 

A lot of applications of fibre optic communication technology require networks 

in which a large number of users within a local area - such as a department, a 

building, a factory or a university campus - are interconnected in such a way that 

any user can access the network randomly to communicate with any other user or 



 5

connect with the internet. Such networks are called Local Area Networks (LANs).  

Normally, the distance of transmission becomes shorter when it gets closer to 

the customer. Since the optical fibre wired LANs is a main delivery method for the 

last mile, the transmission distances are relatively short. As a result, power 

attenuation is not of much concern for this application. The large bandwidth 

offered by optical fibre is the major motivation behind their use in LANs [12, 13]. 

Within the LANs, optical fibre is widely installed between building’s floors or 

connecting a wiring closet to customers’ computers. The distances of these 

endpoints rarely exceed 300 meters. From a market survey issued by Hewlett 

Packard (HP) in 1999, about 88% of the installed multimode fibres in building 

backbones are less than 300 meters. The results are shown in the Table 1.2.  

 

Link Length Percentage of total links 

<100m 25% 

101-200m 33% 

201-300m 30% 

301-400m 5% 

401-500m 4% 

>500m 3% 

Table 1.2:  Survey results of link length in LANs [18] 
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Since the transmission distance is short and keeping the cost as low as 

possible is the first priority in an optical fibre wired LANs, multimode fibre is widely 

used. The following section explains the reason. 

 

1.4 Multimode Fibre (MMF) 

Optical fibre works on the phenomenon of total internal reflection, which 

happens when light strikes from a higher refractive index media to a lower 

refractive index one and the incidence angle is greater than the critical angle. 

From a waveguide point of view, the optical fibre is a dielectric waveguide 

that operates at optical frequencies and normally is in cylindrical form. The most 

widely used structure of optical fibre is a single dielectric cylinder with refractive 

index of n1, which is known as the fibre core. The core is surrounded with another 

dielectric layer, cladding, with a refractive index of n2. n2 is less than n1, so the 

condition of total internal reflection is satisfied.  

The propagation of light along the fibre, a cylindrical optical waveguide, can 

be described in terms of a discrete number of guided modes in the fibre 

waveguide. Optical fibre can be divided to two types according to the number of 

modes propagating in it: single mode fibre and multimode fibre.  

As the name implies, a single mode fibre can only support one mode of 

propagation (in two orthogonal polarizations at a specific wavelength for given 

waveguide geometry), whereas a multimode fibre can sustain as many as 
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hundreds of modes. Single mode fibre has a smaller core diameter, while a larger 

core size will be seen in multimode fibre. Table 1.3 gives some typical dimensions 

of the two types of optical fibre. 

 

Fibre type Single mode Multimode 

Core  9µm 
50µm, 62.5µm, 

100µm, 200µm 

Cladding 125µm 
125µm, 140µm, 

230µm 

Number of Modes One Up to hundreds 

Table 1.3:  Dimensions of single mode and multimode fibre 

 

A multimode fibre designed for communications applications typically has a 

62.5µm core diameter and its numerical aperture is 0.275. The number of modes 

that can be supported by the fibre is 431 when operating at a wavelength of 

1300nm. 

As well as the difference in dimensions, the performance of single mode fibre 

and multimode fibre is also different. Two main specifications are fibre attenuation 

and bandwidth, illustrated in Table 1.4. [1-3, 12-14] 
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Fibre type Attenuation Bandwidth 

Single mode 
0.4dB/km@1300nm

0.2dB/km@1550nm
Up to 1 TBit/s·km 

Multimode 
3dB/km@850nm 

1dB/km@1300nm 

160 MBit/s·km to 

2000 Mbit/s·km 

Table 1.4:  Performance of the optical fibre 

 

The bandwidth specification is an important parameter to represent the 

capacity of optical fibre. It is usually specified by the Bandwidth Distance Product 

(BDP), which is denoted with a unit of Bit/s·km [3]. From the definition, the BDP 

represents the bandwidth of a specified fibre at a kilometer length. Also, the 

transmission data rate and the transmission distance are in an inverse ratio. The 

higher data rate to be supported by the fibre, the lower distance it could be 

transmitted. For example, suppose a particular type of multimode fibre has a BDP 

of 160 MBit/s·km, then 1 km of the fibre would support the data rate of 160 MBit/s. 

If the transmission distance is increased to 10km, the transmission data rate that 

can be supported will decrease to 16 MBit/s. 

From the data in Table 1.4, it is easy to see that single mode fibre gives a 
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better transmission performance. But multimode fibres are still widely used in 

LANs for the reason of cost control, since cost is the first thing to be taken into 

consideration in the last mile issue. This advantage of multimode fibre over the 

single mode fibre in LANs can be discussed in three aspects. 

First, the core diameter of multimode fibre is more than five times greater 

than that of single mode fibre, which makes it easier to launch optical power into 

the multimode fibre. This includes not only the coupling between the fibre and 

devices, but also fibre to fibre connections. Since the labor cost is still the most 

significant portion of the price of an optical network, spending will be reduced by 

deploying multimode fibre in LANs. 

Second, a new type of optical source, Vertical Cavity Surface Emitting Laser 

(VCSEL), offers an inexpensive but high performance solution for utilizing 

multimode fibre in last mile issue.  

Lastly, most optical fibres installed in LANs are multimode. These grades of 

fibre, also know as legacy multimode fibre, were originally designed to work with a 

low cost optical source, Light Emitting Diode (LED), and operate at a variety of 

low speeds (10 to 100 MBit/s). Thus, a method of improving the data rate over 

installed multimode fibre became a major research goal and a method of cost 

reduction. The capacity of the multimode fibre used in the last mile was improved 

dramatically in the last few decades, with data rate increasing by multiples of 

hundred. As a testament, most high-speed, short-reach transmission standards 
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have include MMF as physical medium (e.g. wired LANs: Ethernet, Fibre 

Distributed Data Interface (FDDI), a higher transmission speed version of the 

original Ethernet, Asynchronous Transfer Mode (ATM), Fibre Channel (FC), and 

the Gigabit Ethernet (GbE)). Most recently, some 10 GBit/s Ethernet (10GbE) 

standards have been released.  

 

1.5 Challenges in Multimode Fibre 

Although multimode fibre is widely deployed in LANs, there are still some 

limitations in its utilization: modal dispersion, refractive index defects and modal 

noise are the most important three.  

As we mentioned before, light is guided into a discrete number of 

electromagnetic modes in multimode fibre. In optical communications, optical 

signal pulses will be carried by these modes. Each mode travels through the fibre 

along a different path, and will arrive at a different time according to the path taken. 

Therefore, the pulse tends to spread out as it travels through the fibre, and as a 

result, the bandwidth of the transmission will be decreased. This phenomenon is 

called modal dispersion and is characterized by Differential Mode Delay (DMD). 

Graded index profile multimode fibre is the initial method to reduce the modal 

dispersion in multimode fibre. The refractive index of this kind of fibre changes 

gradually from the centre to the edge of the core area. The reason for this change 

is to keep the speed of light on each possible path the same along the axis of the 
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fibre. But since precise control of the index profile is difficult to achieve in the 

manufacturing process, precise control of modal dispersion is still a problem at 

present.  

Moreover, there are also defects in refractive index profiles in the core area 

caused during fibre fabrication (e.g. axial dips or peaks often found in the 

multimode fibre core). These defects cause the lower order modes in the 

multimode fibre, which travel nearer the fibre axis, to have significantly different 

propagation times than the higher order modes. As a result, the ideal of 

propagation delay equalization collapses, and the bandwidth of the transmission 

is degraded. 

Since traditional light emitting diodes (LED) cannot be modulated at the 

speed required by high-speed LANs, laser sources have begun to be used along 

with multimode fibre. The laser sources have a smaller output beam size than the 

LED, so only a relatively small fraction of the fibre modes are excited. As a result, 

pulse broadening due to modal dispersion will be low. Moreover, a method named 

offset launch, which is implemented by using a single mode fibre launch to inject 

the light at a position radially offset from the multimode fibre core center, is utilized 

to enhance the bandwidth. This method also avoids the refractive index profile 

defects in the core center. 

Unfortunately, the employment of a laser source introduced another problem: 

modal noise. 
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1.6 Modal Noise 

When highly coherent laser sources were employed with multimode fibre, a 

new problem called modal noise became a major concern. 

Modal noise was first discovered by R. E. Epworth in 1978 [15,16]. It is 

present when a time dependent speckle pattern is created by interference among 

the various propagating modes in a multimode fibre. The speckle pattern may 

vary at the photo detector with time due to mechanical changes in the multimode 

fibre itself, such as vibrations, temperature fluctuation, and microbends of MMF or 

due to the frequency instability of the laser source. All these temporal changes 

affect the total optical power gathered by the photo detector. This power 

fluctuation present in the photo detector is called modal noise. We will discuss 

modal noise in detail in the next chapter. 

 

1.7 Thesis Organization and Contribution: 

To summarize, system issues in last mile LANs (such as higher bandwidth 

and lower cost) have been discussed. These motivate the study of high-speed 

data transmission in MMF. While reducing the cost with easy alignment and 

installation, MMF also suffers from modal dispersion, refractive index defects and 

modal noise. The remainder of this thesis is organized as follows to address these 

issues: 
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Chapter 2 reviews background knowledge of multimode fibre related to this 

thesis. First, multimode fibre types are discussed, then detailed explanations and 

modeling of modal dispersion and modal noise are given. Measurement methods 

to characterize inherent MMF performance (DMD measurement and modal noise) 

are introduced. Then, current 10 GbE standards and previous work to increase 

the BDP in MMF are introduced. These previous work include: the offset launch 

technique and modal dispersion mitigation using fibre tapers. While these 

approaches propose promising solutions to the problem at hand, some of them 

hold conflicting philosophies to achieving better performance in MMF when 

considered together in the context of modal noise and other fibre propagation 

phenomena. Chapter 3 summarizes these different approaches and their 

trade-offs and presents the framework of our approach to understanding and 

resolving these conflicting ideologies. The role of fibre taper in performance 

enhancement in MMF transmission is investigated experimentally. Firstly, the 

optical fibre taper fabrication process is discussed in detail, along with the figures 

of merit (FOE) to characterize MMF transmission performance (e.g. signal to 

modal noise performance, jitter measurements). Secondly, the setup to obtain 

these FOE for Continuous Wave (CW) optical input and the significance of these 

measurement is discussed. Lastly, the experimental setup for pulse waveform 

input is presented. Link performance enhancement by the MMF taper is 

interrogated by inserting it at different positions of the test bed for both CW and 
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pulse waveform inputs at different offset launch conditions. The results and 

discussions are presented in Chapter 4. Signal-to-Modal Noise Ratios (S/N or 

SMNR), which is defined to characterize the impact of modal noise on system, are 

compared for CW input with and without MMF taper for different launch conditions. 

Modal noise and jitter performance are also investigated for pulse waveform input 

for different launch conditions. Finally, Chapter 5 concludes and summarizes the 

thesis and future work is also discussed. 

Technically, this thesis has made the following contributions. To the best of 

the author’s knowledge, the following has been achieved for the first time:  

1. The dynamic response of MMF under physical perturbation (vibration) has 

been characterized using FOE that has direct correspondence to physical 

data transmission to rates of up to10 Gb/s. 

2. Modal noise and timing jitter in MMF is measured for restricted mode 

(single mode) launch, at different transverse offset positions for a number 

of fibres with different refractive index profiles and lengths. 

3. The impact of MMF taper on overall enhancement as a function of its 

position in the fibre transmission link has been experimentally investigated. 

It is shown that with MMF taper, SMNR was improved and timing jitter was 

reduced at some offset positions, contrary to the established modal noise 

theory in MMF. 
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2. BACKGROUND THEORY AND PREVIOUS WORK 

 

In this chapter, background information related to this thesis is provided. This 

includes the different types of multimode fibres, the modeling of modal dispersion 

and it characterization by DMD measurement. Current 10 GbE standards are 

discussed and the concept of modal noise is also reviewed. Lastly, previous work 

to improve transmission performance in MMF is introduced, including the offset 

launch technique, research on modal noise measurement and application of fibre 

taper in MMF links. 

 

2.1 Types of Multimode Fibre 

Multimode fibres come in different core/cladding diameters with different 

refractive index profiles. The most common types used in data communication 

systems have dimensions of 50/125µm and 62.5/125µm. 

With different material compositions of the core, there are two multimode 

fibre types. In step-index fibre, the refractive index of the core is uniform and there 

is an abrupt change at the cladding boundary. For the second type, graded index 

fibre, the refractive index of the core area is manufactured to vary along the radial 

distance from the center of the fibre. 

The most common refraction index function of graded refractive index (GRIN) 

multimode fibre is the power law or alpha profile given by Equations 2.1 and 2.2. 
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where 

r is the distance from the point of interest to the core axis, 

a is the core radius, 

n(r) is the slowly varying function of radius r, 

n1 is the refractive index at the core axis, 

n2 is the refractive index of the cladding, 

∆  is the relative refractive index difference between core and cladding, and 

α  is the refractive profile constant. 

The refractive profile constant α  determines the refractive profile of the 

multimode fibre. The refraction index profiles for different profile constants are 

shown in Figure 2.1 [18]. From the profile figure, it is easy to see that if α →∞ , 

the multimode fibre will be step index, if 2α = , the profile is parabolic, and when 

α = 1 there is a linear profile. 
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.  

Figure 2.1:  Refraction index profile with different α factor 

 

Multimode fibre can also be characterized by its transmission capacity. As we 

discussed in Chapter 1, the data rate capacity of optical fibre is represented by the 

Bandwidth Distance Product (BDP) with a unit of Bit/s·km. In the industry standard 

ISO-11801, multimode fibres are divided into three types: OM-1, OM-2 and OM-3.  

OM-1 is commercial FDDI grade multimode fibre with a core diameter of 

62.5µm; it is also known as legacy multimode fibre.  

OM-2 is conventional 50/125µm multimode fibre. It has a better performance 

than OM-1. 

With the increase of data rate requirements in LANs, LED light sources 

couldn’t be modulated at the required speed. So a laser source was introduced 
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and as a result, a new type of multimode fibre, OM-3, appeared. The core 

diameter of OM-3 is still 50µm, but it is designed to work with the 850nm VCSEL 

laser source. OM-3 is also called laser-optimized multimode fibre.  

