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SUMMARY 
 
 

In this study, the Jones matrix eigenanalysis (JME), optical spectrum analyzer 

(OSA) and polarization scrambling methods were used to investigate polarization 

dependent loss (PDL) in the presence of polarization mode dispersion (PMD) in 

optical components and fibres. The PDL measurements were conducted both in the 

laboratory and in the field. For field measurements, a buried link (28.8 km) and an 

aerial fibre (7.1 km) were extensively studied. The findings obtained from these 

studies are very important for network operators who must assess the impact of 

PDL on the network reliability.  

 

The three different PDL measurement methods (JME, OSA and polarization 

scrambling) were compared and their PDL values were found to agree very well at 

the selected wavelength of 1550 nm. Concatenation of PDL components showed 

that as expected, PDL increase as the number of PDL components were added.  

 

The interactions between PMD and PDL measurements were analyzed. A 

PMD/PDL emulator was constructed. We observed that PMD decreased while PDL 

increased. The PMD decrease was a result of the PMD vector cancellation 

enhanced by the randomly distributed mode coupling angles while PDL increase 

was a result of each PM fibre segments contributing to the overall global PDL. It was 

observed that the presence of PMD in a link containing PDL, results in PDL being 

wavelength dependent and this resulted in the extraction of the PMD information 

from the PDL data. PDL was found to be Maxwellian distributed when considering 

low values of PMD. High PMD values resulted in the PDL distribution deviating from 

Maxwellian. Long-term PDL and PMD (average DGD) measurements indicated that 

the PDL and PMD varied slowly with time and wavelength for both the laboratory 

and field measurements. It was observed that the BER increase as both PDL and 

PMD increased for simulated optical link.  
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        CHAPTER 1 

INTRODUCTION 

Communication and access to information are the basic needs of human beings 

for a successful and better growth of economy. This forms part of a person’s 

interaction in the modern society, sending messages from one distant area to 

another. The everyday bandwidth consumption has resulted in the emergence of 

new technologies such as wavelength division multiplexing (WDM) and dense 

wavelength division multiplexing (DWDM) in the telecommunication fields. These 

technologies incorporate a great number of optical components. Examples are 

isolators, splitters, WDM multiplexers/demultiplexers, amplifiers, polarizers and 

circulators which form part of the backbone in the transmission networks. These 

components as well as the optical fibre are polarization sensitive; as such they 

exhibit polarization dependent loss (PDL) and polarization mode dispersion (PMD). 

These two polarization effects are problematic especially at high bit rates, 10 Gb/s 

and above, which has resulted in another area of extensive research for 

telecommunication operators and scientists.  

 

Besides PDL, the insertion loss (IL) and optical return loss (ORL) are other major 

losses that degrade the transmitted signal. Characterization of optical components 

for ORL and IL is critical for ensuring optimum performance in telecommunication 

networks. Most of the optical components exhibit insertion loss of greater than 3 

dB and optical return loss of greater than 50 dB. It is therefore important to 

measure and control these losses (IL and ORL) during research, development and 

deployment. A few example measurements to illustrate the IL and ORL of optical 

components are presented in Chapter 2. 

 

PDL is determined from the maximum and minimum ratio of the output power 

when the component is exposed to different states of polarization (SOPs). PDL is 

known to degrade signal to noise ratio (SNR) due to the increased power 

fluctuation and consequently, higher bit-error rate (BER) which degrades the 

transmission system. PMD is caused by the non-circularity of the fibre core which 

induces fibre birefringence. This results in a differential group delay (DGD) 
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between two polarization modes of the transmitted signals, which causes optical 

pulse broadening and consequently signal distortions. 

  

The combined PMD and PDL cause severe effects which totally limit the 

transmission systems. At high bit rates, ≥10 Gb/s, these polarization effects limit 

the transmission networks by increasing the BER. When combined with PMD, PDL 

changes with time and wavelength, therefore requires a statistical description. It is 

therefore important to characterize and compensate these effects to improve the 

system performance.  

  

To this end, the work presented in this dissertation is organized as follows: 

Chapter 2 deals with the aspects relating to some of the losses encountered in 

telecommunication networks. Chapter 3 introduces the theory behind PDL and 

PMD. Their definitions, origins and their combined effects are outlined. Chapter 4 

discusses some of the recent work on PDL in the presence of PMD by various 

researchers.  

 

Chapter 5 is dedicated to a discussion of PMD and PDL measurement techniques. 

A number of PDL measurement techniques are provided and discussed, namely, 

Jones matrix eigenanalysis (JME), Mueller matrix (MM), optical spectrum analyzer 

(OSA) and the polarization scrambling methods. Their theoretical background and 

experimental setups are shown.  

 

Chapter 6 provides PDL results obtained using three different techniques (JME, 

OSA and polarization scrambling methods). The PDL results from the three 

techniques are then compared. In addition, results on the interaction of PDL and 

PMD are presented. Simulated bit error rate (BER) on the influence of PDL and 

PMD values is obtained by using Virtual Photonics Transmission Maker 7.5. 

Chapter 7 presents the conclusions of the important findings of this work.  
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Chapter 2 

Losses in optical components and fibres 

This chapter gives a brief overview on losses encountered in optical fibre 

communication systems. Losses induce signal distortions that limit the information 

carrying capacity of a fibre. By quantifying these losses in fibre communication 

systems the maximum distance between a transmitter and a receiver can be 

determined. The insertion loss (IL), optical return losses (ORL) and polarization 

dependent losses (PDL) in optical components and fibres will be covered. As 

insertion loss and optical return loss are not a major focus of this dissertation, a 

few example measurements to illustrate IL and ORL will be included in this 

chapter. 

2.1. Insertion loss (IL) 

The light that is transmitted through a fibre can be absorbed, scattered and 

reflected by an optical component. Insertion loss (IL) determines how much light is 

transmitted through a component. This is the ratio of the incident power to the 

transmitted power for a component. IL is one of the important parameters to 

measure in dense wavelength division multiplexing (DWDM) systems. This 

parameter determines the network’s power budget calculation, and so every 

component has to be quantified for insertion losses.  

The insertion loss is defined by the telecommunication standards such as TIA/EIA-

455-157: 

10 log incident

transmitted

P
IL

P

 
= ×  

 
                                         (2.1) 

where incidentP  and transmittedP  refers to the incident and transmitted power to the 

component under test. It is expressed in logarithm scale in units of decibels (dB) 

and it is positive since the incident power will always be higher than the transmitted 

power.  

To determine the insertion loss of an optical component the procedure below is 

followed: 
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1) The power incident on the device under test (DUT), incidentP , is measured by 

connecting the optical source directly to the power meter using a reference 

fibre. 

2) The transmitted power, transmittedP , through the DUT is then recorded using 

the power meter. 

 

Figure 2.1 shows the instrumental set-up required for insertion loss measurements 

of optical devices.  

 

 

 

 

 

 

Figure 2.1: Measurement set-up for insertion loss  

 

The uncertainties in the insertion loss measurements are due to connectors in the 

set-up. Their losses change when they are disconnected and reconnected. To 

ensure accurate measurements, the DUT is spliced into the setup and the DUT 

measurement is recorded first. The DUT is then excluded from the signal path and 

the splice that induced additional losses is kept in the setup. The incident power is 

then measured. The reference measurement allows one to capture the induced 

splice loss (Application note1). Other sources of uncertainty include unstable input 

power from short-term fluctuations of the source due to multiple reflections. In 

addition, changes in the input state of polarization (SOP) can lead to varying 

insertion loss due to polarization dependent loss of the device.  

 

Figure 2.2 shows the insertion loss measurement conducted on a 50:50 beam 

splitter. The insertion loss was calculated from the difference between the 

averages of the reference power and the measured power after the DUT was 

inserted.  
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Power 
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DUT 

Angled 
Connector 
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There are 5286 data points generated within a second. The loss of the reference 

fibre was of the order < 0.001 dB. The insertion loss for the 50:50 1×2 splitter is 

3.153 dB; this compared very well with specifications provided by suppliers (3.138 

dB). The source stability of the power was between 0.002-0.006 dB for both 

reference power and after the DUT was inserted. The measurement was obtained 

from an EXFO IQS 500 Intelligent Test System with IQS-1700 high-performance 

power meter and Fabry-Perot IQS-2100 light source at 1550 nm.    

2.2. Optical Return Loss (ORL) 

As the light signal is transmitted through the DUT, some of the light is scattered or 

reflected. The reflected light reaches the transmitter, degrades the laser 

performance and causes interferences within the transmitted signal. The system 

performance is then limited. Optical return loss (ORL), sometimes referred as 

return loss, is a measure of the light reflected by a component. It is defined by the 

international standard bodies such TIA/EIA-455-107 as the ratio of the light power 

that is reflected from the component to the power of the light that is incident on the 

component and is expressed as follows: 

          10 log reflected

incident

P
ORL

P

 
= − ×  

 
                                        (2.2) 

As shown in the equation above, return loss will always be a positive value since 

the incident power, incidentP , will always be higher than the reflected power, reflectedP . 
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 Figure 2.2: (a) Reference power measured without the 50:50 1×2 splitter and (b) 

transmitted power measured with the 50:50 1×2 splitter inserted in the setup. 
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A higher return loss value means less reflected power and, thus, better 

performance. Return loss values for splitters, circulators and isolators in theory are 

expected to be greater than 50 dB.   

 

To determine the return loss of an optical component the following measurements 

are performed: 

1) The incident power incidentP  is measured by connecting the optical source 

directly to the power meter. 

2) The reflected power reflectedP , is measured by connecting the optical source 

to the power meter via the DUT (see Figure 2.3).  

 

 

 

 

 

 

 

Figure 2.3: Illustration of experimental setup for the measurement of the ORL of optical 

components. 

 

The end of the fibre is terminated to eliminate any unwanted reflections from the 

fibre cable or patchcord. This is achieved by bending the fibre in several tight fibre 

loops. The measured value is stored as a reference and the fibre is straightened 

and the ORL of the DUT is automatically calculated. Figure 2.4 shows the return 

loss measurement of a splitter and an isolator measured at a sampling rate of 1 Hz 

at 1550 nm with a total of 100 ORL values. 
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The measurements of the return loss for an isolator and a splitter were obtained 

using EXFO’s IQS-3200 return loss meter. The two output ports from a splitter 

gave a return loss of 58 and 59 dB respectively. Similarly the measured return loss 

from the input and output ports of the isolator were 65 and 62 dB respectively. 