 

Fibre Type Wavelength (nm) Bandwidth (MBit/s·km)

OM-1 
850 

1300 

200 

500 

OM-2 
850 

1300 

500 

500 

OM-2+ 
850 

1300 

700 

500 

OM-3 
850 

1300 

1500 

500 

OM-3+ 
850 

1300 

3500 

500 

Table 2.1:  Capacity of different multimode fibres 

 

The bandwidth specifications of each type of multimode fibre are presented in 

Table 2.1. Since optical fibre bandwidth may vary with wavelength, these 
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specifications represent the fibre bandwidth at wavelengths of 850 and 1300 nm 

[19]. More recently, with the improvement of manufacturing processes, new types 

of multimode fibre have been produced, marked in the table as OM-2+ and 

OM-3+. 

Although OM-3 gives the best performance, a large scale replacement was 

not undertaken, mainly because of cost issue. OM-1 and OM-2 are still clearly 

dominant, so supporting the installed OM-1 and OM-2 multimode fibre is still the 

main subject at present. 

The Figure 2.2 shows the number of different fibres installed in buildings 

worldwide. The fibre order in the data bar is the same as the order in the figure 

legend. And all the data were calculated in 2004 [20], so the data of 2005 to 2007 

are estimates. Figure 2.3 also shows the data of different fibre types installed 

world wide, except it shows the percentage shares of the data for fibres shorter 

than 200 meters.  
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Figure 2.2:  Worldwide installed fibre in the building [20]  
(Adapted with permission of author) 

 

 
Figure 2.3:  Worldwide sharing of installed fibre in building up to 200 m [20] 

(Adapted with permission of author) 
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2.2 Modal Dispersion 

2.2.1. Ray Path Model 

The capacity of multimode fibre is mainly affected by modal dispersion. It is a 

phenomenon whereby different transmission modes supported by the multimode 

fibre travel at different group velocities and therefore arrive at the photo detector 

at different times.  

Modal dispersion is much more severe in step index multimode fibre. This 

kind of dispersion can be explained briefly using a ray path model.  

With an optical fibre system, light is used to carry a communication signal. As 

mentioned before, the most popular form in this transmission is digital. With the 

simplest digital on-off keying modulation of digital data transmission, an optical 

pulse represents a logical ‘1’, and no optical pulse represents a logical ‘0’.  

This kind of optical pulse is radiated by a light source coupled into the 

multimode fibre, and the optical power of the pulse will be distributed to the 

possible excited modes in the multimode fibre. Each mode will propagate along a 

different travel path within the step index multimode fibre: higher order modes 

travel in zigzagged shape paths and hence travel a longer distance; lower order 

modes travel along shorter paths near the center of the fibre core axis. 

As a result, different modes in a given multimode optical fibre arrive at the 

fibre end at slightly different times. When the set of individual overlapping pulses 

recombine, the detector will get a longer light pulse where the rising edge is from 
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the fastest mode and the falling edge is from the slowest mode. This phenomenon 

is known as modal dispersion or delay difference between different modes is 

measured by differential mode delay (DMD). From the explanation above, it is 

easy to see that this dispersion is related to the fibre length, as the longer the 

length of transmission, the more obvious the modal dispersion. Thus, modal 

dispersion determines the fibre bandwidth, with higher DMD causing lower 

bandwidth and vice versa. 

Modal dispersion can be reduced by using graded index multimode fibre, as 

shown in Figure 2.4. 



 23

  

 

 
Figure 2.4:  Graded index multimode fibre reduces modal dispersion. 
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The idea of graded index multimode fibre comes from the definition of the 

velocity of light in a material, given by Equation 2.3. 

 /v c n=  (2.3) 

Where 

v is the velocity of light in the material, 

c is the speed of light in vacuum, and 

n is the refraction index of the material. 

From the discussion above, modal dispersion is caused by the fact that 

different propagating modes arrive at the fibre end at different times. Graded 

index multimode fibre was designed to equalize the propagating velocity of each 

mode along the fibre axis. As we can see in Figure 2.4, the oblique rays have a 

longer path. So the refractive index is reduced somewhat as one moves away 

from the core center. The index profile is also shown in Figure 2.4. With this index 

profile, the mode propagating along the fibre axis takes the shortest path, but 

travels more slowly as the index is largest. Oblique rays have a longer path along 

a relatively lower refractive index, where they travel faster. As a result, each mode 

arrives at the fibre end at about the same time, reducing modal dispersion. 

 

2.2.2. Optimize Index Profile 

The ray path model cannot describe the detailed characteristics of light 

propagation in multimode fibre. For an exact analysis, wave equations must be 
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used. In this analysis, the concept of mode groups is introduced. Modes in one 

mode group share a common propagation constant, more importantly, they 

propagate at the same speed. Hence the modal dispersion is caused by the group 

velocity difference between mode groups (Detailed information is in Appendix B). 

GRIN MMF is essentially a piece of dielectric waveguide. The textbook 

formulation of the z-component fibre modes (electric field) is given by the 

Helmholtz radial equation as shown in Equation 2.4. 

 

2 2
2 2 2

02 2

1 ( ) 0Z Z
Z

d E dE ln r k E
dr r dr r

β
⎡ ⎤

+ + − − =⎢ ⎥
⎣ ⎦

 (2.4) 

 0 2 /k π λ=  (2.5) 

where 

ZE  is the longitudinal component of electric field, 

r is the distance from the point of interest to the core axis, 

n(r) is a slowly varying index function of r,  

l is the azimuthal eigenvalue,  

β is the propagation constant,  

k0 is the wave number in free space, and 

λ is the optical wavelength in free space. 

With the WKB (Wentzel-Kramers-Brillouin) method, the electrical field 

solution of the wave equation can be determined along with two parameters [3, 
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21]: Q, the total number of modes and the propagation constant qβ  associated 

with each mode group, where q is the mode group number (The total number of 

mode group is integer part of Q  [57], it is denoted as Q⎡ ⎤
⎣ ⎦  in the following 

discussion). The Q and qβ  are given by Equation 2.6 and 2.7. 

 
2 2 2
1 02

Q n k aα
α

= ∆
+  (2.6) 

 

1/ 22 ( 2)

1 0 1 2q
qn k
Q

α α

β
+⎡ ⎤⎛ ⎞

= − ∆⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 (2.7) 

where 

α is the refractive profile constant, 

k0 is the wave number in free space, 

a is the core radius, 

n1 is the refractive index at the core axis, 

q is the mode group number, and 

∆ is the relative refractive index difference between the core and cladding. 

Equation 2.7 is very important in analyzing mode properties in graded index 

multimode fibre, since the propagation constant of each mode group, βq, is unique. 

Hence the propagation constant can represent the individual mode group in the 

graded index multimode fibre.  

In multimode fiber, the time difference between different mode groups 

traveling to the end of the fibre causes pulse broadening, which is defined as 
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modal dispersion. In order to analyze pulse transmission, one is concerned with 

the group delay time per unit length for each mode. This is defined as. 

 

2

0

1 1
2g

d d d
d c dk c d
β β λ βτ
ω π λ

= = = −  (2.8) 

where 

β is the propagation constant,  

ω is the angular frequency,  

k0 is the wave number in free space,  

c is speed of light in free space, and 

λ is the wavelength of the propagating light in free space. 

Since we already have the propagation constant qβ  from Equation 2.7, the 

group delay of each mode group can be calculated as: 

 

21 ( 1,2, , )
2

q
gq

d
q Q

c d
βλτ

π λ
⎡ ⎤= − = ⎣ ⎦  (2.9) 

Where Q⎡ ⎤
⎣ ⎦  is total number of mode group. 

Since the refractive index of the graded index profile will affect the modal 

dispersion, the constant α needs to be optimized. The optimization process 

consists of attempting to achieve group delay equalization among possible 

excited mode groups by adjusting the refractive index profile. 

In the optimum refractive index profile, the propagation speed of each mode 

group should be same along the axis of the fibre. Accordingly, all mode groups 

reach the cross-section of the fibre end at the same instant. This ideal equalized 
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condition leads to a null differential mode delay distribution. Stated in a different 

way, the set of pulses carried by different mode groups superimpose on each 

other with zero time variance, so the pulse won’t be broadened after travel to the 

end of the fibre. 

The relationship of the group delay gqτ vs. the mode group number q with 

different values of profile parameter, α, is shown in Figure 2.5. The greater the 

group delay difference between modes the higher DMD will be. The wavelength is 

850nm and the core diameter of the multimode fibre is 50µm.  
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Figure 2.5:  Group delay vs. mode group number 
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DMD PLOT FOR FIGURE 2.5 WITH α = 1.85
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Figure 2.6:  DMD plot with α = 1.85 
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DMD PLOT FOR FIGURE 2.5 WITH α = 2.15
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Figure 2.7:  DMD plot with α = 2.15 
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Figure 2.6 and Figure 2.7 are plotted to interpret the data in Figure 2.5. Figure 

2.6 is for the situation with α=1.85, which is the lowest curve in bottom, where 

Figure 2.7 presents the situation of the first curve on top. From the plots, it is easy 

to conclude that there is an optimum value for α near 2. With this optimized 

refraction index profile, the differential mode delay is almost equal to zero. If α is 

higher than this value, the velocity of the higher mode group is lower than that of 

the lower mode group. While if α is lower than the optimum value, the higher 

mode group will travel faster than the lower mode group. In reality, group delay 

compensation requires a highly sophisticated manufacturing process and will thus 

increase the cost of the fibre. 

 

2.2.3. DMD Measurement 

The modal dispersion or DMD profile of a fibre can be measured by using a 

standardized procedure outlined in [23]. The principle is shown in Figure 2.8 [22]. 

 

Figure 2.8:  DMD measurement principle [22] © [2005] IEEE 
(Adapted with permission of IEEE) 
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First, an optical pulse is launched from a single mode fibre to the multimode 

fibre being tested. At the output end of the multimode fibre the pulse amplitude as 

a function of time will be recorded by an oscilloscope. Then, the procedure is 

repeated by moving the launch probe radially from the core axis to the 

core/cladding interface at steps of 1µm. At each offset launch spot, a subset of all 

the possible mode groups is excited and the amplitude and time function 

information will be recorded. Finally, with all the waveform data, two times are 

determined, tfast and tslow. They are the time instants of 25% of maximum pulse 

amplitude at the leading edge of the fastest pulse and the trailing edge of the 

slowest pulse of all the waveforms respectively. The difference between the two 

times is specified as the DMD [22-24]. 

 

2.3 Current 10GbE Standards 

With increases in the data rate, the transmission distance supported by 

installed multimode fibre will be decreased. At a wavelength of 850nm, OM-1 

multimode fibre can only support a 10 Gbit/s data rate to a distance of 33 meters. 

Similarly, the OM-2 type can support up to 82 meters at 10 Gbit/s. These 

transmission distances definitely do not meet the 220 meter specification in IEEE 

802.3aq [25]. 

There are three main standardized solutions for 10GbE multimode 
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transmission. They are 10GBASE-SR, 10GBASE-LX4 and 10GBASE-LRM. 

 

2.3.1. 10GBASE-SR Solution 

In the 10GBASE-SR standard, the OM-3 type of multimode fibre is used with 

the 850nm VCSEL lasers. With this setup, a 10 Gbit/s data rate can be supported 

up to 300 meters. But the SR standard will not meet the distance requirement for 

installed multimode fibres in LANs, which are mostly OM-1 and OM-2 multimode 

fibre type.  

 

2.3.2. 10GBASE-LX4 Solution 

The 10GBASE-LX4 standard uses Coarse Wavelength Division Multiplexing 

(CWDM) technology. It requires four lasers, each operating at 3.125 Gbit/s and at 

different wavelengths in the 1300nm window. Four data streams are multiplexed 

optically into the multimode fibre and then a de-multiplexer and four receivers 

recover the data transmitted over each wavelength. 

This solution avoids the dispersion effect by reducing the data rate to 3.125 

Gbit/s and enables the 10 Gbit/s data rate at distance up to 300 meters. The LX4 

standard has a higher optical complexity. Also, since four lasers and receivers are 

utilized, the size of the transceiver is larger than other solutions. 

 

2.3.3. 10GBASE-LRM Solution 



 33

The third alternative solution is 10GBASE-LRM standard. It utilizes a 1300nm 

Fabry Perot laser and an Electronic Dispersion Compensation (EDC) chip at the 

receiver. The LRM standard specifies that the distance supported be 220 meters. 

It also indicates that the LRM standard is expected to cover more than 90% of 

installed fibre to 300 meters with a data rate of 10 Gbit/s [26]. The EDC chip 

increases the complexity of the devices in the LRM standard. But they are 

expected to be cheaper and smaller than LX4 devices.  

Although these standards fulfill the 10 GBit/s transmission over certain 

distance, they all have limitations due to lack of understanding of physical medium, 

modal noise is one of them. 

 

2.4 Modal Noise 

Despite the fact that the 10GBASE-LRM standard does an excellent job of 

reducing modal dispersion, there is still a significant performance penalty from 

other sources, in particular from modal noise. This section provides an outline of 

current theory on modal noise. 

 

2.4.1. Speckle Patterns 

As we discussed in Chapter 1, modal noise is associated with coherent laser 

sources being used in a multimode fibre link. In order to understand the origin of 

modal noise, we need to discuss the speckle pattern which is created at the end 
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of the multimode fibre when it is illuminated with a laser source. 

When a coherent laser source is used with multimode fibre, the optical power 

is launched into the fibre and excites the possible fibre modes. The propagation 

velocity of each mode is slightly different. As a result, the phase of each mode at 

the far end of the fibre will be different, and the modes may strengthen or cancel 

each other when they combine at the receiver. This interference among various 

propagating modes creates a speckle pattern at the photo detector [15-17,27-29]. 

The speckle pattern of over-filled mode launch is shown in Figure 2.9 [27]. 

 

 

Figure 2.9:  The speckle pattern [27] © [1999] IEEE 

(Adapted with permission of IEEE) 
 

Because the speckle pattern originates from merging out-of-phase modes, it 

is easy to draw the conclusion that the speckle pattern is related to the total 

number of modes propagating in the multimode fibre. So let’s consider the 
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simplest case: there are only two modes in the fibre. Each mode is propagating 

with its own velocity. The interference of the two modes at different cross sections 

is shown in Figure 2.10 [15]. The lines in the core area show every wave crest of 

each propagating mode. 