2.3. Polarization dependent loss (PDL) 

Polarization dependent loss (PDL) is a measure of peak-to-peak difference in the 

optical power transmitted by an optical component or system for all possible states 

of polarization (SOPs) (Application note2). In contrast to an insertion or return loss 

measurement, a PDL measurement requires a polarization scrambler to scan all 

possible states of polarization (SOPs) of the DUT. The PDL of an optical 

component is then determined from the maximum and minimum difference in the 

output optical power. In contrast to other loss measurements, the polarization 

scanning method does not require a reference measurement. Measurement 

principle just relies on determining the difference of the maximum and minimum 

transmitted power, regardless of the incident power. More details on PDL are 

discussed in Chapters 3 to 6.  

 

The work of this dissertation focuses on PDL measurements of optical 

components containing the polarization mode dispersion (PMD). Gisin and Huttner 

(1997) and Gisin, Huttner and Cyr (2000) in most of their research showed that it is 

not sufficient to characterize PMD and PDL separately since in telecommunication 

20 40 60 80 100
56
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60

62
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b= port marked with white 

(a) 1×2 50:50 splitter
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    Figure 2.4: Return loss measurement obtained from the input and output ports of 

   (a) a splitter and (b) an isolator. 
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networks consisting of long lengths of fibre, PMD and PDL will always be present. 

Liang et al. (1999), Lu et al. (2001), Wang et al. (2003) and other researchers 

together with results given in this dissertation, highlight the importance of 

considering both PMD and PDL in optical fibre telecommunication networks. It will 

be shown to be important to consider both PMD and PDL in a transmission link, 

since their combined impairments can be quantified and appropriate measures 

taken to compensate for these effects. 
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CHAPTER 3 

Polarization effects in optical fibres and componen ts 

Polarization dependent loss (PDL) and polarization mode dispersion (PMD) are 

two important properties that are encountered when dealing with long single mode 

fibre links incorporating many optical components. Studies of PDL and PMD and 

their concatenation in laboratory and field work have been conducted by various 

groups recently. In this chapter, the two polarization properties, PDL and PMD, will 

be discussed. The factors causing these two polarization effects, their definitions 

and their combined effects will be discussed. 

3.1. Polarization Concepts  

A beam of light can be thought of as being composed of two orthogonal electric 

vector field components that may vary in amplitude and frequency. When these 

two components differ in phase or amplitude polarized light occurs. Polarization 

has been extensively studied in optical fibre and a variety of methods are available 

to either minimize or exploit the phenomenon.  

There are a number of different methods of describing the polarization state of the 

electric field vectors. One of them is the Stokes vector method and is obtained by 

the following measurements  

        

0 00

0 01

0 02

0 03

2 cos

2 sin

x y

x y

x y

x y

E Es
E Es

s
E Es
E Es

δ
δ

+  
   −  = =
  
  
    

�

                                                (3.1) 

where s
�

 is the Stokes vector with represented Stokes parameters ( 0s , 1s , 2s , 

and 4s ). 0xE  and 0yE  are the amplitudes of the electric field components xE  and 

yE . δ  is the phase of electric components xE  and yE . With this method it is 

possible to describe any arbitrary polarization state. The degree of polarization 

(DOP) is defined as  

polarized

polarized unpolarized

I
DOP

I I
=

+
                                                   (3.2) 
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where polarizedI  and unpolarizedI  are the intensities of polarized and unpolarized light, 

respectively. When 0DOP = , light is said to be unpolarized and when 1DOP = , it 

is totally polarized. DOP is related to the Stokes vector by the following equation 

1 2 3

0

s s s
DOP

s

+ +
=  .                                                        (3.3) 

A point on the surface of the Poincaré sphere represented by the normalized 

Stokes parameters represents completely polarized light while a point within the 

sphere represents partially polarized light. In Jones representation, the polarized 

light is represented by a two-element complex vector given by: 

0

2 2
00 0

1 x

y

i
x

i

yx y

E e
E

E eE E

δ

δ

 
=  

+   

�

                                                   (3.4) 

where xδ  and yδ  represent the phases of the electric field components xE  and yE . 

If polarized light with Jones vector inE
�

 is transmitted through a birefringent medium 

with no polarization dependent loss (PDL), the transmitted output Jones vector can 

be written as  

( )out inE T Eω=
� �

 .                                                               (3.5) 

The medium is represented by the transfer matrix ( )T ω , a function of a frequency 

dependent 2×2 complex matrix. It should be noted that the Jones representation is 

limited to the description of completely polarized light (Dericksson 1998, p.225) 

 

The Poincaré sphere is another method of describing the polarization state and is 

closely related to the Stokes parameters. Any given polarization state corresponds 

to a unique point on the sphere. The centre of the sphere indicates unpolarized 

light. The north and south poles of the sphere represent right-hand and left-hand 

circularly polarized light, respectively. Points on the equator indicate various linear 

polarization states and all other points represent elliptical polarization states. 

Figure 3.1 represents the various polarization states within the Poincaré sphere. 
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There are several measurable polarization properties, inclusive of DOP, 

polarization dependent gain (PDG), polarization extinction ratio (PER), polarization 

dependent loss (PDL) and polarization mode dispersion (PMD). The following 

sections further outline the effects of PMD and PDL in optical networks.  

3.2. Polarization mode dispersion (PMD) 

Polarization mode dispersion was first investigated by Poole and Wagner in a 

paper entitled, “Phenomenological Approach to Polarization Dispersion in Long 

single-mode fibres” in 1986. Understanding the definition of PMD, its origin and 

effects on system performance, becomes important when planning to build a new 

optical network or when considering an existing link. 

3.2.1. Definition and origin of PMD 

An ideal single mode fibre supports one fundamental propagating mode which 

consists of two orthogonal polarization modes with identical group and phase 

velocities. These two orthogonal modes are called principal states of polarization 

(PSPs) to first order. In reality the PSPs are affected by the birefringence of the 

single mode fibre which leads to the difference in phase and group velocities of the 

polarization modes. The difference in the time of flight of the two polarization 
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Figure 3.1: Poincaré sphere representing the various states of polarization (SOP) of 

polarized light signal. 
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modes through the fibre is called the differential group delay (DGD), represented 

by τ∆  in Figure 3.2 (a). The letters f and s refer to the fast and slow PSPs, 

respectively. The magnitude of the birefringence and the orientation of the 

birefringent axes are not uniform in long length of single mode fibre, but vary 

randomly along its entire length. This results in an effect known as mode coupling 

and is represented in Figure 3.2 (b).  

 

 

 

 
 

                                                 (a) 
 

 

 

                                                   

                                                  (b) 

Figure 3.2: (a) The birefringence in single mode fibre causes dispersion of an optical pulse 

(b) variation in the birefringence of a long length of a single mode fibre. 

 

The energy is coupled from the polarization modes of the first birefringent section 

to the polarization modes of the second section. “Any twist, bend or other external 

factor affecting the birefringence of an optical fibre will result in energy exchange 

between the two modes”, (Suetsugu et al. 1995). Hence stresses, bends and 

defects lead not only to birefringence, but also to mode coupling. The mode 

coupling and energy sharing result in a random variation with optical frequency, of 

the overall polarization modes, the PSPs and the DGD of the concatenation. The 

combined effects of birefringence and mode coupling lead to polarization mode 

dispersion (PMD). 

 

There are many mechanisms that cause birefringence in optical fibre. The simple 

action of applying stress to, or bending a single mode fibre, induces birefringence. 

For example, Polarization maintaining fibre (PMF) has been manufactured through 

f
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specially introduced geometrical asymmetries. Figure 3.3 shows some of the 

causes of birefringence in single mode fibre.  

 

 

 

 

 

 

                                                                                                

 

 

                                              

Figure 3.3: Factors causing birefringence in single mode fibre. 

 

Traditionally, an investigation on PMD has mainly focused on optical fibre or 

systems as a whole, since PMD was considered to be negligible in optical 

components. More recently, the introduction of dense wavelength division 

multiplexing (DWDM) systems which incorporate many polarization sensitive 

components has lead to the measurement of PMD in optical components. It is very 

important to quantify the PMD of components as these devices present a way of 

increasing data rates using the existing infrastructure. Figure 3.4 shows some of 

the causes of PMD in optical components. 

 

 

 

 

 

 

 

 

 

     

Figure 3.4: Some of the causes of birefringence in optical components. 
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3.2.2.     Effects of PMD  

According to Chou et al. (2001(2002), first order PMD depolarizes a scrambled 

polarized input so as to form an ellipsoid in Stokes space. Figure 3.5 is the 

experimental confirmation used to illustrate signal depolarization caused by PMD, 

obtained using the amplified spontaneous emission (ASE) source, a highly 

birefringent fibre and a polarimeter. The result was measured as part of this study. 

 

 

 

 

 

` 

 

 

 

 

 

 

The input state of polarization (SOP) is scrambled to cover the whole Poincaré 

sphere, as represented by Figure 3.5. The coverage of the Poincaré sphere should 

be relatively uniform and complete, so as to generate all possible SOPs.  The 

PMD in the link depolarizes each of the scrambled input SOPs to a greater or 

lesser extent; this results in an ellipsoid being formed in Stokes space at the output 

of the fibre. Partially polarized light is represented by points within the Poincaré 

sphere as already mentioned in section 3.1. The nature of the ellipsoid provides 

information about both the principal states of polarization (PSPs) and the 

differential group delay (DGD) of the link being monitored (Gibbon 2007). Apart 

from depolarizing the polarized signal, PMD limits the transmitted signal by 

increasing the bit error rate (BER) (Boroditsky et al. 2004) and causes intersymbol 

interference (ISI) in digital systems and radio frequency (RF) power fading in 

analog or submarine-multiplexed transmission (Poole and Wagner 1986). 
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Figure 3.5: Depolarization of a signal caused by a link with polarization mode dispersion 

obtained using ASE source and a polarimeter. 
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3.3. Polarization dependent loss (PDL) 

One of the most critical requirements for characterizing dense wavelength division 

multiplexing (DWDM) passive components (filters, demuxes, muxes, gain 

flattening filters, OADMs, FBGs, attenuators, circulators, splitters/couplers, 

isolators and others) is the ability to measure PDL. The impact of PDL in passive 

components on optical network performance is increased power fluctuation which 

degrade optical signal to noise ratio (OSNR) and consequently higher bit error rate 

(BER) as already mentioned in Chapter 1. When combined with the polarization 

changes caused by mechanical stress, temperature or other environmental 

perturbations, PDL results in unwanted signal fluctuations. This deteriorates 

system performance and complicates power management. This section focuses 

on the definitions, origins and effects of PDL in optical transmission systems.  