 

 
Figure 2.10:  Interference of two modes at different cross sections 
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the fibre the interference pattern of the pair of modes are different. At plane X1, 

there are three points with wave crests adding together and as a result three 
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two strengthened wave crests appear at plane X2. So there will be a speckle 
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pattern difference between the endface at X1 at X2. 

Figure 2.10 is the simplest case in multimode fibre. If there are more modes 

propagating in the fibre, the superposition of the interference pattern will be more 

complicated. But any pair of modes will undergo a similar interference pattern in 

the simplest case in Figure 2.10. 

The speckle pattern will not be static; if the phase difference between two 

modes changes, the interference pattern or the speckle pattern will change too.  

Mechanical disturbances such as vibration or temperature variation and laser 

frequency shifting are the two main reasons to cause these changes. 

When fibre is mechanically distorted the local refractive index changes and as 

a result the delay between modes varies. Hence, the speckle pattern will be 

different. 

Source spectral fluctuations include frequency shifts of laser spectral lines 

and amplitude fluctuations among them. When there is a laser source spectral 

fluctuation, the intermode delay in the multimode fibre changes. Hence, the phase 

difference between different modes varies which causes a change in the speckle 

patterns. 

No modal noise will appear, until either or both of the situations mentioned 

above are present and the other factor of modal noise is also present. This factor 

is mode selective loss. 
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2.4.2. Mode Selective Loss 

In order to complete the discussion, we need to introduce one more concept, 

mode selective loss, which can be defined as the loss in a multimode fibre link 

resulting from a non-uniform power reduction of selective propagating modes. A 

large irregularity in the fibre (such as a bad connector) can cause this kind of loss. 

The Figure 2.11 and Figure 2.12 depict the two most common misalignments of 

fibre-to-fibre joints, the fibre connector or splice.  

Even a cursory glance at the figures will show that some modes will be 

completely lost at these connectors. When there is a fibre vibration or the laser 

frequency changes randomly and abruptly as described above, the speckle 

pattern varies randomly and abruptly as well. Since the photo detector 

performance only depends on the integrated power over the detecting area, the 

speckle fluctuation with time will lead to a fluctuation of detected power that is 

referred to as modal noise. 
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Figure 2.11:  Lateral misalignment of the connector or splice 

 

 

 

Figure 2.12:  Longitudinal misalignment of the connector or splice 
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2.4.3. Causes of Modal Noise 

To summarize the above discussion, for modal noise to occur three conditions 

must be satisfied simultaneously. 

A coherent laser source must be used in a multimode fibre link. Narrowband, 

high-coherence sources result in more modal noise than broadband sources. An 

incoherent light source such as an LED will not produce modal noise. Since each 

fibre mode has a different group velocity than the others, there will be differences 

in the phases of the light in each mode after propagating over the fibre. This 

phase difference will create an interference or speckle pattern at the end of 

multimode fibre, which can be seen in the fibre cross-section as shown in Figure 

2.9. 

The speckle pattern produced by the fibre modes must vary over time. There 

are two main causes involved: mechanical or temperature variances in the fibre 

result in low frequency changes while high frequency variations can be caused by 

transient modulation effects or laser mode fluctuations. 

There must be a point of mode selective loss present in the link. If all the light 

propagating within the different fibre modes passes through the fibre and 

subsequent connectors then no modal noise occurs. However, if the speckle 

pattern propagates through a locus of mode selective loss, the spatial interference 

pattern fluctuations become power intensity variations at the detector which 

causes modal noise. Examples of mode selective loss are geometrical 
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discontinuities such as longitude misalignment or transverse offsets at connectors 

and damaged or dirty fibre connections, and it my also occur when connecting 

multimode fibres with different core diameters or using photodiodes with a 

diameter smaller than the fibre core diameter. 

 

2.4.4. Methods of Minimizing Modal Noise 

There are many ways to reduce the modal noise. The main idea is to 

eliminate or minimize the effects of the three causes discussed in the previous 

section. 

First, we can decrease the coherence of laser source, perhaps by utilizing a 

laser source with a wider linewidth. 

Second, the speckle pattern can be degraded. This can be realized by 

introducing more modes into the multimode fibre. Recall from our simplest case 

example that each pair of modes generates a speckle pattern. When multiple 

speckle patterns overlap together, the speckle pattern cancels out due to 

averaging of interference effect, and as a result it reduces the modal noise. 

Re-examining Equation 2.6, we see that the total number of modes Q in the 

multimode fibre is given by: 

2 2 2
1 02

Q n k aα
α

= ∆
+ , 

which suggests two easy ways to increase the total number of modes in the 
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multimode fibre. One is to utilize a laser source with a shorter wavelength, which 

would give us a higher value of k0, the wave number in free space. The other 

method is to employ multimode fibre with larger core diameter, which is presented 

as a in the equation. 

A third way is to reduce modal noise is to minimize the mode selective loss by 

keeping the connector loss as small as possible. 

Lastly, since modal noise is caused by interference between different 

co-existing fibre modes, if the number of transmission modes in MMF could be 

reduced to one by optimization of fibre and launch conditions over the 

transmission link, modal noise could also be reduced. While counter-intuitive, this 

has been the idea behind the recent demonstration of record BDP for laser 

optimized MMF under restricted launch conditions [49]. 

 

2.5 Previous Work and Present Motivation 

For installed multimode fibre, two groups reported that MMF transmission 

bandwidth can be increased significantly by using single mode offset launch 

techniques [18, 30-35, 45]. Papen et al. [27] also measured the modal noise with 

a restricted launch (single mode) condition for multimode fibre for gigabit ethernet 

applications. But no work has been done to investigate modal noise at different 

transverse offset positions with single mode fibre launching. Secondly, Yang et al. 

[36] implemented a multimode to single mode converter with a multimode fibre 
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taper. The idea of fibre taper was incorporated by another group into their 

multimode transmission system and performance improvement was observed 

[46]. However, while MMF taper on one hand serves to eliminate higher order 

modes and enforces single mode propagation, on the other hand, it acts as a 

mode selective loss element in a MMF fibre link and the system modal noise is 

expected to increase. This thesis investigates the impact of MMF taper in 

transmission performance in terms of modal noise and jitter measurement for 

different restricted offset launching conditions and attempts to resolve this 

approach that apparently contradicts established theory of modal noise. Before 

delving into the general framework and methodology in Chapter 3, the following 

sections detail the previous work of the aforementioned groups to date. 

 

2.5.1. Offset Launch Technique 

The modal bandwidths we discussed above are overfilled launch (OFL) 

bandwidths, because multimode fibre was originally designed to work with LED 

sources. The spot size of the output beam from an LED is the same as (or larger 

than) the fibre core area, producing an overfilled launch condition. The bandwidth 

measured under this condition is the OFL bandwidth. 

A laser source has a smaller output beam spot size. When it works with 

multimode fibre, only a small fraction of the fibre cross section is illuminated. This 

is called restricted launch.  
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Figure 2.13 shows the launch conditions difference between LED and laser 

source launches [11]. 

 

 

Figure 2.13:  Launch conditions of LED and LD 

 

In a restricted launch scheme, the light signal is injected either from a lens 

system or a single mode fibre launch system. Depending on the area illuminated, 

the restricted launch can be divided into two categories: center launch and offset 

launch.  

Center launch is when the light signal injection only illuminates a small area 

at the core center of the multimode fibre. Hence, only a group of lower order 

modes are excited.  

Using a restricted launch scheme to prevent higher order modes propagating 

in multimode fibre was described as an effective technique to enhance multimode 

fibre bandwidth. Haas et al. [45] report a very simple optical mode filter scheme to 
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improve the bandwidth-distance product of a multimode fibre with a core diameter 

of 62.5µm. The principle of this scheme is to use single mode fibres at the 

beginning and the end of the multimode fibre to realize lower mode launching and 

also to retrieve only lower mode. A simple demonstration of the scheme is shown 

in Figure 2.14. The grey areas are the fibre core areas. 

 

 

Figure 2.14:  SM-MM-SM mode filter scheme in [45] 

 

Using this scheme they doubled the bandwidth-distance product of 

multimode fibre and achieve 1 Gbit/s signal transmission over 2.3 km of 

multimode fibre at -30dBm received power with an error rate of 1x10-9. 

Center launch does achieve higher bandwidths in both theory and experiment, 

but it is not widely utilized for installed MMF. There are two reasons for the lack of 

deployment. First, center launch requires a tight alignment tolerance, thus 

increasing the cost of the equipment given technology available in late 1970s and 
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early 1980s. Second, there are central refractive index perturbations showing 

distinct dips and peaks in the index of refraction in installed multimode fibre in the 

same period. When a center launch scheme is deployed on this kind of fibre, 

these defects cause the modes traveling through the defective area of the 

multimode fibre to have different propagation times than those modes propagating 

outside the defective area. As a result, the ideal of propagation delay equalization 

collapses and the bandwidth of the transmission is degraded. Figure 2.15 shows 

the parabolic refraction index we expect with α = 2 and the defects in the 

refraction index at both the core (top left), including the core dip and core peak, 

and cladding (bottom right) ends of the curve [34]. 
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Figure 2.15:  Refractive index defects [34] © [1999] IEEE 
 (Adapted with permission of IEEE) 

 

Another restricted launch scheme is offset launch which occurs when the 

restricted launch spot is offset from the center of the fibre core axis. Figure 2.16 

shows this scheme [37]. A cross-section of the fibre shows the offset launch 

position and a graph shows the light intensity by radial position at the top. 

Because of the spot size of the laser beam, few modes get excited rather than all 

the modes in the overfilled condition. 
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Figure 2.16:  The offset launch scheme 
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Figure 2.17:  Modal bandwidth at each offset launch position for 62.5/125µm 

fibre [18, 34] © [1999] IEEE (Adapted with permission of IEEE) 

 

 

Figure 2.18:  Modal bandwidth at each offset launch postion for 50/125µm fibre    

[18, 34] © [1999] IEEE (Adapted with permission of IEEE) 
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Extensive study has been done to investigate the bandwidth performance of 

each offset launch spot for a 1300nm laser source [18, 34]. Statistical analysis of 

the link performance at multiple offset positions of 81 multimode fibre profiles, 

believed to represent the worst 5% of installed fibre, are shown in Figure 2.17 and 

Figure 2.18 [18, 34]. In these figures, each line represents one multimode fibre 

profile. The x-axis represents the radial offset and the y-axis represents the 

bandwidth.  There are certain areas of the graph that no lines cross, which 

represent the optimal launch spots because even in these profiles, the worst 5%, 

a certain minimum bandwidth is achieved. From the data, the optimum offset 

launch spots are between 17 and 23µm in 62.5/125µm multimode fibre and 

between 10 and 16µm in 50/125µm multimode fibre respectively. 

 

2.5.2. Modal Noise Measurement 

Modal noise is an intensity fluctuation at the photo detector as a result of 

speckle pattern variation caused by the interference of different fibre modes. As 

the factors contributing to modal noise vary randomly, a histogram needs to be 

generated to study it statistically.  

By monitoring the optical power at the multimode fibre output over a certain 

period of time and recording the number of samples that fall into a particular 

power level bin, a histogram denoting the amplitude Probability Density Function 

(PDF) of modal noise behavior over a particular period of time can be generated. 
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After first being discussed in 1979, modal noise has been studied extensively 

[15-17,27-29]. First, the focus was on the overfilled situation, under the 

assumption that the speckle patterns are the result of the interference of an 

infinite number of coherent waves with random phases. 

Later, Papen et al. [27] discussed the modal noise under the restricted launch 

condition [38]. In that experiment, they used a single mode fibre launch to ensure 

a restricted launch. A heat source was used as the mechanical disturbance to 

generate modal noise and total of 106 samples were collected for the distribution. 

Although the focus of the studies varied, the same statistical method was 

utilized by all the researchers and the standard deviation of the distribution was 

denoted to present the modal noise [29]. 

We followed previously established statistical methods to collect modal noise 

statistics in our experiment. Figure 2.19 is a sample of the test result where the 

x-axis represents the optical power and the range of x is the optical power 

fluctuation range. The y-axis shows how many optical power data points fall into 

certain optical power range bins; here the range is 0.3µW/bin. The data are 

collected over a certain time period, so the unit for the y-axis could be “hits”, 

representing how many times of the optical power reading falls into each optical 

power range bin. 
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Figure 2.19: Histogram result of 5 minutes for modal noise study (0.3µW/bin) 

 

2.5.3. Jitter Measurement 

Since pulse waveform input was proposed in the investigation, jitter 

performance, which is defined as a measure of the time variances of the leading 

or tail edge of a pulse waveform at middle threshold, was also evaluated in the 

experiment. 

In the experiment, a measurement window, which is 5% narrow in amplitude, 

is placed through the middle threshold horizontally. Then, a time histogram is 

generated. The standard deviation from the histogram mean was employed in 
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evaluation and denoted as jitter rms. It is shown in Figure 2.20.  

 

±±±±  

Figure 2.20:  Demonstration of Jitter rms 

 

2.5.4. The Fibre Taper 

Fibre tapers have been utilized for many functions, including as wavelength 

selection devices [40, 41], for dispersion compensation [42] and as optical 

sensors [43]. Operating as a mode filter is another main application of the fibre 

taper and utilizing a mode filter to improve transmission performance in multimode 

fibre has proved to be successful.  

As previously mentioned, Haas et al. [45] report a very simple optical mode 

filter scheme to improve the bandwidth-distance product of a multimode fibre with 

a core diameter of 62.5µm. By using this scheme, pictured in Figure 2.21, they 

double the bandwidth-distance product of multimode fibre and fulfill 1 Gbit/s signal 
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transmission over 2.3 km of multimode fibre at -30dBm received power with an 

error rate of 1x10-9. But because of the large core diameter difference between 

multimode and single mode fibre (62.5µm vs 9µm), this optical mode filter 

underwent high insertion losses at the second conjunction point. The penalty is 

about 6.5dB. 

 

 

Figure 2.21:  Haas et al. optical mode filter (also Figure 2.14) 

 

Fibre taper was first demonstrated as an optical mode filter by Ozeki et al. 

[44]. Since then this application of fibre taper has been successfully applied in a 

number of different systems in order to improve performance by reducing the 

number of modes propagating in the fibre [39, 44,46] 

Moon et al. [46] provide a good example for this application of fibre taper. By 

applying a single mode fibre taper, they extend single-mode transmission over a 

conventional single mode fibre to a wavelength shorter than the cutoff wavelength. 
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Conventional single mode fibres are designed to have a cutoff wavelength at 

around 1.2µm. If a shorter wavelength laser source is used, such as 780nm or 

850nm, then transmission in the optical fibre will function as a multimode fibre, 

and the bandwidth of the fibre would degrade to 200 Mbit/s·km. By employing a 

tapered fibre mode filter with a 53µm diameter at the center and 6mm in total 

length, they achieve 850nm pseudo single mode transmission at 622 Mbit/s over 

5 km. Figure 2.22 shows the model of the fibre taper. Figure 2.23 gives the time 

domain response after the pulse propagates 600m with and without the single 

mode fibre taper in line. Apparently, the single mode fibre taper functioned as a 

mode filter. 

 

 

Figure 2.22:  The single mode fibre taper used by Moon [46] 

© [2005] IEEE (Adapted with permission of IEEE) 
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Figure 2.23:  Time domain response after pulse propagating 600m [46]  

© [2005] IEEE (Adapted with permission of IEEE) 

 

 

Figure 2.24:  The multi-to-single mode converter 

 



 56

A multimode to single mode converter made by Yang et al. [36] is shown in 

Figure 2.24. As shown, the fibre taper is made of typical multimode fibre and the 

diameter at the small end of the fibre taper is 10µm. With this taper they achieve 

single mode output at the small end. 

All the work that has been done shows that filtering multimode to single mode 

with a multimode fibre taper is feasible. 

To summarize, background information, including different types of multimode 

fibre and detailed explanations of modal dispersion and modal noise, is first 

introduced in this chapter. Then some previous approaches to improve MMF 

performance are reviewed, they are offset launch technique and fibre taper 

utilizations. However, these approaches hold conflicting philosophies to achieving 

better performance in MMF when considered together in the context of modal 

noise and other fibre propagation phenomena. While fibre taper could mitigate 

modal dispersion, it would also theoretically increase modal noise (fibre taper is 

an element of MSL). In order to understand these conflicting ideologies, 

experiments were set up as described in the next chapter. 
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3. SETUP OF THE EXPERIMENT 

 

Various approaches to improve transmission performance in MMF have been 

outlined in Chapter 2, such as restricted offset launch and fibre taper. Figures of 

merit such as modal noise and jitter measurement have been discussed. In 

Chapter 3, we describe the framework to investigate the impact of MMF taper in 

transmission performance in terms of modal noise and jitter measurement for 

different restricted offset launching conditions. This chapter begins with the 

fabrication of MMF taper, and the methodology for modal noise (for CW and 

pulsed input) and jitter measurement (for pulsed input) will be provided. 

Preliminary results that provide insight on the role of MMF taper will be discussed 

and detailed results will appear in Chapter 4. 

 

3.1 Fabrication of the Multimode Fibre Taper 

One purpose of this project is to investigate how a multimode fibre taper 

affects the modal noise in the transmission. To do so we need to manufacture the 

multimode fibre taper. 

A fibre taper can be manufactured by stretching a heated conventional 

multimode optical fibre. The optimal taper needs to satisfy two conditions: that the 

shape is consistent and that there is low optical power loss. To meet these 

conditions the taper must be shaped with sufficiently slow diameter reduction 
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rates.  

 
Figure 3.1:  Fibre taper model 

 

Figure 3.1 is a simple model of the construction of the fibre taper. In the 

process, the original optical fibre is heated by a propane burner with a flame 

diameter of L0. This area is defined as the hot zone. The fibre diameter in this area 

will be reduced by the stretching process. And at last, a constant diameter “waist” 
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will be formed through the whole hot zone area. In the figure of the finished fibre 

taper, the origin of the z-axis is the taper edge. 

The finished fibre taper can be divided into three areas: the taper region, 

where the fibre diameter is gradually reduced over a distance L1 to the desired 

waist diameter, d; the waist area with constant fibre diameter (it is assumed to be 

the same length as the hot zone L0); and finally the reverse taper region where 

fibre diameter is gradually increased to the fibre cladding diameter, D, with length 

L2.  

Ideally, the diameters of the taper region (L1) and reverse taper region (L2) 

should decrease or increase in a sufficiently gradual way to achieve low optical 

power loss. Since we propose to elongate the fibre on both sides with the same 

stretch speed, the length of the taper region and reverse taper region should be 

the same, i.e. L1=L2. This equal stretching length is denoted as L. 

It is easy to see from Figure 3.1 that the total glass volume of the taper, waist 

and reverse taper will be the same as the glass volume of hot zone area in the 

original fibre. So if we keep the desired waist diameter, d, constant, then the wider 

the hot zone is (L0), the longer the transfer area (the taper and reverse taper 

regions) will be. 

In the transfer area, the fibre shape is assumed as exponential, and the fibre 

diameter at certain point z can be expressed as [47, 48] 



 60

 0( ) exp( / )D z D z L= −  (3.1) 

 

where 

D is the diameter of original fibre cladding, 

L0 is the length of the taper waist area, and 

Z is the distance from the edge of the taper as shown in Figure 3.1, The 

z-axes in the taper region and reverse taper region are also shown in it. 

At the left edge of the fibre taper, the fibre diameter is D, the same as the 

original fibre cladding diameter. That is, at z = 0, D(z) = D, as we see in Equation 

3.1. On the other hand, at the start of the waist, the fibre diameter changes to d. 

That is, if z = L, D(z) = d, which by substitution in to Equation 3.1 allows us to 

express the relationship between the waist diameter, d, and stretching length, L, 

as: 

 0exp( / )d D L L= −  (3.2) 

The stretching length L can be determined by solving this equation. 

In order to fabricate a high quality fibre taper from a piece of conventional 

multimode optical fibre, the following procedure was followed. 

A propane burner and a micro torch kit with flow controller were chosen. The 

flame temperature reaches around 1800°C (3350 degrees Fahrenheit), which is 

higher than glass transition temperature. The flame size was set at 4mm. 

Two PT1-Z6 motorized stages with fibre clamps from Thorlabs Inc were 
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utilized for fibre stretching. The stretching speeds were set at 0.3 mm/s. 

Microscope slides were used as the portable taper holder. A homemade 

holding fixture with a copper platform was designed to aid in the process. The set 

up of motor stages is shown in Figure 3.2. 

A laser source and a photo detector are used in the setup to monitor the 

insertion loss of the taper. The demonstration of the whole set up is shown in 

Figure 3.3. 

After several trial productions, we decided to manufacture the optical fibre 

taper with a five micron waist diameter. 

The waist size was measured by a microscope of 1000x magnification. 

The manufacturing process was repeatable, which means the waist diameter 

reached five microns each time. Figure 3.4 a and b show the taper waist area of 

two different fibre tapers. 

We measured the insertion loss of all fabricated fibre tapers with 1550nm 

CW input. The input power is -3dBm. All of the tapers we produced have an 

insertion loss of less than 1dB (meaning more than 80% of the light will come 

through). 

This process resulted in a fibre taper of sufficient quality to proceed with our 

experiments. 
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Figure 3.2:  The setup of the motor stages 

 
Figure 3.3:  The setup for the fibre taper fabrication 
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a 

 

b 

Figure 3.4:  The waist area of two different fibre tapers 
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   5 µm 
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3.2 Experiment Setup for Continuous Wave (CW) 

We first measured modal noise with a continuous waveform to investigate the 

general trend of modal noise at different offset positions. We also planned to 

examine the position of the phase changing mechanism and position of the optical 

fibre taper. The setup is shown in Figure 3.5. 

 

Figure 3.5:  The setup for the CW experiment 

 

3.2.1. Technical Considerations for the CW Experiment Setup 

To fully set up the modal noise experiment, there are some technical issues 
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The experiment is designed to measure the modal noise at MMF output for 

different transverse offsets with a single mode fibre launch. So a controllable 

launch system is necessary to line up the single mode fibre with the desired 

transverse offset positions.  

In our setup, one 6-Axis nanopositioning stage from Thorlabs, the NanoMax 

609, was utilized for mounting the single mode fibre. It can control 6 axis 

alignments: the optical axis (x-axis), lateral axis (y-axis), vertical axis (z-axis), roll 

axis ( xΦ -axis), pitch axis ( yΦ -axis) and yaw axis ( zΦ -axis). The resolution and 

Root Mean Square (RMS) repeatability of the x, y and z axes can reach 3.75 x 

10-5 mm and 30nm respectively. A stationary post assembly, AMA029D, was used 

for positioning the multimode fibre. 

Two V-groove fibre holders were fixed on the stage and post assembly. They 

extended the positioner’s mounting stage so that the two fibres could meet each 

other within the travel range of the stage. Initially, the tips of the holders were set 

about four millimeters apart. With this setup, the protrusion of the bare single 

mode or multimode fibre could be as short as about one millimeter. This reduced 

the risk of fibre movement caused by air flow or other vibration. 

The whole apparatus was bolted to a heavy steel laminate optical table top 

supported by four pneumatically–pumped legs; the table and hence our setup 

resists environment vibrations.  

Two microscopes were set up perpendicularly with magnification at 200X. 
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One monitored the x and y axes, the other monitored the x and z axes. For the 

entire experimental procedure we fixed the pitch, roll and yaw axes. The whole 

setup is shown in the Figure 3.6, along with x, y, z axes; the y-axis is pointing into 

the paper. 

 

 

Figure 3.6:  The setup of controllable launch system 

 

3.2.1.2. Proper Multimode Fibre Length 

Since we need to test the modal noise, caused by the phase difference 

between different propagating modes at the end of the multimode fibre, the 

multimode fibre length has to fulfill two requirements. 
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On one hand, it should have enough length to allow the phase difference 

between modes to occur. Normally, this requirement can be guaranteed with a 

multimode fibre longer than several meters.  

On the other hand, if the multimode fibre length is too long the coherence 

between the modes will be destroyed. As we discussed before, different 

propagating modes in the multimode fibre have different travel lengths. If the 

travel length difference of any two modes is longer than the coherence length of 

the laser source, the interference between the two modes will be small [27]. So 

we need to keep the largest travel length difference shorter than the coherence 

length to maintain coherence and keep the speckle pattern strong.  

The coherence length, LC, of a laser source can be calculated by 

 C
CL
n f

=
∆  (3.3) 

where 

C is the velocity of light in a vacuum, 

n is the refraction index of the material (the fibre core), and 

f∆ is the line width of the laser source. 

The travel length difference L∆  between two modes q1 and q2 can be 

written as [27] 
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where 

L is the multimode fibre length, 

1qβ and 2qβ are the propagation constants of the two different modes q1 and 

q2. Since modes in same mode group have same β , this equation can be 

extended to mode group and 1qβ and 2qβ are the propagation constants of the two 

different mode groups q1 and q2. 

In order to calculate the multimode fibre length L, L∆ should be set equal to 

the coherence length LC. 

Recall the total mode number and the calculation of the propagation constant 

of each mode group in GRIN MMF, repeated from Equation 2.6 and 2.7: 

2 2 2
1 02

Q n k aα
α
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+  

1/ 22 ( 2)
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Assume thatα =2, so by substitution 

 

1/ 2

1 0 2 2 2
1 0

41q
qn k

n k a
β

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (3.5) 

where 

k0 is the wave number in free space,  

a is the core radius, 

n1 is the refractive index at the core axis, and 

q is the mode group number. 
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Since the majority of the power in the multimode fibre is carried in the first 9 

mode groups at 1550nm [49] (the wavelength we used), we need to calculate the 

travel length difference between them. It is easy to see that the largest difference 

is between the first and ninth mode group. So 1qβ and 2qβ  in Equation 3.4 

are 9β and 1β  respectively. The wavelength we used is 1550nm, the linewidth of 

the laser source is 100 kHz, the refractive index at fibre core axis was set as 1.46 

and the fibre core diameter is 50µm. By substituting all the information above into 

Equation 3.4 and 3.5, we find the 9β , 1β  and L are 5.9135x106 m-1, 5.9178x106 

m-1 and 894 km respectively. This means that the multimode fibre length can be 

around 890 kilometers and still keep the coherence between the modes. 

According to the calculation and the fibre samples available, fibre lengths of 221 

meters, 301 meters and 501 meters were decided on for the experiment 

 

3.2.1.3. Mechanism to Generate the Phase Change 

Two main types of mechanisms can be chosen to generate modal noise in 

multimode fibre: mechanical or thermal equipment. We chose the mechanical 

alternative, the Orbit 300 digital shaker from Labnet International Inc.  

We followed the figure-eight arrangement in FOTP-142 (Fibre Optics Test 

Procedure) to fix the fibre on the shaker [50]: 

1. Coil the optical fibre gently to three loops, each loop with a diameter of 

about 24cm; 



 70

2. Coil another two sets of fibre loops as above and put the three sets of fibre 

loops together; 

3. Twist the three fibre loops once, so the shape of the loops is like a figure 

eight (hence the name); and finally 

4. Fix one side of the figure eight fibre loops and attach the other side of the 

figure eight fibre loops to the digital shaker so it can linearly vibrate back 

and forth with the same frequency of the digital shaker. 

A draft sketch of the design is shown in Figure 3.7.  

 

 
Figure 3.7  A sketch of the figure-eight arrangement 

 

3.2.1.4. The Sampling System 

In the experiment, we need to collect optical power data for a certain period of 
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time and then generated a histogram, so an accurate sampling system is 

important. 

We used an Agilent Digital Communications Analyzer (DCA) mainframe to 

collect the data, specifically the 86100C with plug-in module 86105C. This module 

has two input channels, one optical channel and one electrical channel. The 

optical channel has a multimode fibre input up to 62.5µm core diameter, and the 

optical bandwidth of this channel is 9 GHz. All of these specifications meet the 

requirements for our experiment. 

Also, the DCA mainframe has a feature to generate a histogram from the data 

collected within a user-defined window and the information gathered by the 

histogram can undergo a statistical analysis. 