3.3.1. Definition and origin 

Polarization dependent loss refers to the preferential energy loss of one of the 

PSPs (Gisin et al., 2000). It is the maximum peak to peak difference in transmitted 

power to all possible states of polarization (SOPs) as already defined in Chapter 2, 

section 2.3. International standard such as TIA/IEC-455-157 and IEC 61300-3-2 

define PDL as  

max
10

min

10 log
T

PDL
T

 
=  

 
                                               (3.6) 

where maxT and minT  are the maximum and minimum transmission intensities 

through the system. PDL is defined in decibels (dB) and is a positive quantity. Note 

that the following derivation of equation 3.6 was obtained following Damask 

(2005), pp. 300-302. The derivation is mainly done to show that the Jones space is 

equivalent to Stoke space. If one considers the Jones matrix of a PDL element 

aligned to the horizontal axis (S1 in Stokes space), the output Jones matrix can be 

written as (Note that the angle between two Stokes vectors is double that of its 

corresponding Jones vectors): 

1 1

2 2

1 0

0

v u

v ue α−

    
=    
    

                                             (3.7) 
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where α  is the loss coefficient. If the input intensity is represented as 








0

1
, the 

output intensity is 1
2

1 =v . Similarly, for input intensity being 








1

0
, the output 

intensity is ( )α2exp
2

2 −=v . (Note that the Stokes space is a representation of light 

in three dimensional space related to the Poincaré sphere and the Jones space is 

a representation of light as a two-element complex vector and further discussion 

can be seen in section 3.1). The maximum transmission is 1 and minimum 

transmission is ( )exp 2α−  . Since the ratio between the maximum and minimum 

transmission is ( )αexp 2  then the relationship between PDL equation 3.6 and the 

loss coefficient α  related to Stoke space is  

( )1020logPDL eα= .                                              (3.8) 

Note that the 10 in equation 3.6 follows from the definition of dB. This relation 

holds true for any orientation of the PDL vector. The PDL vector is defined 

by ααα ˆ=
�

, where α̂ is a unit vector in Stokes space that points in the direction of 

maximum transmission. The transmission through a PDL element is given by  

( )1 ˆˆ(1 tanh )
1 tanhpT sα α

α
= + ⋅

+
.                                (3.9) 

The transmission depends on the loss coefficient α  as well as the relative 

orientation of the PDL α̂  to the incoming state of polarization s
�

. Note that  s
�

 is the 

state incident on the PDL element and is not necessarily the state launched into 

the fibre far away from the element. The transmission extrema (maximum and 

minimum transmissions) already mentioned are  

1ˆˆ

1ˆˆ1
2 −=⋅

=⋅





= − s

s

e
Tp α

α
α .                                       (3.10) 

For a completely depolarized input, the transmission is averaged over all 

polarization states. It becomes clear that when 0ˆˆ =⋅ sα  then the average 
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transmission for unpolarized light is given by 
1

1 tanhpT
α

=
+

, where 

1
1 tanhdepolT

α
=

+
 is the transmission coefficient for depolarized light. From 

equation 3.9 the transmission through a PDL component becomes  

( )( )ˆˆ1p depolT T sα= + Γ ⋅                                                        (3.11)                                                                       

where αtanh=Γ  is the normalized loss coefficient. The transmission for 

depolarized light becomes; 

Γ+
=

1

1
depolT  .                                                                  (3.12) 

Since ( )Γ+= 1max depolTT   and ( )Γ−= 1min depolTT , it follows from the above equations 

that the ratio between the maximum and minimum transmissions gives 

Γ−
Γ+=

1

1

min

max

T

T
 .                                                          (3.13) 

The identity  2 1 tanh 1
1 tanh 1

e α α
α

+ + Γ= =
− − Γ

 and then PDL from equation 3.8 becomes 

( ) max
10

min

20log 10logdB

T
e

T
ρ α= = .                                      (3.14) 

Therefore equation 3.14 completes the derivation which shows that the Jones 

space is equivalent to the Stoke space.  

 

PDL is caused by many mechanisms along a fibre optic link (TSB 141): Micro-optic 

components generate PDL due to the difference in the attenuated polarization 

modes of the transmitted signal. The passband frequency locations of integrated 

optic filters are polarization dependent, therefore they generate PDL. 

Splitters/fused couplers generate PDL due to polarization dependent coupling 

ratios. Micro-bends and macro-bends in fibres generate PDL. The material itself 

can generate PDL because of dichroism of the molecules, such as in polymer 

waveguides. Figure 3.6 illustrates some of the causes of PDL. 
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3.3.2. Effects of PDL 

Components with high PDL values tend to polarize a partially or totally unpolarized 

signal. Figure 3.7 (a) shows an unpolarized signal that is polarized by a pure PDL 

component.  A perfect polarizer transmits only states that have a finite projection 

along the polarizer axis. Figure 3.7 (b) shows how a circularly polarized signal’s 

intensity is reduced when propagating through a partial PDL component.   

 

                                                                    SOPin                                      SOPout           

   
 
 
 
                                                                          
     DOP = 0              DOP = 1   
       …. …. 
 

             (a)                                                                (b) 
 
Figure 3.7: (a) depolarized signal is polarized after passing through a perfect polarizer;  

and (b) partial PDL element continuously changes the polarization state of the input  

light and reduces the overall intensity.  
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Figure 3.6: Some factors known to cause polarization dependent loss in optical  

fibre and components.  
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As the light travels the intensity is reduced along the loss axis of the PDL element 

while the intensity along the neutral axis is unchanged. It is evident how PDL 

transforms the polarization state along the component as the intensity gets 

reduced at various sites of the PDL component.  

3.4. Combined effects of PMD and PDL  

The concatenation of the birefringent elements and partial polarizers presenting 

PMD and PDL respectively, result in polarization effects that are more complicated 

than PDL or PMD alone.  

 

The combined PMD and PDL results are summarised below: 

1. The principal states of polarization (PSPs) are not orthogonal to one 

another when a link incorporates PMD and PDL (Gisin and Huttner 1997). 

2. The output polarization state does not follow simple precessional motion as 

a function of frequency. 

3. The PDL becomes wavelength dependent (Gisin and Huttner 1997).  

 

 Gisin and Huttner (1997) came up with many formulations to describe the 

combined effects of PMD and PDL. 

3.4.1. Wavelength dependence of PDL 

PDL is generally wavelength independent. However, the changing polarization 

states within sections of fibre exhibiting birefringence results in PDL being 

wavelength dependent. Therefore, the addition of some fibre exhibiting PMD to a 

system exhibiting PDL results in the PDL being wavelength dependent. The 

measurement of PMD-PDL, especially the characterization of its wavelength 

dependence for optical components, is critically important for system design and 

evaluation. 

3.4.2. Non-orthogonality of principal states of pol arization (PSPs) 

In a system with PMD and PDL, Gisin and Huttner (1997) and Waddy et al. (2003) 

showed that the principal states of polarization vector can be represented by the 

following equation 3.15: 
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( ) ( ) ( )W iω ω ω= Ω + Λ
� � �

                                              (3.15) 

where ( )W ω
�

 is a frequency dependent complex PMD vector, while ( )ωΩ
�

 and 

( )i ωΛ
�

 are the real part and imaginary part of the PMD vector ( )W ω
�

. The imaginary 

term ( )i ωΛ
�

occurs when PDL is present in the link.  In the absence of PDL Λ
�

 is 

zero and W
�

 is real and its direction corresponds to the fast PSP. The presence of 

PDL results in W
�

 being complex and the fast PSP and slow PSP are not 

orthogonal anymore (Gisin and Huttner 1997). In reality PMD is always complex 

since PMD and PDL are always present even if one of PMD or PDL is very small 

(Waddy et al. 2003). The normalized output SOP described on the Poincaré 

sphere obeys the following equation of motion  

( )
dS

S S S
dω

= Ω × − Λ × ×
�

� � �� �

                                   (3.16) 

where S
�

is the normalized Stokes vector, ω is the angular frequency of the light, 

and Ω
�

 and Λ
�

 as described above represent PMD and PDL.  According to Poole 

and Wagner (1986) and Gisin and Huttner (1997), one can easily find out the 

output fast or slow Stokes vectors from the condition.  

0pdS

dω
=

�

                                                         (3.17) 

where pS
�

is the fast or slow Stokes vector and ω  is the frequency. By substituting 

equation 3.16 into 3.17 with S
�

 replaced by pS
�

 one obtains the following:                                                    

( ( )) 0p pS SΩ − Λ × × =
� �� �

.                                   (3.18) 

The left hand side of equation 3.18 consists of two vectors. Consider the definition 

of the cross product ˆsinA B A B nθ× =
� � � �

, where θ  is the angle between vectors A
�

 

andB
�

 ( 00 180θ≤ ≤ ) and  n̂  is the unit vector perpendicular to the plane 

containing A
�

 andB
�

. If 0A B× =
� �

,  θ  is 0�  or 180° which implies that either A
�

 and 
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B
�

 are parallel or anti-parallel. Therefore ( ( ))pSΩ − Λ ×
�� �

 is parallel or antiparallel to 

pS
�

 which implies that  

p pS SλΩ − Λ × =
� �� �

                                            (3.19) 

where λ  is a real eigenvalue to be determined with pS
�

 being the generalized 

principal states of polarization (SOPs). According to Waddy et al. (2003), Chen et 

al. (2004) and Gisin and Huttner (1997), equation 3.19 can be solved to obtain the 

following solutions:  

( )
( )2 2 2 22 2

1
pS

λ
λ λλ λ

±
 Ω ⋅ Λ
 = ± Ω + Λ + Ω × Λ

+ Λ + Λ + Λ
 

� �

� � � � �

 

                                                                                                                          (3.20) 

( ) ( )222 2 2 21
4

2
λ  = Ω − Λ + Ω − Λ + Ω ⋅ Λ 

 

� �

 

The fast and slow outputs Stokes vectors pS+
�

 and pS−
�

 of the principal states of 

polarization in the above equation are not, in general, orthogonal to each other 

(unless 0=Λ×Ω
��

, that is, Ω
�

 and Λ
�

 are parallel or anti-parallel with each other 

which is very unlikely). The dot product of +
pS  and −

pS  is defined by the following 

equation  

cos p ps sφ + −= ⋅                                                 (3.21) 

where φ  is the relative angle between the fast and slow polarizations in Stokes 

space. From φ  one can deduce the orthogonality of the PSPs. Note that φ  is twice 

the real space angle in Stokes space. Figure 3.8 illustrates the non-orthogonality of 

the principal states of polarization. 
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Figure 3.8 shows that the input signal can be represented by two polarization 

modes, namely PSP1 and PSP2. By launching this signal in a fibre, polarization 

mode dispersion results in a time delay which is known as the differential group 

delay (DGD), τ∆ . When this signal is launched in a component with PDL, one of 

the PSP is attenuated more relative to the other. The combination of PMD and 

PDL results in these two PSPs being non-orthogonal. 