Figure 3.8 a and b are two samples of the test result for the Continuous Wave 

(CW) experiment. As we can see, the yellow dots are a trace of the continuous 

waveform and the green bars are the histogram of the trace data, it showing the 

distribution of the optical power data. The histogram database window was set to 

be the whole screen, though notice the histogram tab at the bottom of the screen 

containing the statistical analysis results. 
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a 

 

b 

Figure 3.8:  Result samples of the modal noise in the CW experiment 
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A little more information about the parameters in the histogram tab at bottom 

of the screen is perhaps in order. 

The mean (µ ) is the average value of all the data in the histogram. In our 

experiment, it is the average of the optical power. In the future, it will be used as 

the signal data while calculating the signal-to-modal noise ratio (S/N). So in all 

experiments, we tried to keep the means identical. This is, we tried to fix the signal 

power in the S/N and compared the modal noise power. 

The standard deviation (σ) of the histogram data (or optical power data in our 

case) is reported. It is used as a measure of the noise power in the system and is 

denoted as σtest. In order to minimize the effect from other noise sources, the DCA 

was placed between the single mode fibre and the nanopositioner in the setup 

shown in Figure 3.5 to collect a histogram data at the output of single mode fibre. 

As we mentioned before, we tried to keep the mean values identical in all 

experiments, so the standard deviation from this histogram data of single mode 

fibre output is assumed to be a measure of all the other noise and is denoted as 

σSM. The modal noise fluctuation is denoted as σMN and calculated by the 

following equation: 

 
2 2

MN test SMσ σ σ= −  (3.6) 

 

σMN is used as the modal noise power in signal-to-modal noise ratio 

calculation. 
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Hits refers to the total count of the sample data points collected in the 

histogram. The sample rate of the DCA is about 30K hits per second, which can 

give us a rough idea of the data collecting time of the experiments. Also, this data 

should be about the same to keep the S/N comparable. So it can also be used a 

monitor for the test procedure; if the two results have different total number of hits, 

there may be a setup mistake in the computer program. 

In Figure 3.8 a and b, the mean values are almost same, 168.69µW vs. 

169.39µW. But the standard deviations are quite different: 1.33µW vs. 5.53µW. 

The noise level under condition b is much higher than in a. Since the total 

numbers of hits in the two situations are the same, the S/Ns are comparable. 

 

3.2.2. Summaries of the CW Setup 

To set up this experiment: 

1. The tunable laser source Agilent 81600B, operating at a wavelength of 

1550nm, was connected with a single mode fibre pigtail.  

2. The bare fibre end of the single mode fibre pigtail was cleaved and set 

on one side of nano-positioning system. 

3. A cleaved multimode bare fibre was laid on the other side of the 

nano-postioning system. 

4. The other end of this multimode fibre was connected with the fibre 

under test (FUT).  
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5. The fibre shaker was set at two positions: one in front of the FUT 

(denoted as “shaker at the input”) and the other after the FUT (denoted 

as “shaker at the output”). So two sets of data were generated with the 

CW setup. The fibre shaker was isolated from the FUT and other test 

setup in the experiment to avoid vibration interference. This was 

achieved by laying the fibre shaker on the ground under the corner of 

the optical table and two meters away from the FUT. As we discussed 

before, the heavy steel laminate optical table top is supported by four 

pneumatically–pumped legs, so the fibre shaker could not affect the 

alignment system. 

6. The optical fibre taper was not a part of the setup in all the 

experiments. 

In order to keep the data of the two situations comparable, the test for the 

optical fibre taper was performed immediately after the test of each FUT. This 

guaranteed that all other aspects of the experimental setup remained the same 

except that the optical fibre taper was inserted into the experiment setup. 

 

3.3 Experiment Setup with Pulse Waveform Input 

The modal noise was also measured with a pulse waveform input. The 

purpose of this experiment was to investigate the modal noise and the time jitter 

of the pulse in the actual transmission system. 
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The reference procedure for the setup (shown in Figure 3.9) is FOTP-142 

[50]. 

In this experiment, the following items were required for the setup according 

to the procedure FOTP-142: 

1. An alternating 1’s and 0’s data sequence was generated as input with 

the following equipment: the Anritsu pulse pattern generator, 

MP1763C; the JDSU 10 Gbit/s optical modulator driver, H301 and the 

JDSU 10 Gbit/s modulator. 

 

 

Figure 3.9:  The setup for the pulse waveform input experiment 

 

2. Some of the optical equipment has a very high insertion loss – for 

example, the modulator’s insertion loss is around 7dB. So an 
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Erbium-Doped Fibre Amplifier (EDFA) was used, model OAB from 

JDSU. An optical filter, TB9 from JDSU, was used in conjunction with 

the amplifier to reduce the effect of amplified spontaneous emission 

(ASE), which is a kind of noise produced over a broad range of 

wavelengths corresponding to the gain bandwidth of the amplifier.  

3. An optical attenuator, HA1 from JDSU, with a resolution of 0.001dB 

was used in the experiment. It meets the requirement in FOTP-142 

that resolution should be better than 0.25dB.  

4. Since Mode Selective Loss (MSL) is one of the three main factors to 

generate modal noise in the communication line, a new component, 

the mode selective loss generator, was produced with the manual 

mode of a fusion splicer as required in FOTP-142. The mode 

selective loss connections were located 2 +/- 0.2 m, 6 +/- 0.2 m and 

10 +/- 0.2 m from the input connection of the mode selective loss 

generator. Each mode selective loss connection has an optical loss of 

1.0dB +/- 0.25dB. Figure 3.10 is the screen image on the fusion 

splicer showing the manufacture method for offsetting alignment with 

1dB optical loss. 
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Figure 3.10:  The manufacture of mode selective loss generator 

 

5. A reference fibre was required in the experiment. It was used to 

generate a reference situation to compare with the mode selective 

loss generator in line. So it should be the same length of mode 

selective loss generator, 10 meters. 

6. The fibre shaker setup was the same as the one we used in the 

Continuous Waveform (CW) experiment. 

7. In the procedure, a low pass filter with a bandwidth of 1.2/T (where T 

is the bit interval in seconds) was needed in the optical receiver. In 

other words, the optical bandwidth of the receiver should be 1.2/T. 

Since the signal input we tested was 10 Gbit/s, the bandwidth for the 
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low pass filter should be 12 GHz. The module of Agilent DCA 86100C 

which we used for the CW experiment has just 9 GHz of optical 

bandwidth. So another fibre optic high speed detector from Newport, 

the AD-40xr, was utilized for the detection. The optical bandwidth of 

this detector is 12 GHz. 

8. The output of the fibre optic high speed detector, the Newport AD-40xr, 

was electrical. So the electrical port of the module 86105C was 

utilized, with a bandwidth of 20 GHz. The DCA is triggered by the 

pulse-pattern generator (PPG) clock. 

The whole setup is shown in Figure 3.9, where the dashed lines mean 

alternative choices. In other words, there were two situations: one with the 

reference fibre in line; and the other with the mode selective loss generator in line. 

The optical fibre taper could be positioned in front of the fibre shaker, in front of 

the mode selective loss generator or after the mode selective loss generator. All 

three positions were with the mode selective loss generator in line. So there were 

five situations in total. 

Before the experiment, a comparison was done with and without the EDFA in 

line. The data is shown in Table 3.1. “No EDFA” denotes the situation with no 

EDFA in the setup, while the “EDFA” means that the EDFA was inserted in line. 

“MEAN” and “DEL” were the mean value and standard deviation value of the 

histogram collected by the DCA. Their meanings were same as we discussed 
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before. “M/D” denotes the ratio calculated as the mean value divided by the 

standard deviation value. “COMP” is the ratio of the M/Ds of the two situations: 

EDFA in line over no EDFA in line. The results are in decibel scale. As we can see, 

the EDFA does not have a significant effect on the test result. 

 

No EDFA EDFA 

MEAN (V) DEL (V) M/D MEAN (V) DEL(V) M/D 

COMP 
(dB) 

2.58E-03 6.11E-04 4.21 2.51E-03 6.04E-04 4.17 -0.04 

4.69E-03 6.36E-04 7.36 4.66E-03 6.36E-04 7.33 0.00 

1.75E-02 1.15E-03 15.22 1.78E-02 1.25E-03 14.25 -0.27 

1.78E-02 9.21E-04 19.34 1.81E-02 1.00E-03 18.11 -0.27 

Table 3.1:  Effect of the EDFA on the S/N measurement 

 

The same method used in CW input was used to minimize noise introduced 

by the EDFA and other sources. A histogram data at the output of single mode 

fibre was collected by placing DCA between the single mode fibre and the 

nanopositioner in the setup, shown in Figure 3.9. The mean value of this 

histogram was kept same as mean values in all other experiments with pulse 

input. The standard deviation was also denoted as σSM. The modal noise effect is 

calculated by deducting the excess noise from the total noise with Equation 3.6. 

2 2
MN test SMσ σ σ= −  
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For the remainder of this thesis, measurement distortion due to EDFA has 

been eliminated from all measurements (including modal noise and jitter) with 

pulse waveform input, whenever appropriate. 

 

3.4 Stability of Nanopositioner and Repeatability of Measurements 

The experiment with CW input was repeated four times to verify the stability 

of the nanopositioner. At each offset position, a set of mean and standard 

deviation data was collected every minute, taking a total five minutes for one 

offset position. 

The data is shown in Table 3.2 and Table 3.3. Two data evaluation methods 

are utilized. The first is “coefficient of variation” (CV), which is the ratio between 

the standard deviation and mean of the five S/N results at each offset position. 

Theoretically, the smaller the CV is, the lower data variation will be. Here, all the 

CVs are smaller than 0.08, so low data variation is expected in the future 

experiment. The second is the ratio between each tested S/N and the mean of 

five S/N results. The ratio results were converted to the decibel scale. Figure 3.11 

and Figure 3.12 are the charts for this method. 
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Offset 

(µm) 
CV 

1st/mean 

(dB) 

2nd/mean 

(dB) 

3rd/mean 

(dB) 

4th/mean 

(dB) 

5th/mean 

(dB) 

0 0.01  -0.01  -0.03  0.08  -0.07  0.03  

2 0.03  0.03  -0.07  0.13  -0.19  0.09  

4 0.01  0.00  0.03  -0.08  0.07  -0.03  

6 0.05  0.10  0.31  -0.32  0.00  -0.12  

8 0.06  0.02  -0.18  0.28  -0.38  0.24  

10 0.01  0.00  0.03  -0.06  0.07  -0.04  

12 0.03  0.16  0.06  -0.19  -0.09  0.05  

14 0.07  0.36  0.23  -0.48  0.00  -0.17  

16 0.02  0.08  0.06  -0.20  0.03  0.02  

18 0.08  0.12  0.23  -0.58  0.43  -0.28  

20 0.04  0.02  0.16  -0.24  0.18  -0.14  

22 0.04  -0.01  0.12  -0.25  0.23  -0.11  

24 0.03  0.08  0.07  -0.20  0.10  -0.06  

Table 3.2: S/N variation data for 221m sample, shaker at input, no taper in line 
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Offset 

(µm) 
CV 

1st/mean 

(dB) 

2nd/mean 

(dB) 

3rd/mean 

(dB) 

4th/mean 

(dB) 

5th/mean 

(dB) 

0 0.04  0.01  -0.11  0.21  -0.23  0.10  

2 0.03  -0.04  0.07  -0.17  0.23  -0.10  

4 0.01  0.05  0.04  -0.08  -0.01  0.00  

6 0.01  -0.01  -0.05  0.08  -0.04  0.02  

8 0.03  0.11  -0.01  0.01  -0.22  0.09  

10 0.01  0.05  0.02  -0.06  -0.02  0.01  

12 0.08  0.56  -0.10  -0.44  -0.13  0.05  

14 0.05  0.04  0.19  -0.37  0.24  -0.14  

16 0.01  0.05  0.01  -0.10  0.05  -0.01  

18 0.07  -0.04  0.26  -0.44  0.43  -0.27  

20 0.04  0.06  0.12  -0.33  0.16  -0.03  

22 0.03  0.13  0.10  -0.29  -0.01  0.06  

24 0.00  0.00  0.00  -0.01  0.02  -0.01  

Table 3.3: S/N variation data for 221m sample, shaker at input, taper in line 
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Figure 3.11: S/N variation data for 221m sample, shaker at input, no taper in line 
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Figure 3.12: S/N variation data for 221m sample, shaker at input, taper in line 
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The same evaluations were done for the two other samples from the same 

preform (301m and 501m samples). In the data, all the CVs are smaller than 0.18 

dB and the ratios between each tested S/N and the mean of five S/N results are 

less than 1dB and higher than -1dB. 

The repeatability of the experiment was also examined with CW input. The 

setup is the same as Figure 3.5; the fibre samples are 301 meters and 501 meters; 

the fibre shaker was put at the output of the fibre sample; and fibre taper was not 

inserted in the setup. 

In the examination, signal-to-modal noise ratio was collected from the 0µm 

offset to the 24µm offset in 2µm increments, and then this experiment was 

repeated two more times. Table 3.4 and Table 3.5 show the results. 

The same data evaluation methods are utilized for the repeatability: one is  

“coefficient of variation” (CV), all the CVs are smaller than 0.15, so low data 

variation is expected in the future experiment. And the other method is the ratio 

between each tested S/N and the mean of three S/N results. The data were 

converted to the decibel scale. The results of the second method are also shown 

in Figure 3.13 and Figure 3.14.  
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Offset 

(µm) 
CV 

1st / mean 

(dB) 

2nd / mean 

(dB) 

3rd / mean 

(dB) 

0 0.05  -0.02  0.26  -0.25  

2 0.00  0.00  0.03  -0.02  

4 0.03  -0.03  -0.13  0.16  

6 0.02  -0.09  0.00  0.08  

8 0.03  0.13  -0.18  0.04  

10 0.02  0.11  -0.13  0.02  

12 0.07  0.43  -0.24  -0.22  

14 0.09  0.53  -0.41  -0.18  

16 0.08  -0.48  0.41  0.03  

18 0.05  -0.23  -0.04  0.26  

20 0.01  0.05  0.04  -0.09  

22 0.02  -0.12  0.04  0.08  

24 0.06  -0.34  0.27  0.05  

Table 3.4:  Repeatability evaluation for 301m sample, CW input, fibre shaker at 

output, no taper in line 
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Offset 

(µm) 
CV 

1st / mean 

(dB) 

2nd / mean 

(dB) 

3rd / mean 

(dB) 

0 0.02  0.12  -0.05  -0.07  

2 0.03  -0.17  0.02  0.15  

4 0.06  0.37  -0.29  -0.11  

6 0.05  0.21  -0.27  0.05  

8 0.09  0.05  -0.55  0.44  

10 0.14  0.19  -0.93  0.60  

12 0.11  0.06  -0.68  0.53  

14 0.04  -0.04  -0.17  0.20  

16 0.04  0.11  -0.27  0.14  

18 0.11  -0.58  0.60  -0.10  

20 0.09  0.46  -0.49  -0.03  

22 0.07  -0.14  0.38  -0.27  

24 0.14  -0.68  0.76  -0.20  

Table 3.5:  Repeatability evaluation for 501m sample, CW input, fibre shaker at 

output, no taper in line 
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Figure 3.13: Repeatability evaluation for 301m sample, CW input, fibre shaker at 

output, no taper in line 
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Figure 3.14: Repeatability evaluation for 501m sample, CW input, fibre shaker at 

output, no taper in line 
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As we can see, all the data in Figure 3.13 and Figure 3.14 are less than 1dB 

and higher than -1dB. Since the nanopositioning stage is the main factor to 

determine the stability or repeatability performance and it is also used in the pulse 

waveform input, we assumed it would perform the same as its performance with 

CW input. 



 90

4.  EXPERIMENT AND RESULTS 

Having laid down the experimental framework in chapter three, chapter 

summarizes the results and findings from both the CW and pulse experiments. 

 

4.1 Continuous Wave (CW) Experiment 

 

4.1.1 Experimental Procedure 

The procedure for the experiment, using the setup described in section 3.2, is 

described below. 

1. Aligned the single mode fibre and multimode fibre on the 

nano-positioning system with a core-to-core alignment.  

2. Set the gap between the two fibre endfaces to less than 10µm, 

according to the description in FOTP-220 [23]. Figure 4.1 is a screen 

image picture from the monitoring microscope, the Nikon SMZ1000. 

With the measuring tool of this microscope, the gap between the two 

fibre endfaces is measured as 7.70µm, shown as (1) on the diagram.  

3. Tested the optical power data histogram of the core-to-core launching 

position (zero micrometer transverse offset position). The total optical 

power data samples gathered in the histogram were around 1x106 hits, 

following the method of Papen et al. [27]. Since the sampling rate of 

the Agilent DCA 86100C is about 30k hits per second, the data 
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gathering time for one offset position was set at five minutes.  

 

 

Figure 4.1:  The gap between singe mode fibre and multimode fibre 

 

4. Recorded the mean (µ ) and the standard deviation (σ ) data of the 

histogram for further analysis. 

5. Transversely offset the single mode fibre with a step of two 

micrometers towards the edge of the multimode fibre core. In our 

experiment, the edge was set at 24 micrometers. This is also 

consistent with FOTP-220 [23]: for 50 micrometer core fibre, the 
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measuring range should be between 0 and 24 micrometers at 

intervals of less than two micrometers. In each offset position, the 

optical power data histogram test was repeated. 

6. Recorded the mean (µ) and the standard deviation (σ) data of the 

histogram at each offset position for further analysis. 

7. Inserted the optical fibre taper into the setup. Repeated the procedure 

above from steps 1 to 6. 

8. Changed the fibre under test (FUT); in other words, changed the 

length of the multimode fibre. Repeated the procedure above from 

steps 1 to 7. Kept all the data for further analysis. 

As we discussed before, we tried to keep the mean value the same in each 

histogram. In order to set a mean value, we had to choose a worst case for the 

insertion loss. Since the length of the FUT was set to 220 meters, 301 meters and 

501 meters, the worst case should happen in the 501m sample. And since the 

transversely offset and optical fibre taper also give attenuation, the worst case 

should be the 501m sample with 24 micrometers offset and the optical fibre taper 

included in the setup. After testing, the mean value was set to be 170 +/- 10 µW. 

 

4.1.2 The Position of Fibre Taper 

The next step was to determine the appropriate position for the optical fibre 

taper. A rough test was done with the offset step at three micrometers. Three 
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situations were investigated: first, no optical fibre taper in the setup; second, the 

optical taper inserted before the fibre under test (FUT); and finally the optical fibre 

taper inserted after the FUT. The three sets of data are shown as Table 4.1, Table 

4.2 and Table 4.3.  

In the rough test, the fibre length of the FUT is 501 meters, the test time is 

five minutes, and the total sample data collected in the histogram is about 1x106 

hits. 

 

Offset(µm) Input(µW) Mean(µW) Del(µW) S/N 

0 300 167.64 3.64 46.05 

3 300 167.04 3.48 48.00 

6 320 169.09 3.08 54.90 

9 325 167.73 2.41 69.60 

12 325 167.56 1.90 88.19 

15 325 167.36 2.42 69.16 

18 365 167.55 1.97 85.05 

21 490 165.40 1.87 88.45 

24 970 166.00 2.08 79.81 

Table 4.1:  No fibre taper in line for 501m FUT 
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Offset(µm) Input(µW) Mean(µW) Del(µW) S/N vs. No Tap 
(dB)  

0 340 165.50 2.55 64.90 1.49  

3 360 163.79 3.50 46.80 -0.13  

6 390 163.58 2.55 64.15 0.68  

9 430 168.62 2.05 82.25 0.72  

12 500 168.80 1.96 86.12 -0.09  

15 765 170.90 2.01 85.02 0.90  

18 1440 164.89 1.74 94.76 0.45  

Table 4.2:  Optical fibre taper in front of 501m FUT 

 

Offset(µm) Input(µW) Mean(µW) Del(µW) S/N vs. No Tap 
(dB) 

0 355 165.55 4.12 40.18 -0.60  

3 370 166.13 4.17 39.84 -0.81  

6 395 167.09 3.25 51.41 -0.27  

9 435 165.38 2.90 57.03 -0.86  

12 515 163.27 2.91 56.11 -1.94  

15 695 164.01 4.29 38.23 -2.60  

18 1090 169.79 4.20 40.43 -3.19  

21 1942 163.56 5.84 28.01 -4.95  

Table 4.3:  Optical fibre taper after 501m FUT 
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In the three tables, “Input” is the optical power set in the tuneable laser 

source. “Mean” and “Del” are the mean and standard deviation of the optical 

power collected from the histogram in the DCA. “S/N” is the signal-to-modal noise 

ratio; as we mentioned before, this data is the mean value divided by the standard 

deviation value. 

For easy comparison, we added a column in Table 4.2 and Table 4.3, called 

“vs. No Tap”. It is the signal-to-modal noise ratio comparison of each situation 

against the no optical fibre taper case. The calculation results were converted to 

decibel scale: a positive result means the signal-to-modal noise ratio improved 

with the taper, while a negative result means the signal-to-modal noise ratio 

decreased by the taper. 

From the data, when the optical fibre taper was inserted in front of the FUT, 

the signal-to-modal noise ratio improved in most offset positions, with the highest 

improvement at around 1.5 dB. But when the optical fibre taper was placed after 

the FUT, the signal-to-modal noise ratio decreased in all the offset positions. The 

same kind of rough tests were done for different optical fibre tapers (same 

procedure and waist size at 5µm) and different fibre sample lengths (221 meters 

and 301 meters). The trends were the same as the results above: the 

signal-to-modal noise ratio improved when the optical fibre taper was placed 

before the FUT and the signal-to-modal noise ratio was reduced when the optical 

fibre taper followed the FUT. 
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It was decided the optical fibre taper would be placed in front of the fibre 

sample. In the experiment done by Moon et al., the fibre taper was also inserted in 

front of the fibre sample. This result shows that fibre taper can not only mitigate 

modal dispersion, but also reduce the modal noise in some offset positions. 

 

4.1.3 Experimental Results for CW Measurements 

The experiments using the continuous waveform proceeded with three fibre 

samples from the same preform with fibre lengths of 221 meters, 301 meters and 

501 meters respectively. Table 4.4 and Table 4.5 show the data of the 221m 

sample. 

 NO TAPER W/ TAPER NO TAPER W/ TAPER 

OFFSET(µm) Input(µW) Input(µW) S/N S/N 

0 225 250 13.51 30.50 

2 225 250 19.36 25.31 

4 225 250 23.64 29.68 

6 225 250 24.23 30.83 

8 225 250 31.02 58.49 

10 225 255 24.41 60.70 

12 235 305 42.37 53.17 

14 235 365 56.02 56.49 

16 255 470 50.60 56.95 

18 275 670 49.95 50.17 

20 300 910 66.99 50.56 

22 435 1510 66.48 58.09 

24 625 2960 66.11 60.36 

Table 4.4:  The data for the 221m sample with shaking at input 
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 NO TAPER W/ TAPER NO TAPER W/ TAPER 

OFFSET(µm) Input(µW) Input(µW) S/N S/N 

0 225 235 11.75 21.90 

2 225 240 12.72 22.51 

4 215 240 16.74 22.83 

6 215 240 22.54 35.85 

8 210 260 35.41 51.45 

10 210 290 42.58 60.70 

12 210 355 56.73 57.55 

14 215 410 50.52 59.50 

16 235 610 72.20 74.65 

18 270 780 68.10 68.28 

20 330 1430 44.48 70.42 

22 390 2060 51.29 70.79 

24 810 5260 61.70 66.62 

Table 4.5:  The data for the 221m sample with shaking at output 

 

As we discussed in the setup section, we recorded two sets of data for in the 

CW waveform. The first situation was shaking the sample fibre at its beginning, 

which was denoted as “shaking at input”. The second situation was shaking the 

fibre at the end, denoted as “shaking at output”. Table 4.4 and Table 4.5 show the 

data for the 221m fibre sample under these two conditions. The second and third 

columns in the data charts are the input power with and without optical fibre taper 

inserted in the setup, denoted as “W/ TAPER” and “NO TAPER” respectively. The 

forth and fifth columns are the signal-to-modal noise ratio of these two situations.  
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As we can see, in all the four situations, when the transverse offset increased, 

the input power increased. But the signal-to-modal noise ratio increased as well. 

The signal-to-modal noise ratio was highest in the range of 12 µm to 20 µm.  

After the optical fibre taper was inserted before the fibre sample, a higher 

input power was required to keep the detected power same as the situation with 

no taper in the setup. In most offset positions, the optical fibre taper in line gave a 

higher signal-to-modal noise ratio than with no fibre taper in the setup. 

For ease of comparison, the input power and the signal-to-modal noise ratio 

difference of the two situations were defined with the following equations in 

decibel scale: 

 10
( )( ) 10log

( )
in

Pin
in

P taperdB
P no taper

δ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (4.1) 

 / 10
/ ( )( ) 10log

/ ( )S N
S N taperdB
S N no taper

δ
⎛ ⎞
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⎝ ⎠

 (4.2)  

where 

δPin(dB) is the input power difference of the two situations in the decibel scale, 

δS/N(dB) is the signal-to-modal noise ratio difference of the two situations in 

the decibel scale, and 

Pin(taper), Pin(no taper), S/N(taper) and S/N(no taper) are the input powers 

and signal-to-modal noise ratios of the two situations respectively. 

In equations 4.1 and 4.2, the input power and signal-to-modal noise ratio of 
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the situation with the optical fibre taper in line are numerators in the logarithm. So 

if the input power difference, δPin(dB), is positive, the input power with the optical 

fibre taper in line is higher than the situation with no taper in line, whereas a 

negative result means that the input power decreases if the optical fibre taper is 

put into the setup. The signal-to-modal noise ratio difference, δS/N(dB), functions in 

the same way, such that a positive result means the signal-to-modal noise ratio 

improved with the taper, while a negative result means there is no signal-to-modal 

noise ratio improvement. These comparisons are shown in Table 4.6. 

 

 Shaking at Input Shaking at Output 

OFFSET (µm) δPin (dB) δS/N (dB) δPin (dB) δS/N (dB) 

0 0.46 3.54 0.19 2.71 

2 0.46 1.16 0.28 2.48 

4 0.46 0.99 0.48 1.35 

6 0.46 1.05 0.48 2.02 

8 0.46 2.76 0.93 1.62 

10 0.54 3.96 1.40 1.54 

12 1.13 0.99 2.28 0.06 

14 1.91 0.04 2.80 0.71 

16 2.66 0.51 4.14 0.15 

18 3.87 0.02 4.61 0.01 

20 4.82 -1.22 6.37 1.99 

22 5.40 -0.59 7.23 1.40 

24 6.75 -0.39 8.13 0.33 

Table 4.6:  Input power and S/N differences in the decibel scale for the 221m sample 
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The results for all three fibre samples are shown in Figure 4.2 to Figure 4.7. 

From these charts the following conclusions can be drawn: 

1. In most offset positions of all the fibre samples, the optical fibre taper 

in line gave a higher signal-to-modal noise ratio; 

2. Whether shaking occurred at the beginning or the end position of the 

fibre sample didn’t much affect the performance improvement; and 

3. In higher offset positions, the input power penalty increased while the 

signal-to-modal noise ratio improvement was not much significant. So 

at these offset positions, there is not much advantage to use the 

optical fibre taper in line. 

In summary, the optical fibre taper gave high performance with lower input 

power penalty in the lower offsets, less than 10 µm of offset, for all three samples. 

Discussion of the above observation will be deferred to the next section. 
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Figure 4.2:  The Input power and S/N comparison: 221m sample & input shaking 
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Figure 4.3:  The Input power and S/N comparison: 221m sample & output shaking 
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Figure 4.4:  The Input power and S/N comparison: 301m sample & input shaking 
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Figure 4.5:  The Input power and S/N comparison: 301m sample & output shaking 
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Figure 4.6:  The Input power and S/N comparison: 501m sample & input shaking 
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Figure 4.7:  The Input power and S/N comparison: 501m sample & output shaking 
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4.2 Pseudo SM Taper 

From the previous data, the MMF taper gave higher performance in lower 

offset restricted launch positions. As per previous discussion, one function of the 

optical fibre taper is mode filtering. Hence, this initial result came as a surprise, as 

the traditional approach to modal noise reduction in LED based MMF link has 

been to maximize the number of fibre modes in order to average out high 

frequency interference due to carrier phase difference (at the expense of severe 

modal dispersion). However, as mentioned at the end of chapter two, modal noise 

and system performance could also be improved by inducing the MMF link to 

perform as a single mode waveguide. This section investigates whether the MMF 

taper should eliminate all but the fundamental mode and its implication on the 

overall system. Before proceeding any further, a method based on wavelength 

scan is introduced to confirm single or multimode transmission at the optical fibre 

taper output.  