3.4.3. Separation of PMD and PDL  

Using polarization measurements, one can measure the Jones matrix of the 

concatenation between PDL and PMD, as first described by Gisin and Huttner, 

(1997). The matrix contains all the relevant information regarding the birefringence 

and the partial polarizers of the system. If one considers the general concatenation 

with random couplings, the transmission matrix becomes ( )T ω . According to 

Huttner et al. (2000), and Chen et al. (2005), there is a simple way to separate the 

effects of PMD and PDL. This follows from a theorem that any complex matrix, say 

T can be decomposed into the unitary matrix U  and the Hermitian matrix A , which 

gives; 

( ) ( ) ( )T A Uω ω ω= ,                                                     (3.22) 

 

PSP 2

PSP1 
FIBRE with 
PMD

COMPONENT 
with PDL

τ ∆
Differential group 
delay 

PSP 1  PSP2 PSP 1  PSP2 

PSP: Principal State of Polarization  
 

 
Figure 3.8: Illustration of the interaction between PMD and PDL. When PDL is present in a 

fibre link, the fibre PSP1 and PSP2 are no longer orthogonal. 
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where U  is the unitary matrix representing the effective PMD and A  is the 

Hermitian matrix representing the effective PDL. From this decomposition, any 

concatenation with both PMD and PDL is equivalent to the concatenation of the 

purely birefringent elementU , and the PDL element A .  By multiplying T  with its 

conjugate transpose tT ∗  we get t t tT T A U AU∗ ∗ ∗=  and since U  is the unitary matrix 

( 1U U I− = ) and tA A∗ =  in case of the definition of the Hermitian matrix, the PDL of 

a component can be determined from  

2( ) ( ) 0tT T Aω ω∗ = ≥                                                   (3.23) 

where ( )tT ω∗  denotes the complex transpose conjugate matrix. According to 

Karlsson et al. (2000), A  and 1A− can be obtained from 2A  and therefore we can 

obtain 1U A T−= . Finding the eigenvalues ( ) ( )tT Tω ω∗ is equivalent to determining 

the PDL element A represented by equation 3.24: 

2

1

( )
10log

( )

t

t

T T
PDL

T T
λ
λ

∗

∗

 
=  

 
                                            (3.24) 

where 2 1λ λ≥  are the eigenvalues. The eigenvectors of ( ) ( )tT Tω ω∗  point in the 

direction of the cumulative PDL and the eigenvalues correspond to the maximum 

and minimum transmission through the PDL element.  The PMD and PDL vectors 

are obtained by differentiating the Jones matrix (Gisin and Pellaux, 1992). 

 

The complicated concatenation of several PDL elements intertwined between 

birefringent elements can thus be replaced by a much simpler system, with only 

one PMD element and one PDL element. Note also that A  is not equal to all the 

concatenation of all the PDL elements, nor is U equal to the concatenation of the 

PMD elements (Huttner et al. (2000). 
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CHAPTER 4 

Literature survey on PDL  

Several research groups have studied PDL in optical components and optical 

fibres with and without PMD. The main objective of this chapter is to bring close 

attention to some of the findings on PDL by different research groups.  

4.1. PDL in optical components 

Passive optical components, for example isolators, circulators, splitters etc. are 

polarization sensitive and therefore exhibit PDL. When these components are 

concatenated each with some PDL the overall PDL is difficult to predict (Gisin et al. 

1994). The concatenation of optical components containing PDL in optical 

telecommunication systems has been studied by many researchers, the findings of 

which are summarized below: 

 

In the theoretical and experimental work of El Amari et al. (1998), two or more 

components each with PDL were concatenated and the mean, standard deviation 

and probability of the total PDL were presented. The total PDL was found to be 

less than the sum of each PDL element in the link. The reason has been attributed 

to the misalignment of the PDL axes at each connection, which tend to add or 

cancel the PDL in a section, thereby contributing to the global PDL in the link. 

Similar experimental results will be presented in Chapter 6, section 6.6.  

 

In the theoretical work of Mecozzi and Shtaif (2002), the concatenation of a large 

number of PDL components was considered. They found that for linear 

concatenation of these components the global PDL grows as the square root of 

the number of components. On the other hand, in a recirculation loop, the global 

calculated PDL was found to grow linearly with the number of components 

(Vinegoni et al. 2004).  

4.2. PDL in optical fibres  

The PDL components interlinked with sections of single mode fibre containing 

birefringence result in wavelength dependent PDL. Knowledge of the wavelength 

dependent PDL is very important for system designers and manufacturers for the 
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management of power. The presence of PDL in optical fibres presents a challenge 

in PMD measurements due to their interesting interactions with PMD.  

4.2.1. Wavelength dependent PDL 

The concatenation of many PDL components combined with single mode fibres 

result in wavelength dependent PDL due to the relative orientation of the PDL 

axes. This is because each PDL component and birefringent segment in the 

concatenated link transforms the fixed input state of polarization (SOP) to a 

different output SOP, dependent on the wavelength due to its birefringent nature.  

 

In the work of Yang et al. (2005) the total PDL was found to be wavelength 

dependent in the presence of fibre sections containing PMD. They considered the 

case of a pure PDL environment and found the PDL to be constant with 

wavelength while on the other hand a PMD object was inserted and they found 

PDL to change with wavelength.  

4.2.2.  Interaction of PDL and PMD 

In systems with PDL and PMD the wavelength dependence of PDL as already 

mentioned above is observed. The reason is attributed to the orientation of the 

polarization states due to birefringence within sections of SM fibres, as previously 

discussed. 

 

The theoretical work of Gisin and Huttner (1997) showed that a PDL element 

sandwiched between two fibres with PMD can increase the DGD of the link. They 

also found that in the presence of both PMD and PDL, the two principal states of 

polarization are not orthogonal; this leads to anomalous pulse width broadening.  

 

In the experimental work of El Amari et al. (1998), two PDL components separated 

by an element presenting PMD were combined. They observed that for the case of 

two PDL components without PMD, the PDL is relatively constant with wavelength, 

while in the presence of PMD the PDL becomes wavelength dependent. The 

fluctuation of PDL with wavelength was observed to increase as the PMD value 

increases. Similar results are shown in Chapter 6 of this dissertation. In addition, 
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the PDL data can be used to infer the information on PMD. El Amari et al. (1998) 

showed that it is possible to extract the PMD information from PDL data based on 

the Fast Fourier Transform (FFT). For a known PMD value interlinked between 

PDL components, the value of PMD was determined by applying a Gaussian fit to 

the FFT data. Similar PMD results were obtained in this dissertation; section 6.7 

shows good agreement of the PMD results obtained from the JME and FFT 

methods. 

 

In the work of Lu et al. (2002), the outage probability induced by PDL and PMD 

was predicted using Monte Carlo simulations. The system consisted of 10 000 SM 

fibres with 100 PM fibre segments. They considered PDL values in the range of 0 

to 0.04 dB and PMD values of 0 to 5 ps.  They observed that the outage probability 

decreased as the power margin increased (0.3 to 1.0 dB) for links with PDL only, 

but they observed that this is not as effective for the case of combined PDL and 

PMD. Therefore, they concluded that an extra power margin is required for the 

case of PDL and PMD. 

 

Gisin and Huttner (2000) simulated the bit error rate (BER) of a 600 km 

transmission link with 200 trunks with random mode couplings, each with 1 to 2 ps 

PMD. In addition, sections with 0.8 dB of PDL were added between each trunk 

with random orientations. They first plotted the BER with the influence of DGD 

only, and they added the PDL which resulted in an increase of the BER above the 

maximum value obtained with no PDL. Therefore the increase in the BER was 

attributed to the combined effects of PDL and PMD.  

 

Sivasubramanian and Ravichandran (2007) in their theoretical work showed that 

pulse narrowing occurs in fibres when polarization dependent loss is present 

despite the presence of finite differential group delay leading to polarization mode 

dispersion. They observed that the pulse narrowing depended in addition on the 

state of polarization in which the input light was launched. They derived equations 

representing the optical power of the pulse for different cases of the input states of 

polarization in terms of PMD and PDL. They found from their equations that the 

pulse narrowing is prominent for a PMD of 30 ps, a PDL of 3.5 dB and an input 
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pulse width of 100 ps in different states of polarization for a PDL element 

sandwiched between two PMD elements. 

4.3. PDL statistics  

The probability density function of the polarization dependent loss (PDL) of a 

system with several components has been investigated by a number of groups (El 

Amari et al. 1998, Gisin and Huttner 2000, Mecozzi and Shtaif 2002, Vinegoni et 

al. 2004 etc.). However, there is a wide range of statements concerning the PDL 

statistics in the literature. El Amari et al. (1998) showed by derivation that when the 

number of PDL components is larger than two, the distribution is a Gaussian-like 

distribution. Mecozzi and Shtaif (2002) showed that the PDL is Maxwellian 

distributed when expressed in dB and is independent of the system’s PMD which 

in this case the statistics will be due to the random signal polarization state 

between each component in the link. Lu et al. (2001) showed that PDL is Raleigh 

and Maxwellian distributed when considering pure PDL values and low DGD 

values. 

 

In the work of Fukada (2002), a probability density function formula resulting from 

Jones matrix and Mueller matrix was used to predict the PDL in an optical system 

consisting of passive components and connecting fibres. The technique 

determines the transmission coefficients of the incorporated devices from their 

PDLs in a transmission system. They verified their analytical PDL results by a 

Monte Carlo numerical simulation where good agreement was observed. 

 

Lu et al. (2001) performed simulations which showed that the probability density of 

PDL is a combination of Raleigh and Maxwellian distributions, for low DGD values 

of the order of 10-5 ps. When the DGD is 15 ps, they found that the PDL was 

Maxwellian distributed. In our PDL statistics we found that small PMD values of the 

order of 0.54 ps are approximated well by the Maxwellian distribution as opposed 

to high values 3 ps, which show a deviation from Maxwellian statistics. These 

results will be presented and discussed in section 6.7. 
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4.4. Compensation of PDL 

High data rate optical fibre communication is one of the fastest growing areas in 

the telecommunication industry. The compensation of polarization effects is one of 

the major key technologies for high-speed and long haul data transmission. Much 

attention in the limitations of high-speed systems has been given to polarization 

mode dispersion. With the growth of WDM and DWDM technologies, various 

components incorporated in these technologies produce PDL which must be 

compensated for PDL.  

 

Yan et al. (2002) in their experimental work use polarization scrambling at the 

beginning of the link and monitor down stream the power fluctuation induced by in-

line components that exhibit polarization dependent loss (PDL). Their PDL 

compensation is accomplished by using the monitored PDL value as a control 

signal to vary a tuneable PDL module and minimize the power fluctuations. They 

perform PDL monitoring and compensation periodically along an 800 km link for 

four 10 Gb/s WDM signals. The PDL compensator reduces the 2 % power penalty 

distribution tail from 6.5 dB to less than 2 % in the presence of 14 ps average 

PMD.  
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CHAPTER 5 

PMD AND PDL MEASUREMENT TECHNIQUES 

This Chapter introduces the techniques used to measure polarization dependent 

loss and polarization mode dispersion. The particular methods used in this study 

are discussed in more detail.  

5.1. PMD measurement techniques 

PMD can be measured in either the frequency or time domain.  In the frequency 

domain, the PMD manifests itself as a frequency dependent state of polarization, 

while in the time domain, the PMD is seen as time dispersion of the transmitted 

light pulse.  

 

PMD in optical fibres and components can be measured using the following 

techniques, with some techniques more suitable under certain conditions than 

others, according to the IEC/CEI 60793-1-48 and CEI/IEC TR 61282-3. 

 

Frequency domain techniques: 

Jones matrix eigenanalysis technique (Heffner, 1992) 

Fixed analyzer technique (Poole and Favin, 1994) 

Poincaré Sphere Analysis (Galtarossa et al. 1996) 

Attractor-Precessor Method (Eyal and Tur, 1997) 

 

Time domain techniques:  

Cross-correlation interferometric technique (Namihira, 1993)  

Generalized interferometric technique (Cyr, 2004)) 

Phase shift modulation (Williams et al. 1999). 

  

While four of these techniques are routinely used by the Optical Fibre Research 

Unit at the NMMU, in this study we focus only on the JME technique, since the 

same method can be used to determine PDL. From this method, PDL information 

can be used to extract the PMD information (Damask, 2005 and El Amari et al. 

1998). 
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5.1.1. Jones matrix eigenanalysis (JME) 

 The transmission matrix of a monochromatic light wave through a linear medium 

such as optical fibre or a fibre optic component can be described in Jones vector 

formalism by ( )out inE T Eω=
� �

 as described in Chapter 3, where ( )T ω  is the 

frequency dependent transfer matrix that characterizes the medium. The 

measured matrix provides information on the differential group delay (DGD) and 

principal states of polarization (PSPs) of the device under test (DUT).  

 

In order to determine the Jones matrix of an optical device, consider the three 

input states of polarization (SOPs) oriented at 0º, 45º and 90º. These SOPs 

generate a 2×2 matrix at each wavelength: 









=

1
)(

4

241

J

JJJ
T βω                                               (5.1) 

 where β  is a complex constant iJ  are ratios obtained from the input and output 

Jones vectors of a specific input polarization. It can be shown (Heffner 1992, 

Heffner 1993 and Derickson 1998) that the DGD at the angular frequency midway 

between two closely spaced angular frequencies, 1ω  and 2ω , is given by: 

                                
12

2

1

ωω
ρ

ρ

τ
−









=
Arg

                                                    (5.2) 

where 1ρ  and 2ρ  are the eigenvalues of the matrix product ( ) ( )1
1

2 ωω −TT , and 

Arg denotes the argument function, that is ( ) ρρ =ibeArg . Heffner (1992) showed 

that the fast and slow PSPs of the fibre are given by the two eigenvectors 

of ( ) ( )1
1

2 ωω −TT . 

5.2. PDL measurement techniques 

A number of techniques exist to measure polarization dependent loss (PDL) 

including: deterministic fixed states, pseudorandom all-states, unpolarized light 

and interferometric method (Zhou et al. 2007). The traditional deterministic fixed 
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states methods, namely the Jones Matrix Eigenanalysis (JME) and Mueller matrix 

method (MMM), employ a fixed number of input states of polarization (SOPs) to 

measure the PDL. The pseudorandom all-states method measures PDL from the 

difference in the output power as the input SOPs are varied to include all possible 

SOPs. Examples are the polarization scrambling method and the optical spectrum 

analyzer (OSA). Recently another fixed deterministic states method generating 

only two SOPs, called the two states method, has been reported by Zhou et al. 

(2007).  

 

The JME, OSA and polarization scrambling methods will be implemented in this 

study for characterization of PDL measurements in optical components and fibres.  

5.2.1. Polarization scrambling method 

This is the easiest and most accurate method in comparison to the other methods 

for determining PDL since only one wavelength is specified for a PDL 

measurement of an optical component. In this method, polarized light is coupled 

into a time varying polarization controller (polarization scrambler), which is then 

coupled into the device under test (DUT). The light at the DUT output is measured 

by a high speed power meter. As the state of polarization (SOP) is rapidly varied 

by the polarization scrambler, the maximum and minimum output powers are 

recorded by the power meter. The PDL is calculated from the difference in the 

maximum and minimum powers or optical transmittance expressed in decibels 

(dB) using equation 3.6 in Chapter 3:  

max

min

10 log
P

PDL
P

 
= ×  

 
                                           (5.3) 

where maxP and minP  are the maximum and minimum output powers, respectively 
(Derickson 1998).  
 

The accuracy of the measurement is limited by the uniformity of the incident power 

level. It cannot be determined from the measured power values whether a change 

in power was caused by the DUT because of polarization dependent transmission 

properties, or because of a fluctuating output power at the source. Therefore a 
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high level of power stability is required. The power meter must be sufficiently fast 

(milliseconds scale) to capture all the extrema from the changing output SOPs.   

 

Another complication in this method is the choice of the polarization scrambler. In 

order to make accurate measurements and sample all possible states, the 

polarization states that the scrambler produces need to be uniformly distributed on 

the Poincaré sphere. The appropriate polarization scrambling speed chosen is 

very important for the measurement of PDL. The scanning time also reduces the 

high uncertainties in the PDL results (this will be discussed further in Chapter 6 

under the polarization scrambling method).  

5.2.2. Optical Spectrum Analyzer (OSA) 

Another method used to calculate PDL of a device based on determining the 

maximum and minimum powers is through using the optical spectrum analyzer 

(OSA). This is very similar to the polarization scrambling method. In this method 

the polarization state of the incident light is altered by manually varying the 

polarization controller. The variation in the output powers are used to determine 

the maximum and minimum powers and the difference is the PDL (in dB) of a 

device. The accuracy in this method is limited to the resolution bandwidth 

specified, the sweeping time which is affected by the sensitivity of the incorporated 

devices and the number of trace points selected relative to the chosen wavelength 

range. Therefore a suitable polarization scan time and appropriate trace points for 

the selected wavelength range will result in accurate PDL measurements.  

5.2.3. Mueller matrix method 

PDL of optical devices can also be measured by the Mueller matrix method 

(MMM). This method is based on generating four known polarization states to the 

device under test (DUT). The optical power transmission is then measured at 

these four states. The input signal, represented by its Stokes vector inS , interacts 

with the optical device (DUT), represented by a four-by-four Mueller matrix M . 

The emerging light represented by its Stokes vector outS , is defined as follows: 
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Indicating the total output power, the first element of outS , is then given by 

11 0 12 1 13 2 14 3out in in in inS m S m S m S m S= + + +  .                      (5.5) 

Only the matrix elements of the first row of the Mueller matrix, 11m , 12m , 13m , 14m  

are therefore needed to calculate PDL. For the four input SOPs at 0º, 90º, 45º and 

the right-hand circular state the transmission T can be obtained from the measured 

optical powers (Derickson, 1998) and is  calculated as follows:  

11
1 2

12

1 2

13

11

3 11
14

11 4 11

1
2 2

1
2

2

A B

a b

A B

a b

C

c
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d

m P P T T
P P

m P P
T TP P

m P
m

P
T mm P

m T mP

    + +                   −   −      = =       −         −     − −       

                       (5.6)  

where 
a

A

P

P
T =1  at 0º (linear horizontal polarization state),  

          
b

B

P

P
T =2  at 90º (linear vertical polarization state),  

          
c

C

P

P
T =3  at +45º (linear diagonal polarization state) and  

          
d

D

P

P
T =4 , which is the right hand circular polarization state. 

The capital subscripts (A, B, C, D) are measured powers at the four states with the 

DUT and the lower-case subscripts (a, b, c, d) are the measured powers without 

the DUT.   

 

The maximum and minimum transmissions are expressed as follows (Derickson, 

p. 358, 1998); 
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2
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2
1211max mmmmT +++=                                                                                                         

2
14

2
13

2
1211min mmmmT ++−=  .                                                     (5.7) 

PDL is then calculated using:  

min

maxlog10
T

T
PDL = .                                                               (5.8)      

Most optical components, inclusive of the polarization controller, have PDL. A 

reference measurement is therefore required prior to the insertion of the DUT, in 

order to take into consideration any residual PDL originating from measuring 

instruments and other components in the system.  

5.2.4. Jones Matrix Eigenanalysis (JME) method  

Compared to the Mueller matrix method which utilizes four SOPs to perform a PDL 

measurement, the JME method utilizes only three SOPs. From Chapter 3 the 

transmission properties of an optical device were represented by the complex 

Jones Matrix ( )T ω . The product of the Jones matrix and its conjugate transpose 

can be then be used to determine PDL of an optical component. Consider ( )tT ω∗  

being the complex conjugate transpose matrix as in Chapter 3 (section 3.4.3), then 

PDL is determined from (equation 3.23): 

2( ) ( ) 0tT T Aω ω∗ = ≥                                                 (5.9) 

and finding the maximum and minimum intensity transmission coefficients is 

equivalent to finding the extrema values, that is, finding the highest and lowest 

values of ( ) ( )tT Tω ω∗ . Thus, maxT  and minT  are given by the eigenvalues ( 1λ , 2λ ) of 

( ) ( )tT Tω ω∗  in equation 5.9 (Yang et al. 2005).  Following from equation 3.24 in 

section 3.4.3 of Chapter 3, PDL is determined from: 

max 2

min 1

( )
10log 10log

( )

t

t

T T T
PDL

T T T
λ
λ

∗

∗= =                                 (5.10) 
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5.3. Comparison of the three PDL measurement techni ques 

All the three methods have been used for characterizing PDL in optical 

components and optical fibres (Kim and Buerli, 2000). The main advantages of the 

polarization scrambling method are its simplicity, speed and accuracy. The optical 

spectrum analyzer method (OSA) is simple to use. It is only limited by the 

polarization states it produces through the DUT and is also time consuming. Any 

residual PDL of the measurement system, which in this case incorporates the 

polarization controller and power meter, will directly contribute to the uncertainty of 

the measurement.  