The principle of this method is that if there is only one fibre mode transmitting 

in the fibre, the power transmission of the light should vary sinusoidally as a 

function of wavelength through the taper region [51-54]. This can be explained by 

coupled mode theory. When a single mode transmission arrives at the tapered 

area, the transmission is converted from the core-cladding interface to 

cladding-outer medium (air) interface. Since the refractive index of the new 

“cladding” area is low (the refractive index of air), the normalized frequency V, 
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calculated as 

 
2 2 1/ 2

0 1 2( )V k a n n= − , (4.3) 

would be larger with the outer medium refractive index, n2 in the equation, 

decreasing. Consequently, the tapered area can support more than one mode. So 

the mode coupling between the fundamental mode, LP01, and other modes is 

possible. The mode couple could most likely happen between the mode LP01 and 

the nearest higher mode, LP11. At the end of the tapered area, only the 

fundamental mode, LP01, can be captured by the fibre core, so the energy coupled 

to LP11 will be lost. Since the energy coupled ratio from mode LP01 to mode LP11 

varies sinusoidally as a function of wavelength, the transmission power varies the 

same way. 

Power can be calculated as [51-54] 
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 (4.4) 

where 

P(λ) is the transmitted power ratio of LP01 after the taper, 
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λ is the wavelength, in the range 1440 to 1640nm in our case, 

a is the taper waist diameter,  

nclad is refractive index of fibre cladding 

next is the refractive index of external medium and 

L is the taper length. 

Figure 4.8 shows a simulation of the power transmission as a function of 

wavelength over a tapered fibre. In this simulation, the taper waist diameter is set 

as 5µm, the nclad and next are set as 1.47 and 1.46 respectively. The fibre taper 

length is 10mm. As we can see, the transmission power varies sinusoidally as a 

function of wavelength through the taper region. 

 

Figure 4.8:  Power transmission as a function of wavelength after taper 
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However, if there is more than one mode propagating through the taper area, 

then two or more sinusoidal curves with different phases will overlap. The 

resulting interference pattern will not be sinusoidal any more. 

 

Figure 4.9:  Wavelength scans result done by Cassidy [51] © [1985] OSA 

(Adapted with permission of OSA)  
 

Figure 4.9 is a test result from Cassidy et al. [51]. The upper half of the figure 

shows the situation of the propagation restricted to only one mode, while the lower 

half shows multimode transmission at a wavelength lower than the cut-off 

wavelength (around 1.1µm for commercial single mode fibre). Note that the power 

transmission is non-sinusoidal. 

Using a similar method, a wavelength scan was taken for the multimode fibre 

taper we used in our CW experiment. The result is shown in Figure 4.10. The 
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y-axis is the relative power compare with the launch cable. 
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Figure 4.10:  Wavelength scan result for the taper used in CW experiment 

 

As we can see, the transmission in this optical fibre taper is similar to the first 

half of the lower portion of Figure 4.9, representing multimode transmission at a 

wavelength lower than the cut-off wavelength of commercial single mode fibre. 

The conclusion can be drawn that the transmission in the fibre taper we used is 

not single mode. So a new question arose: would the performance be improved if 

only a single mode were transmitted in the optical fibre taper? 

In their single mode fibre taper, a high-index coating method was used by 

Moon et al. [46]. With this layer of coating, the higher order mode can radiate out 

of the cladding so that the only mode propagating in the fibre is the fundamental 

mode. The scheme is shown in Figure 2.22, repeated here as Figure 4.11. 
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Figure 4.11:  The single mode fibre taper used by Moon (also Figure 2.22) 

 

Utilizing this method in the multimode fibre, we applied oil around the taper 

area (refractive index is around 1.4) and produced a fibre taper showing a 

sinusoidal dependence between the taper transmission and wavelength. The 

wavelength scan result is shown in Figure 4.12. As before, The y-axis is the 

relative power compare with the launch cable. 
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Figure 4.12:  Wavelength scan of the pseudo single mode taper 

 

By comparing this wavelength scan result with the regular optical fibre taper 

scan in Figure 4.10, the optical power attenuated more in the high index coating 

taper, or pseudo single mode taper. In the regular taper, the attenuation in the 

transmission was about 0.4dB, whereas there was a 3dB loss with the pseudo 

single mode taper. 

Next, the pseudo single mode taper was tested in the setup for normal 

multimode fibre taper, shown in Figure 3.5, with the fibre shaker placed at the 

input side of the 221m fibre sample.  
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 Shaking at Input 

OFFSET (µm) δPin (dB) δS/N (dB) 

0 3.5 4.33 

2 3.5 3.63 

4 3.73 2.33 

6 4.77 0.11 

8 6.74 -0.09 

10 8.29 1.47 

12 12.52 1.87 

Table 4.7:  Performance comparison for pseudo single mode taper 

 

 Shaking at Input 

OFFSET (µm) δPin (dB) δS/N (dB) 

0 3.04 0.79 

2 3.04 2.47 

4 3.27 1.34 

6 4.31 -0.94 

8 6.28 -2.85 

10 7.75 -2.49 

12 11.39 0.88 

Table 4.8:  Performance comparison for pseudo SM with regular taper 
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Figure 4.13:  Performance comparison for pseudo single mode taper 
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Figure 4.14:  Performance comparison for pseudo SM with regular taper 
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The results are shown in Table 4.7 and Table 4.8. Table 4.7 is the 

performance comparison with and without the pseudo single mode taper in the 

setup. Table 4.8 is a comparison between the pseudo single mode taper in line 

and the regular fibre taper in line. The results are in the decibel scale, and the 

calculation method of Table 4.7 is the same as the method used in regular fibre 

taper (equation 4.1 and 4.2). Since all the data for the performance comparisons 

are in the decibel scale, the calculations for Table 4.8 simply deduct the “regular 

fibre taper data” from the “pseudo single mode fibre taper data”. Figure 4.13 and 

Figure 4.14 display the results in graphical format. 

A positive result in the signal-to-modal noise ratio means the pseudo single 

mode fibre taper gives a signal-to-modal noise ratio improvement; negative data 

means the signal-to-modal noise ratio decreases. A similar interpretation holds for 

the input power. 

From the data we can draw several conclusions: 

1. The insertion loss for the pseudo single mode fibre taper is too high; 

the experiment couldn’t proceed with offset higher than 12 µm, 

because even with the highest power of the laser source, the output 

power could not reach the 170 µW level. 

2. The pseudo single mode fibre taper gave a higher performance (about 

2.33 to 4.33dB S/N improvement) at lower offsets of 0 to 4 µm 

compared to the situation with no fibre taper in the setup, but the input 
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power penalties are about the same level (3.5 to 3.73dB). 

3. In the higher offset positions (10 to 12µm), there are still some S/N 

improvements (about 1dB), but the input power penalties are much 

higher (8 to 12dB). 

4. At lower offset positions (0 to 4 µm), the pseudo single mode fibre 

taper gave S/N improvements of 1 to 2 dB compared with the regular 

fibre taper, at input power penalties around 3dB. 

5. In all the higher offset positions (6 to 12 µm), the pseudo single mode 

fibre taper gave barely S/N improvement while input power penalties 

reached as high as to 11dB. And actually, the S/N decreased around 2 

dB in some positions with the pseudo single mode fibre taper in line. 

In conclusion, the regular fibre taper gives an S/N improvement with a low 

input power penalty. The pseudo single mode fibre taper gives a higher S/N 

improvement but with higher input insertion loss, so much so that could render it 

impractical in realistic MMF links. 

 

4.3 Experiment Result of Pulse Waveform Input 

The regular fibre taper gave a better performance using the CW input 

waveform. We extended the examination to pulse input as well. Pulse input 

emulates alternating sequence of ‘0’s and ‘1’s, and hence provides a more 

realistic indication of actual system performance of a digital on-off keying link 
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without a full-fledge bit error ratio (BER) measurement. This method provides a 

faster indication of the effectiveness of the proposed MMF taper for a number of 

different MMF samples.  

Before undertaking a detailed examination, two eye diagrams were tested for 

the 221m sample with 10 GBit/s pulse input at 0µm offset, the pseudorandom bit 

sequence (PRBS) length is 231-1. Figure 4.15 and Figure 4.16 are the results 

without and with fibre taper in line (position Taper III in Figure 3.9) respectively. It 

was clear that the eyes were open and clean with the fibre taper in line. 

 

Figure 4.15:  Eye diagram for 221m sample at 0µm offset without taper in line 
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Figure 4.16:  Eye diagram for 221m sample at 0µm offset with taper in line 

 

Since there is a more complex setup for pulse input experiment, the fibre 

taper can be placed in any of three positions as shown in Figure 4.17, (a copy of 

Figure 3.9). The taper positions are denoted as Taper I, Taper II and Taper III. 
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Figure 4.17:  The setup for the pulse waveform input experiment (also Figure 3.9) 

 

In order to determine the best position for the taper, a parameter called the 

modal noise penalty in FOTP-142 [50] was utilized. It is defined as 

 

2 2

10

2
( ) 10log t t r

MN
t

P dB
µ σ σ

µ

⎡ ⎤− −
⎢ ⎥= −
⎢ ⎥⎣ ⎦

, (4.5) 

where 

tµ is the mean value of the histogram of the test data, 

tσ is the standard deviation of the histogram of the test data, and 

rσ is the standard deviation of the histogram of the reference data. 

Using this parameter, the modal noise under the test situation is compared 

with the reference situation. A higher value means more modal noise in line, and 

lower value means less modal noise in line. 
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The reference data was recorded in the reference situation, with the 

reference fibre in line. The test data was recorded for each of four test situations: 

a) Only the mode selective loss generator in line, denoted as MSL; 

b) The optical fibre taper inserted before the fibre shake, denoted as Taper I; 

c) The optical fibre taper inserted between the fibre shaker and MSL 

generator, denoted as Taper II; and 

d) The optical fibre taper inserted between the MSL generator and FUT, 

denoted as Taper III. 

The test results samples are shown in Figure 4.18 and Figure 4.19. The 

collection method is the same as the one we used for the CW waveform, except 

that the user-defined histogram window was set at “1” and “0”. Also, the total 

sample data in the histogram is 1x105, which is defined in the FOTP-142 [50]. 
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Figure 4.18:  Sample result at “1” 

 

Figure 4.19:  Sample result at “0” 
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Offset (µm) MSL (dB) TAPER I (dB) TAPER II (dB) TAPER III (dB)

"1" 
0 2.13 0.93 1.57 0.32 
2 2.13 0.60 1.14 0.42 
4 1.38 0.72 1.09 0.52 
6 1.21 1.33 1.35 0.50 
8 2.06 1.50 1.37 0.33 

10 1.61 0.54 1.22 0.79 

12 1.87 1.32 1.55 0.91 
14 0.97 0.63 2.23 1.09 

16 1.01 1.01 3.09 1.36 

18 0.83 0.65 2.10 0.38 
20 2.10 0.54 1.82 0.41 
22 1.38 0.45 1.72 0.95 

24 0.90 OOR OOR 2.10 

"0" 
0 1.61 0.62 1.33 0.46 
2 1.79 0.89 1.17 0.33 
4 1.81 0.68 2.04 0.36 
6 0.69 0.93 2.88 0.57 
8 0.63 1.76 1.52 0.55 

10 1.98 1.69 1.25 0.73 
12 1.14 0.83 1.32 0.62 
14 0.86 0.39 1.41 0.77 

16 0.97 0.70 1.62 0.95 

18 1.06 0.45 1.97 0.95 

20 3.55 0.30 1.08 0.30 
22 1.14 0.50 2.14 1.43 

24 1.31 OOR OOR 2.67 

Table 4.9:  The modal noise penalty for four situations 

(“OOR”: out of range which means the mean value of the histogram can not reach 
the target value even the attenuator is set to 0dB) 
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The total modal noise penalties of 221m sample of the four situations are in 

Table 4.9. The best performance at each offset position is marked in bold. From 

these data, the optical fibre taper gives a better performance in most offset 

positions and TAPER III, which is the optical fibre taper right before the 221m 

sample, has the best performance. So the rest of the experiment focused on this 

setup: inserting the fibre taper between the MSL generator and the FUT for the 

fibre taper in line situation. 

The S/N of the 221m and 301m samples are shown in Table 4.10 and 4.11. 

 “1” “0” 

OFFSET (µm) MSL (dB) MSL-TAPER(dB) MSL (dB) MSL-TAPER(dB)

0 13.45 20.54 15.60 21.98 

2 13.73 21.11 15.02 23.61 

4 16.51 21.51 14.87 23.16 

6 16.78 20.44 20.91 21.67 

8 13.73 21.51 20.69 21.14 

10 15.43 19.53 14.25 20.07 

12 14.52 18.81 17.06 19.56 

14 18.08 17.21 17.94 18.32 

16 17.79 16.04 17.11 17.33 

18 17.26 19.36 16.43 17.33 

20 13.75 21.15 10.75 21.82 

22 16.17 18.23 17.78 16.28 

24 18.78 13.86 16.71 12.44 

Table 4.10:  The signal-to-modal noise ratio of the 221m sample at “1” and “0” 
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 “1” “0” 

OFFSET (µm) MSL (dB) MSL-TAPER(dB) MSL (dB) MSL-TAPER(dB)

0 19.99 21.61 21.15 22.38 

2 18.19 21.30 20.66 21.20 

4 19.15 20.72 18.79 21.23 

6 18.92 18.35 18.49 19.40 

8 19.87 15.73 20.68 21.19 

10 12.88 19.93 12.34 21.78 

12 12.48 20.08 14.27 21.67 

14 15.96 20.35 15.78 19.59 

16 16.48 13.77 16.09 15.96 

18 20.11 21.19 19.70 19.62 

20 20.97 20.25 21.61 22.08 

22 18.01 19.05 20.73 19.75 

24 19.03 16.15 19.03 16.18 

Table 4.11:  The signal-to-modal noise ratio of the 301m sample at “1” and “0” 

 

For ease of comparison, the signal-to-modal noise ratio difference was 

converted to the decibel scale in the two data tables.  