 

The JME and Mueller matrix methods are not necessarily easy to use as they 

incorporate the use of matrices. The Mueller matrix method produces accurate 

results while the accuracy of the JME is limited by its high sensitivity due to the 

measurement of SOPs. The main disadvantage is their measurement complexity 

and the need for extreme care during measurement to avoid any external 

disturbances which might lead to errors in obtaining PDL results of a DUT. A 

comparison between the polarization scrambling, JME and OSA measurement 

results will be shown in Chapter 6. The Mueller matrix method is not considered 

since it has a similar operation principle to the JME technique. 

5.4. Experimental setups 

In this section the experimental setups used in this work to measure the PDL of 

optical devices and fibres using the JME, OSA and polarization scrambling 

techniques are shown. 

 

5.4.1. Polarization scrambling method  

   
 
 
 
Figure 5.1: PDL measurement set-up using the polarization scrambling method. 
 

The setup consists of a Fabry-Perot laser source (EXFO IQS-2100), polarization 

scrambler (EXFO IQS-5100B) and power meter (EXFO IQS-1700), which are all 

housed in the IQS-500 Intelligent Test System.  The spectral range of the source is 
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between 1525nm to 1580 nm with resolution of 0.01 nm. Figure 5.2 shows the 

spectral range of the IQS-2100 Fabry-Perot laser source obtained using the optical 

spectrum analyzer. This measurement was done as part of this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The scrambling speed can be varied from 0.5 s up to 99.9 s according the required 

average of measurements. The power meter has a resolution of ±0.001 dB, 

stabilization time of 0.3 ms. The measurement of PDL should be performed on all 

polarization states. The results are the variations in the optical power, from which 

the PDL information of an optical component is determined. All measurements 

were conducted at a wavelength of 1550 nm. 

 

5.4.2. OSA method 

Figure 5.3 shows the setup used to measure PDL of optical devices using the 

optical spectrum analyzer (OSA).  

 

   
 
 
 
Figure 5.3: PDL Measurement set-up using the optical spectrum analyzer. 
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Figure 5.2: Spectrum of the IQS-2100 Fabry-Perot laser source obtained 

using the optical spectrum analyzer.  
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The polarized EXFO’s M 2100 broadband source (1480-1620 nm), manual 

polarization controller (Lefebvre’s loops) and the Agilent 86142B OSA power meter 

are used for measurement of PDL components using the OSA.  

5.4.3. JME method 

Figure 5.4 shows the experimental configuration for the PMD and PDL 

measurements using the JME method. 

 
 
 
 
 
Agilent 8164A            Adaptif Photonics        Device Under     Adaptif Photonics 
                                         A3200                          Test                     A1000 
 
Figure 5.4: The experimental setup used to measure PMD and PDL using the JME 

method. 

 

A tuneable laser source is used to scan over a specific wavelength range. At each 

wavelength, the transmission matrix of DUT is determined by measuring the output 

SOPs for three known input SOPs, namely 0º, 45º and 90º. Although any three 

distinct known input SOPs may be selected (Derickson 1998 p.225), the three 

linear SOPs (0º, 45º and 90º) are selected for simplicity of obtaining the 

transmission matrix of an optical device. It is very important to wait for about 10 

minutes after setting up the experimental equipment to make sure the system is 

not vibrating. This is done to keep as low as possible the influence of the 

incorporated equipment other than the DUT, to reduce additional PDL that might 

lead to incorrect measurement of the PDL for the DUT. Measurements with the 

JME method require a stable environment for accurate results. 
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CHAPTER 6 

RESULTS AND DISCUSSION  

As described in the previous chapter, we have implemented the polarization 

scrambling method, the optical spectrum analyzer (OSA) method and the Jones 

matrix eigenanalysis (JME) method to measure the PDL of optical fibres and 

passive optical components. We start by analyzing PDL results from individual 

components obtained using the three methods separately. A comparison of the 

results from the three methods is then presented and discussed.  PDL results on 

buried and aerial fibres will be investigated. Concatenation of components with 

PDL is shown and the combined effects of PDL and PMD are then investigated. 

Finally the effect of PDL and PMD on bit error rate (BER) is investigated using 

simulation software from Virtual Photonics Transmission Maker 7.5.  

6.1   PDL measurements using the JME method  

In this section the PDL measurement results of different optical components were 

obtained using the JME method. Some of the commonly used optical devices and 

components at high transmission rates include isolators, splitters, attenuators as 

well as optical fibres. Characterization of these devices is necessary in the design 

and management of optical fibre communication systems.  

 

The tuneable laser source was swept between 1520-1570 nm with a resolution of 

0.1 nm. Figure 6.1(a) and (b) illustrate PDL measurement results for a 50:50 1×2 

splitter and a 3 dB attenuator. In optical systems an optical splitter is used to 

combine or split input light into several different paths while an attenuator is used 

to reduce the amplitude of the input signal without changing its waveform.  It can 

be seen in Figure 6.1 that the PDL changes with wavelength. The change of PDL 

with wavelength is attributed to the intrinsic imperfections resulting in birefringence 

in a component. Thus the input states of polarization through any PDL element 

results in varying output SOPs and therefore resulting in power fluctuation. Note 

also that the influence of the connecting fibres must be taken into consideration 

since they might lead to the non-negligible imperfections. 
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The wavelength range between 1550nm to 1570 nm shows a progressive increase 

of PDL with wavelength in Figure 6.1 (a). This is because the splitter has segments 

of single mode fibre (SMF) which are looped and this result in bend losses that 

tend to increase PDL for higher wavelengths due to macrobending. Harris and Ives 

(2002) and Lu et al. (2001) found that the presence of PMD of the order of 0.1 ps 

or less in the connecting fibres and also the birefringence within the components 

results in PDL being wavelength dependent. This is because a varying 

birefringence results from different magnitude of the connecting fibres and 

components which might result in mode coupling causing the observed PDL 

change with wavelength. Similar results have been obtained by Yang et al. (2005). 

They have reported that the PMD in optical components causes the PDL to be 

wavelength dependent. According to Yang et al. (2005) a large wavelength range 

is necessary to approximate the true status of the PDL component since each 

specific wavelength can be characterized for its own PDL value.  

 

Figure 6.1 (a) is smoother than (b). The PDL fluctuations in Figure 6.1 (b) could be 

attributed to the high birefringence intrinsically present in the attenuator which 

makes it have strong wavelength dependence. Section 6.5, section 6.6 and 

section 6.7 present some wavelength dependence of PDL. 

6.2. PDL measurements using the Polarization scramb ling method  

As already explained in Chapter 5, under the polarization scrambling method 

(section 5.2.1), the main principle relies on capturing the maximum and minimum 
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Figure 6.1:  Spectral PDL measurement result for the (a) 1×2 splitter   and (b) a 

3 dB attenuator. 
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optical power over time as the polarization state of the light is continuously 

changed. The PDL is then taken as the difference between the maximum and 

minimum transmitted power. Accuracy in this method is limited by the scanning 

time selected and the power stability of the light source. The longer a polarization 

scan takes the smaller the uncertainty in the PDL values (Derickson, 1998) as 

more polarization states are generated through the device under test (DUT). 

Equation 6.1 shows the relationship between the PDL error ( PDL∆ ) and the 

measurement scan time for the polarization scrambling method: 

                         
1PDL

PDL scan time
α∆

.                                                 (6.1) 

The measurement system was left to stabilize for at least 20 minutes. The 

warming up of the measurement system is very important in order to ensure that 

the influence of the setup on the measured PDL results is kept to a minimum. 

Therefore a high level of power stability must be achieved for accurate PDL 

measurements.  

 

In order to test experimentally the output uniformity, the input signal (EXFO Fabry-

Perot laser source) was scrambled by using a EXFO IQS-5100B polarization 

scrambler and we then measured the corresponding output SOPs using an Adaptif 

Photonics polarization analyzer (A1000). The resulting Figure 6.2 shows the 

measured output SOPs at a sampling rate of 5 kHz and scanning period of 0.5 s. 
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Figure 6.2: Representation of polarization states of the scrambled input signal 

measured for a period of 0.5 s and sampling rate of 5 kHz. 
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Moreover, it is necessary that the output states of polarization (SOPs) be uniformly 

distributed on the entire Poincaré sphere (Yang et al. 2005).  As is evident in 

Figure 6.2, the output SOPs are uniformly distributed over the entire Poincaré 

sphere. This will result in accurate monitoring of polarization dependent loss as 

more output SOPs are generated and there is a better chance of finding the 

maximum and minimum powers relative to the number of output SOPs generated.  

 

The accuracy of a PDL measurement will first be considered here: A series of PDL 

measurements were performed on an isolator by varying the scanning time. The 

PDL measurement for each scan time was repeated 20 times, during which the 

measurement setup remained undisturbed. By “undisturbed” in this case we mean 

obtaining the PDL measurement repeatedly, scan by scan without connecting or 

disconnecting the setup. The PDL error was then calculated from the standard 

deviation of the overall 20 scans.  Figure 6.3 shows the PDL error as a function of 

different scan time selected. It can be seen that as the scan time increases the 

uncertainty in the PDL measurements is reduced. This can be explained by 

considering the fact that at longer times more SOPs are sampled, as already 

stated, so there is a better possibility of measuring the maximum and minimum 

powers.  
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Figure 6.3: Calculated PDL uncertainty vs. the measurement scan time for the 

polarization scrambling method. Note that each scan time was repeated 20 times 
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When performing PDL measurements using the polarization scrambling method, 

much attention should be given to the power meter’s averaging time and the scan 

rate of the polarization scrambler. This is because short averaging times will imply 

that shorter measurement times are required. The PDL uncertainty therefore is 

high since the numbers of polarization states generated by the polarization 

scrambler are small with short measurements times. A faster polarization scan rate 

implies more polarization states and therefore less PDL uncertainties. Longer 

averaging times on the other hand can result in incorrect PDL measurements 

since the maximum and minimum powers will be averaged out. 

 

Figure 6.4 (a) and (b) shows the measured PDL results for the isolator and a 

shipping drum cable (6.03 km), as the input state of polarization (SOP) is varied for 

a scan time of 10 s. (An Optical isolator is used in fibre optic systems to propagate 

the signal in one direction while preventing the propagation of signals along a 

reverse direction that might interfere with the transmitted signal). The output power 

variation, where one finds the maximum and minimum powers, is used to 

determine PDL. 

          

 

 

 

 

 

 

 

 

 

 

 

It can be seen in Figure 6.4 (a) that the measured output power for the isolator is 

relatively uniform since there is uniform birefringence with little or no mode 

coupling. The shipping drum of undeployed cabled fibre on the other hand showed 

rapid power fluctuations. This could be attributed to the birefringence and mode 
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    Figure 6.4: The power variation for (a) an isolator and (b) single mode cabled fibre on a 

shipping drum obtained using the polarization scrambling method with scan time of 10 s 

at 1550 nm. 
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coupling within the fibre (of length 6.03 km). A PDL value of 0.074 ± 0.006 dB is 

obtained for an isolator, whereas the single mode fibre shipping drum cable 

consisting of 24 fibres, each 6.03 km in length, gave 0.024 ± 0.005 dB as shown in 

Figure 6.4 (a) and (b) respectively. Similar measurements of PDL for the same 

isolator were undertaken, this time the scan rate was selected at 60 s and Figure 

6.5 shows the corresponding PDL results. It can be seen from Figure 6.5 that the 

obtained PDL value is 0.074 ± 0.003 dB. In this case the PDL value obtained for 

60 s (0.074 dB) is similar to the one obtained for 10 s (0.074 dB). The only 

difference is in the PDL uncertainty with 0.006 dB for 10 s and 0.003 dB for 60 s. It 

can be seen that increasing the scan time reduces the PDL measurement 

uncertainties as shown by Figure 6.5. Note that both measurements of Figure 6.4 

and 6.5 were taken at 1550 nm wavelength. 

6.3. PDL measurements obtained using the OSA  

The OSA method is similar to the polarization scrambling method. The difference 

is only the polarization controllers, manual for OSA method and automatic for the 

polarization scrambling method. The drawback of this technique is high 

wavelength sensitivity and the insufficient generation of the polarization states. 
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Figure 6.5: PDL measurement of an isolator, obtained using polarization scrambling 

method with a scan time of 60 s at 1550 nm. 
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Obtaining the maximum and minimum output powers in this method is not easy 

and so careful consideration must be taken into account when dealing with PDL 

measurements using the OSA. Another drawback is that this method is time 

consuming.  

 

Figure 6.6 shows PDL measurement results for a 50:50 1×2 splitter (the same 

splitter as what was discussed in section 6.1). The number of data points collected 

was set to 10000 and averaging over 100 scans. Figure 6.6 (a) show the output 

maximum and minimum powers in dB as a function of wavelength while Figure 6.6 

(b) plots the difference in the maximum and minimum output powers of Figure 6.6 

(a), that is, the PDL, as a function of wavelength.  

 

 

 

 

 

 

 

 

 

 

 

 

A PDL measurement of 0.073 ± 0.006 dB was obtained at 1550 nm as shown in 

Figure 6.6 (a). The spectrum was selected between 1520-1570 nm as shown by 

Figure 6.6 (b). The average PDL within the selected wavelength range was 0.15 ± 

0.01 dB. As previously discussed, the PDL changes with wavelength could be 

attributed to the intrinsic imperfections resulting in birefringence in the component. 

The influence of connecting fibres (patchcords) contributes a negligible amount of 

PDL.  

A dense wavelength division multiplexing (DWDM) multiplexer was also measured 

for PDL at 1550 nm as seen in Figure 6.7 (a). The result gave a PDL 

measurement of 0.035 ± 0.004 dB. Figure 6.7 (b) shows the spectral range 
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Figure 6.6: PDL measurement using OSA of a 50:50 1×2 splitter showing (a) max./min  

power spectrum and (b) calculated PDL spectrum (PDL=max.-min). 
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selected between 1549.0 nm to1551.5 nm. The standard deviations were obtained 

by performing 20 measurements, similar to the polarization scrambling method. 

 

 

 

 

 

 

 

 

 

 

 

6.4. Comparison of PDL measurements techniques  

Measurements have been performed to compare the three techniques on a range 

of components. The PDL measurements were performed over a 1 minute period 

and at an interval of 2 minutes between each measurement. A set of 20 

measurements were performed without disturbing the set-up and the results were 

compared at a wavelength of 1550 nm. This is the wavelength (1550 nm) at which 

the power meter in the polarization scrambling method is specified and also the 

measurement periods of 1 minute as already indicated in section 6.2 leads to 

lower uncertainty in the polarization scrambling method PDL measurements as 

shown in Figure 6.3. The results obtained are shown in Figure 6.8 for two of the 

devices, namely an isolator and a 50:50 1×2 splitter. 

 

Figure 6.8 (a) and (b) show the PDL measurements respectively of the isolator and 

50:50 1×2 splitter obtained using the three techniques: (polarization scrambling, 

JME and OSA). Both figures show a high fluctuation of JME results as compared 

to the polarization scrambling method and the optical spectrum analyzer. A 

possible reason for this could be attributed to the fact that in the JME method one 

measures the output states of polarization (SOPs) while in the polarization 

scrambling method and OSA one measures the output powers.   
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   Figure 6.7: DWDM multiplexer (a) Power as a function of wavelength and (b) PDL as a  

  Function of wavelength for the selected range. 
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Also noticeable in Figure 6.8 is the relatively high PDL fluctuation of the OSA 

method in comparison to the polarization scrambling method. In the polarization 

scrambling method an automated scrambler is employed to randomize the input 

SOPs to different output SOPs which generate sufficient SOPs, while in the OSA 

method the input SOP is manually controlled and there is a high chance that not all 

possible SOPs are generated.  

 

In order to make the comparison between the three methods more clearly, the 

mean values and standard deviations for the measured PDL values are listed in 

Table 6.1. The PDL results are generally in close agreement. The high standard 

deviations for the JME method are due to the large error as a result of the 

measured SOPs. The SOPs can be affected by the change of birefringence within 

connecting fibres and components while the power is less affected. This is in 

agreement with the experimental observation from Zhou et al. (2007). They 

showed that the SOPs can be affected by the change of birefringence within 

components during the measurement, while the power is less affected. Not only 

does the birefringence change the SOP, the topological (geometrical phase) effect 

can alter the SOP of the light signal. This results when the patchcord does not 

remain in one plane (for example suspended on the air upon which the fibre coil 

lies). Therefore the influence of the connecting fibres cannot be ignored. 
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    Figure 6.8: PDL measurement results for (a) isolator and (b) splitter obtained using 

    the three techniques. 
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Table 6.1: Comparison of PDL measurement results at 1550 nm obtained by the 

polarization scrambling, JME and the OSA techniques. Also included are product 

specifications as provided by the suppliers.  

 

  Components  

 Polarization 

Scrambling 

  method(dB) 

JME method 

(dB) 

OSA method 

(dB) 

Specification 

(dB) 

 

Isolator 

 

0.072±0.002 

 

0.079±0.011 

 

0.077±0.005 

 

0.06 

 

  3dB Attenuator 

 

0.051±0.003 

 

0.055±0.008 

 

0.053±0.004 

 

0.05 

  

 Shipping drum 

 

0.022±0.001 

 

0.025±0.008 

 

0.023±0.005 

 

0.02 

 

     1×2 Splitter 

 

0.070±0.003 

 

0.075±0.010 

 

0.071±0.005 

 

0.07 

 

6.5. PDL  results of buried and aerial fibres 

The field PDL measurements were obtained from fibres in a buried loose tube 

cable linking Sidwell and Linton Grange exchanges in Port Elizabeth. The length of 

the cable was 14.4 km which was looped to make an overall length of 28.8 km. 

The PDL measurements on aerial fibres were measured in St Albans (7.1 km 

aerial link extending from St Albans to Rocklands outside Port Elizabeth). The 

polarization scrambling method was used for the aerial and buried fibre 

measurements. The JME method was only used for buried links due to its high 

sensitivity to the environmental perturbations (wind, temperature and etc.) which 

makes it not suitable for the aerial PDL measurements. Since the OSA obtains 

PDL measurements in a similar manner to the polarization scrambling method, we 

were unable to use it in the field due to time constraints imposed by the network 

operator. 

 

 Figure 6.9 shows the power variation results for buried and aerial fibres obtained 

by the polarization scrambling method. There is a rapid power fluctuation for both 

the buried and aerial fibres. The measured PDL for both buried and aerial fibre is 



 

 

48 

0.080 ± 0.002 dB and 0.122 ± 0.010 dB respectively. It can be seen that the aerial 

fibre has high PDL uncertainty of 0.010 dB and this could be attributed to the 

environmental fluctuating effects such as temperature and wind that affect 

transmitted power. 

 

 

 

 

 

 

 

 

                        

 

  

The JME method was used to measure PDL for the same buried fibre link as 

above. Figure 6.10 shows the PDL versus wavelength spectrum. The PDL 

spectrum changes with wavelength due to the presence of PMD in the fibre. This 

is because sections of fibre present different magnitudes of birefringence which 

causes the change of polarization states with wavelength, therefore results in 

wavelength dependent PDL. Since the measured link was long (28.8 km) there are 

many mode coupling sites which makes PDL strongly wavelength dependent.  
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Figure 6.10: PDL versus wavelength measurement obtained using the JME method.    
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Figure 6.9: PDL measurements results of (a) buried fibre link and (b) aerial fibre conducted 

at 1550 nm wavelength. 
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Polarization scrambling method and the Jones matrix eigenanalysis method gave 

0.080 ± 0.002 and 0.090 ± 0.01 dB at 1550 nm for a buried link. The polarization 

scrambling method stands out to be a better method as compared to the JME and 

the OSA methods due to its accurate results and since it is the fastest of them all. 

Further illustration of wavelength dependence will be shown by some of the figures 

in section 6.7. 

6.6. PDL results from the concatenation of  the spl itter  

Having measured optical components separately in section 6.1 to 6.3, the 

concatenation of one of the components is investigated. Only the JME method is 

utilized in this section. 

In figure 6.11 (a) a plot of PDL as a function of wavelength is shown for a 

concatenation of splitters. It can be seen that the addition of each splitter increases 

the global PDL in the link. The total PDL in the link is not simply the sum of the 

PDL values for individual splitters, rather, it is less than the expected total PDL 

value, (PDLAVG). For example a single splitter (see Figure 6.11 (a)) had PDLAVG of 

0.11 ± 0.01 dB. By adding a similar splitter of the same magnitude we expected a 

value of 0.22 ± 0.02 dB but instead we obtained 0.18 ± 0.02 dB as evident in 

Figure 6.11 (a). This is due to the fact that the polarization sensitive axes of the 

PDL components are not aligned relative to each.  