The signal-to-modal noise ratio difference between with and without 

multimode taper in line is shown in the Figure 4.20 and Figure 4.21. 
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Figure 4.20:  S/N difference for the 221m sample 
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Figure 4.21:  S/N difference for the 301m sample 
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Since the input signal is pulse waveform, the jitter of the pulse was also 

tested. The measurement window was set in the middle area of the trailing edge 

of the pulse. The results are shown in Table 4.12 and Table 4.13. The jitter of each 

situation, MSL or MSL-TAPER, was the standard deviation of the histogram for 

that situation. “Jitter Comp” is the jitter difference between with and without taper 

in line: a positive value means the jitter was reduced by introducing fibre taper in 

line, while a negative value means the fibre taper introduced more jitter. 

Figure 4.22 shows the jitter difference of the 221m and 301m samples. 

 

OFFSET (µm) MSL (ps) MSL-TAPER (ps) Jitter Comp (ps)

0 1.50 3.03 -1.53 

2 2.49 3.60 -1.11 

4 5.16 1.81 3.35 

6 6.03 2.58 3.45 

8 6.38 1.03 5.35 

10 0.98 0.56 0.42 

12 3.70 2.08 1.62 

14 2.21 3.22 -1.01 

16 2.36 2.55 -0.19 

18 7.49 2.30 5.19 

20 8.33 3.06 5.27 

22 9.56 3.80 5.76 

24 6.88 3.24 3.64 

Table 4.12:  Jitter result for the 221m sample 
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OFFSET (µm) MSL (ps) MSL-TAPER (ps) Jitter Comp (ps)

0 5.83 4.38 1.45 

2 8.09 3.75 4.34 

4 5.66 1.44 4.22 

6 7.16 0.78 6.38 

8 14.42 1.02 13.4 

10 11.10 1.70 9.4 

12 10.30 7.80 2.5 

14 1.45 1.87 -0.42 

16 0.62 4.56 -3.94 

18 1.15 5.97 -4.82 

20 1.15 7.36 -6.21 

22 1.80 5.14 -3.34 

24 2.49 5.44 -2.95 

Table 4.13:  Jitter result for the 301m sample 
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Figure 4.22:  The Jitter difference for the 221m and 301m samples 
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From the signal-to-modal noise ratio and jitter difference results, we noticed 

several items of interests. 

1. The trend of the signal-to-modal noise ratio increasing at higher 

transverse offset is not clear in the case of pulse waveform input. 

2. With the 221m sample, when the fibre taper was in line, the S/N greatly 

improved from 0 to 12 µm on both “1” and “0”, from 3.66dB to 7.78dB at 

“1” and from 0.45 to 8.59dB at “0”. The S/N also improved significantly at 

the 20µm offset. 

3. With the 301m sample, the S/N hugely improved at 10 to 14µm offsets 

and showed some improvement from 0 to 4µm. The taper gave better 

performance in the 221m sample because there is more modal noise 

caused by higher coherence between modes. So fibre taper effect is 

more obviously. 

4. From 4 to 12µm, the fibre taper reduced the timing jitter in both fibre 

samples. And between 18 and 24µm, fibre taper reduced the timing jitter 

in 221m sample, but increased them in 301m sample. 

In summary, fibre taper gave the most significant improvement at offsets of 

10 and 12µm. It reduced the modal noise and time jitter at these two positions in 

both fibre samples. 

 

4.4 Beam Profile 



 127

In order to get more detailed information about the output of the laser beam at 

different points in the setup, a multiple scanning knife-edges beam profiler from 

Newport, the KEP-7-IR5, was used to observe the beam profile for CW input. With 

this beam analyzer, we can measure the beam width in two perpendicular 

directions as well as view a 2D or 3D graphical presentation of the beam intensity 

profile. All this information can help us to analyze the function of the optical fibre 

taper.  

The instrument generates a set of profile curves, each representing the 

intensity profile of the beam from a different direction. When all the data has been 

gathered, a 2D or 3D intensity profile of the beam can be generated. 

In order to make the results comparable, an optical fibre connector was fixed 

in front of the beam analyzer’s detector for all the situations described below. This 

setup guaranteed the distance and angle of the fibre end with respect to the 

detector remained constant. 

Figure 4.23 to Figure 4.26 show the beam profile results. There are three 

windows in each profile result; the upper two are the intensity profile of the two 

perpendicular directions and the lower one is the 2D graphical presentation. 

Figure 4.23 and Figure 4.25 are the results for no optical fibre taper in line 

with the offset position at 0µm and 16µm respectively, while Figure 4.24 and 

Figure 4.26 are the results of optical fibre taper inserted in front of the FUT. A 

summary of four situations is presented in Table 4.14. 
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Figure No. Figure 4.23 Figure 4.25 Figure 4.24 Figure 4.26 

Taper in line No No Yes Yes 

Offset 0µm 16µm 0µm 16µm 

Table 4.14:  Summary of test situations for the beam analyzer 

All the experiments involved fibre shaker shaking in front of the 221m fibre 

under test (FUT). 

There are a number of conclusions to be drawn from the results. 

1. When there is no optical fibre taper inserted in the setup, the higher 

order modes, the small lobes outside the large central lobe get a 

higher percentage of power at the lower transverse offset positions. 

None of the lobes in the 2-D charts were stable and in particular the 

small lobes (higher order modes) waved up and down sporadically. 

The main lobe in the center (lower order modes) was also waving left 

and right. We believe that this is an indication of modal noise. 

2. At the lower transverse offset positions, the higher order mode 

intensities were depressed when the optical fibre taper was inserted in 

the setup. The small lobes (higher order modes) were still not stable, 

but since they represent a smaller percentage of power, the 

interference is low. Moreover, the main central lobe (lower order 

modes) is more stable than when no fibre taper in line; indicating the 
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reduction of modal noise. 

3. At the higher offset position with no optical fibre taper in line, the beam 

widths are much wider (2 to 3 times) than at the lower offset. This 

means the higher order modes get more power; more precisely, the 

amplitudes of the small lobes in Figure 4.23 increased and overlapped 

with the main central lobe to form a single, even larger lobe. Since this 

lobe was more stable than the situation shown in Figure 4.23, the 

modal noise was reduced.  

4. At the higher transverse offset positions, the beam width decreased if 

the optical fibre taper was inserted in the setup. Our explanation of this 

is the optical fibre taper depressed some of the higher order modes. 

But the main central lobe in Figure 4.25 and Figure 4.26 were all 

relatively stable, so as for the results of CW setup discussed in section 

4.1, the modal noise is at about the same level at higher offset 

positions no matter fibre taper is in line or not. In other words, there is 

no clear S/N improvement at the higher offset positions with CW input.  

In Chapter 4, by using CW and pulse waveform input, modal noise are 

compared for with and without MMF taper at different launch positions. MMF taper 

affection is also investigated for jitter performances with pulse waveform input. 

The MMF performance gets better in some offset positions with fibre taper in line. 
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Figure 4.23:  Beam profile for 221m sample at 0µm offset with no fibre taper in line 
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Figure 4.24:  Beam profile for 221m sample at 0µm offset with fibre taper in line 
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Figure 4.25:  Beam profile for 221m sample at 16µm offset with no fibre taper in line 
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Figure 4.26:  Beam profile for 221m sample at 16µm offset with fibre taper in line 
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5.  CONCLUSION AND FUTURE WORK 

 

Currently, the last mile issue is a major bottleneck in the high speed network 

and multimode fibre is widely deployed in the last mile. Improving the 

performance of multimode fibre could be a solution for the last mile issue. Offset 

launch techniques and laser source utilization have been proven to reduce modal 

dispersion, enabling multimode fibre to support a higher bandwidth. However, the 

modal noise problem arose with the employment of a laser source. This thesis 

has examined several aspects of modal noise for the first time. With single mode 

fibre launching, modal noise was tested at different transverse offset launching 

positions with both CW and pulse waveform input. These examinations were 

repeated for different fibre lengths. Also, by utilizing a multimode optical fibre 

taper in line, we tested modal noise for both CW and pulse waveform input and 

timing jitter data for pulse waveform input. 

With the CW input, the input power increased when the transverse offset 

increased whether the optical fibre taper in line or not. But the signal-to-modal 

noise ratio increased as well, reaching its highest values in the range of 12 µm to 

20 µm. In most offset positions for all the fibre samples, the optical fibre taper in 

line gave a higher signal-to-modal noise ratio and the performance improvement 

wasn’t significantly affected whether shaking occurred at the beginning or the end 

position of the fibre sample. Also in higher offset positions, the input power penalty 
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increased while the signal-to-modal noise ratio improvement was not very 

significant. So at these offset positions, there is not much advantage to use the 

optical fibre taper in line. 

With the pulse waveform input, the trend of the signal-to-modal noise ratio 

increasing with the offset is not as marked. With the 221m sample, when the fibre 

taper was in line, the S/N greatly improved from 0 to 12 µm on both “1” and “0”. 

With the 301m sample, the S/N hugely improved at 10 to 14 µm offsets. Also with 

offsets between 4 and 12 µm, the fibre taper reduced the timing jitter in both fibre 

samples. 

In summary, the signal-to-modal noise ratio improves in some offset 

positions with the optical fibre taper inserted in line. Since pulse input is used in 

the real world, the results in this situation should be of more practical concern. 

Under these conditions the best offset launch position for the 221m and 301m 

samples should be around 10 µm with 50/125 µm multimode fibre and 1550nm 

laser input. 

The function of the fibre taper is also examined using the wavelength scan 

and beam analysis methods. The fact that the taper is serving a mode filtering 

function is confirmed by both methods, but the pseudo single mode fibre taper can 

not be utilized because of the high input power penalty. 

The work presented in this thesis offers opportunities for several areas of 

further study. First, similar examinations can be done at different wavelength. 
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Second, tapers with different waist diameters can be utilized. Third, the work can 

be extended to 62.5/125 µm multimode fibre and fibres from different preform. 

Finally, the function of the fibre taper can be thoroughly examined. 

Though much future work remains to be accomplished, this thesis has 

shown significant progress in measuring modal noise in multimode fibre using 

various offset positions with a laser source, and has moved forward somewhat our 

understanding of the benefits of fibre tapers in conjunction with offset launching. 
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APPENDIX A.  LIST OF ACRONYMS 

 

10GbE    10 GBit/s Ethernet 

ASE     Amplified Spontaneous Emission 

ATM     Asynchronous Transfer Mode 

BDP     Bandwidth Distance Product 

BER    Bit Error Ratio 

CV     Coefficient of Variation 

CW     Continuous Wave 

DCA     Digital Communications Analyzer  

DMD    Differential Mode Delay 

EDC    Electronic Dispersion Compensation 

EDFA    Erbium-Doped Fibre Amplifier 

FC     Fibre Channel 

FDDI     Fibre Distributed Data Interface 

FOE     Figures of Merit 

FOTP     Fibre Optics Test Procedure 

FUT     Fibre Under Tested 

GbE     Gigabit Ethernet 

GRIN    Graded Refractive Index 

HDTV    High Definition Television 

LANs     Local Area Networks 

LED    Light Emitting Diode 

MANs    Metropolitan Area Networks  

MMF    Multimode Fibre 

MSL     Mode Selective Loss 

OFL    Overfilled Launch 
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PDF     Probability Density Function  

PPG     Pulse-Pattern Generator 

PRBS     Pseudorandom Bit Sequence 

RMS     Root Mean Square 

S/N or SMNR  Single-to-Modal Noise Ratio 

VCSEL    Vertical Cavity Surface Emitting Laser 

WANs    Wide Area Networks 

WDM    Wavelength Division Multiplexing 
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APPENDIX B.  MODE AND MODE GROUP IN MMF 

 

The propagation of optical fields in multimode fibre must satisfy not only 

Maxwell’s equations like all electromagnetic phenomena, but also the boundary 

conditions at the interface between the core and the cladding of the fibre. The 

main result of solutions to these equations is that the electromagnetic field 

propagates in multimode fibre as a set of discrete field patterns called modes. 

Since a complete treatment of these solutions is beyond the scope of this thesis, 

only a general outline will be described here. 

The modes can be completely transverse: transverse electric modes (TE) 

and transverse magnetic (TM), or they may have a longitudinal (that is, along the 

direction of propagation) component, making them hybrid modes. The hybrid 

modes are denoted as EH or HE mode depending on whether Ez (longitudinal 

component of electric field) or Hz (longitudinal component of magnetic field) 

dominates. Double subscripts are used for mode labeling. For example, HElm or 

EHlm denote the hybrid modes. l is the azimuthal mode number and m is the radial 

mode number. For transverse modes, l=0; hence, TE and TM modes have the 

denotation of TE0m and TM0m.  

For most communication fibres, the refractive index difference between their 

cores and claddings is relatively small, i.e. ∆<<1, where ∆ is the relative refractive 

index difference between the core and cladding. This is the basis of the weakly 
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guiding fibre approximation. With this approximation, modes can be degenerated 

into Linearly Polarized (LP) modes, and denoted as LPlm modes regardless of 

their TE, TM, EH or HE field configuration. In general: each LP0m mode is from an 

HE1m mode; each LP1m mode comes from TE0m, TM0m and HE2m modes; each 

LPvm mode (where v≥2) is from an HEv+1,m and an EHv-1,m mode. 

The LP modes may be further grouped into “mode groups”. The mode group 

number, q, combines all LPlm modes with 

 2 1q m l= + −  (B.1) 

where l is the azimuthal mode number and m is the radial mode number. 

The degeneracy of a mode group is twice the mode group number, q. The 

total number of mode groups, M (denoted as Q⎡ ⎤
⎣ ⎦  in the thesis), relates to the 

total number of modes, Q, as  

 
2

1

2
M

q

Q q M
=

= ≅∑  (B.2) 

In general, a numerical method is needed to solve for exact quantities, so an 

approximation is used here [B.1, B.2]. 

Modes in one mode group share a common propagation constant; more 

importantly, they propagate at the same speed. Hence the modal dispersion is 

caused by the group velocity difference between mode groups. 
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