 

 

 

 

 

 

 

 

 

 

 

1520 1530 1540 1550 1560 1570

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45 (a) 50:50 1x2 splitter
 1 splitter (PDL

AVG
= 0.11dB)

 2 splitters (PDL
AVG

= 0.18dB)
 3 splitters (PDL

AVG
= 0.24dB)

P
D

L 
(d

B
)

Wavelenth (nm)  

1 2 3
0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45
(b)

P
D

L 
(d

B
)

No. of splitters

 PDL
AVG

 PDL
AXIS ALIGNED

 
 

  Figure 6.11:  PDL variation as a function of (a) wavelength and (b) number of splitters  

  for a concatenation of 1, 2 and 3 splitters. 

 



 

 

50 

Therefore the overall PDL depends on the relative random orientation of the PDL 

axes at each connection point. The PDL axis as defined by Gisin et al. (2000) is 

the point on the Poincaré sphere corresponding to the polarization state with 

minimum attenuation. 

 

Figure 6.11 (b) shows the average PDL value obtained from the measured data of 

a single scan, and PDLAXIS ALIGNED.  The latter is determined from the algebraic sum 

of the PDL of each individual component, assuming the PDL axes are aligned.  

When designing an optical network, it is recommended to make use of individual 

components of approximately the same PDL magnitude (El Amari et al. 1998) in 

order to more accurately predict the global PDL. This is done to avoid the overall 

PDL being dominated only by the component with high PDL. A component with 

higher PDL than the others will lead to inaccurate prediction of PDL statistics and 

consequently inaccurate system power budget.  Consider Figure 6.12, which 

shows the orientation of the PDL axis when they are aligned (left) and not aligned 

(right). 

 

 

  

 PDL = 0.11 dB       PDL = 0.11 dB              PDL = 0.11 dB       PDL = 0.11 dB         

       (PDL axes aligned)                                         (PDL axes not aligned) 

         Output PDL = 0.22 dB                                   Output PDL < 0.22 dB 

 

Figure 6.12: Representation of the transmission surfaces for aligned and nonaligned PDL 

axes/vectors. 

               

The idea in the global PDL can be explained as follows: In the first case the PDL 

vectors are aligned, resulting in 0.22 dB overall PDL. However, in the second case 

the PDL vectors are misaligned resulting in the overall PDL being reduced due to 

the cancellation of the PDL vectors that tends to reduce the overall PDL. From 

figure 6.11 (b) there is a linear increase in the global PDL relative to the number of 

components when the PDL vectors are aligned. In a real system with 

concatenations of many optical components, the overall/system PDL can increase 

45º 45º 45º -45º 
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or decrease depending on the relative orientation of the multiple PDL vectors of 

each component (Damask, 2005).  

 

6.7. Interaction of  PMD and PDL 

This section investigates the interaction of PMD and PDL in further detail. The 

properties of PDL in the presence of PMD will be investigated-specifically, the 

influence of PMD on the statistics of PDL. All the results discussed in this section 

were obtained using the JME method. 

6.7.1. PDL in PMD emulators  

PMD emulators have been widely used in the investigation of PMD effects in 

optical transmission systems and also for the testing of compensating devices. 

They are a vital component in addressing the deleterious effects of PMD in optical 

telecommunication networks. Different PMD emulators have been developed using 

a series of PM fibres (Waddy et al. 2003, Dos Santos et al. 2002, Noé et al. 1999, 

Forno et al. 2000 and Hauer et al. 2002). The PM fibres are normally looped in 

diameters sufficiently large enough to avoid bending losses (dos Santos and von 

der Weid, 2004). Even if the bending loss is reduced, PDL is still generated due to 

the loss difference of the polarization modes. Therefore the bending introduced 

within sections of looped fibre generates PDL which results in distortion of 

transmitted signal caused by both PMD and PDL.  

 

A PMD emulator was constructed as follows: A 10 metre PM fibre was equally 

divided and spliced into 8 segments with random mode coupled splice joints to 

generate a statistical PMD emulator. Each splice junction was considered a mode 

coupling site and each PM fibre segment was considered to contribute to overall 

PDL. The splice loss was kept to a minimum (≤0.02 dB) to avoid any unwanted 

losses that might influence the results by introducing errors. On the other hand, 

PDL was induced by making 5 turns of loops to the obtained PMD emulator so as 

to generate a PMD/PDL emulator.  This is because for a fixed input SOP, bending 

introduced in the PM fibre induces additional birefringence which therefore 

changes the output SOPs, with certain states being attenuated more than other 
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states and thereby leading to extreme values of the output power and generating 

PDL.  

6.7.1. (a) Bend-induced PDL  

Figure 6.13 (a) and (b) respectively show the PDL spectra obtained for the PM 

fibre before and after being cut and spliced into 8 subsections to generate a 

statistical PMD/PDL emulator. The fast and slow polarization axes of the segments 

within the entire emulator are randomly aligned. Both figures show a PDL spectral 

change with wavelength. Higher PDL fluctuations with wavelength in Figure 6.13 

(b) are attributed to the increased mode coupling sites which are introduced by the 

splice junctions (Kaminow, 1981).  

 

 

 

 

 

 

 

 

 

 

 

 

Initially, the average PDL and PMD before being spliced was 0.11 ± 0.01 dB and 

13.3 ps as shown in Figure 6.13 (a). The error in the PDL value was calculated, 

similar to section 6.4, by determining the standard deviation of 20 scans of the 

PDL data. The increase of the average PDL after splicing is due to the individual 

segments that contribute to the overall PDL in the link. On the other hand, the 

PMD decreases and this is due to the induced mode coupling sites that tend to 

add or subtract PMD of each segment that contributes to the total PMD of the 

emulator. (This observation will be further explained in Figure 6.15 where all eight 

segments of the emulator are characterized). The progressive PDL spectral 

increase with wavelength (Figure 6.13 (b)) is attributed to the fact that at short 
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   Figure 6.13: PDL signature obtained (a) from 10 m PMF and (b) after the PM fibre was 
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wavelengths the two polarization modes (fast and slow principal states of 

polarization (PSPs)) of the signal are well confined in the core region of the PM 

fibre (Hiirokazu et al. 2004). At long wavelengths the loss of the fast and slow axes 

begins to increase due to the added loss which results from macrobending (Keiser 

2000, pp. 130-132). This trend was also observed by Zhou et al. (2007) and Dos 

Santos and Von Der Weid (2004).  

 

Figure 6.14 shows the average PDL measured for one PM fibre section (10 metre 

PM fibre originally not spliced) as a function of different diameters. In this 

experiment, 5 turns of the PM fibre were generated around each diameter and the 

average PDL measured from the PDL signature. The insert is the measured PMD 

for the same diameters and turns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These results indicate very clearly that the bending-induced PDL is high when the 

loop diameter is small. The PMD values, shown as insert, remain fairly constant 

with different diameters. From the results, we therefore conclude that the increase 

of PDL is due to losses associated with the bending introduced when generating 

The author thanks Vitalis Musara for helping in the construction of the emulator 
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Figure 6.14: Average PDL as a function of the loop diameter (cm) for a segment of 

PM fibre (10 meter section). The insert is the PMD as a function of loop diameter. 
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turns around the objects having a particular diameter (rather than losses 

associated with the mode coupling sites). 

6.7.1. (b) Mode coupling 

During the initial stages of the construction of the emulator all eight segments were 

characterized for PMD and PDL. Figure 6.15 shows the PMD and PDL results 

obtained from the eight segments. We observed that the PMD decreases as the 

number of sections increase. This is a result of the PMD vector cancellation 

enhanced by the randomly distributed mode coupling angles/sites. Mode coupling 

sites are intentionally introduced in single mode fibres and polarization maintaining 

fibres to lower the effects of PMD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The average PDL increases as an increasing number of PM fibre segments are 

joined. This is because each segment contributes its own PDL and thereby leading 

to an increase in the overall PDL.  

Since we have already mentioned that the PDL originates from each PM fibre 

segment and together contributes to the overall PDL in the link, according to El 

Amari et al. (1998) the total average PDL is not necessarily the sum of PDL 
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Figure 6.15: Variation of PDL and PMD with the number of PM fibre segments for 

10 metre PM fibre 
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segments. Systems networks can be impaired with values even as small as 0.1 

dB. For example, if one considers one section with an average PDL value of 0.11 

± 0.01 dB as indicated by Figure 6.15, the direct sum of eight segments results in 

0.88 ± 0.08 dB but a value of 0.52 dB has been measured. The increase in PDL 

induces signal distortions and makes it difficult to compensate for PMD in real 

network systems. 

6.7.2. Statistics of PDL in the presence of PMD 

This section investigates the statistics of polarization dependent loss in the 

presence of low and high polarization mode dispersion. The effect of PMD on PDL 

statistics must be considered because a telecommunication link is considered as a 

concatenation of PMD and PDL elements. On the other hand, a long 

concatenation of pure PDL is unlikely in real telecommunication links. 

 

 Figure 6.16 shows the probability density functions (PDF) for the PDL of different 

numbers of concatenated components in the presence of three different values of 

PMD. It is obtained from the PDL spectra (shown as inserts) measured using the 

JME method. A bin size of 0.02 dB was selected. 

 

 Figure 6.16 (a) represents the PDF versus PDL for a concatenation of 5 

components (3 splitters and 2 isolators) interconnected with single mode fibre 

sections. The average PDL for the concatenation is 0.19 dB. The bars represent 

the probability of certain PDL values occurring, while the solid line is the theoretical 

Maxwellian fit. The insert is the collected PDL spectrum from which the PDF is 

obtained. 

 

 Figure 6.16 (b) shows results for the concatenation of the five components as 

above and 3 added polarization maintaining fibres each of length 1.5 metres. The 

PM fibre each had a PMD value of 1.8 ps. The average PDL of the link was 0.32 

dB. A deviation from the Maxwellian PDF is observed and this indicated by the 

areas not populated by the occurrence of PDL values. This could be attributed to   
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 Figure 6.16: Probability density function versus PDL for different concatenated      

components (a) 5 components (b) 8 components and (c) 10 components. 

1520 1530 1540 1550 1560 1570
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

P
D

L 
(d

B
)

Wavelength (nm)  

1520 1530 1540 1550 1560 1570
0.1
0.2
0.3
0.4
0.5
0.6
0.7

 

P
D

L 
(d

B
)

Wavelength (nm)  

1520 1530 1540 1550 1560 1570
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

 

 

P
D

L 
(d

B
)

Wavelength (nm)  

PMD = 3.54 ps 
Bin size = 0.02 

PMD = 5.04 ps 
Bin size = 0.02 
 

PMD = 0.45 ps 
Bin size = 0.02 

(a) 

(b) 

(c) 

Areas not 
populated 

Areas not 
populated 



 

 

57 

the mutual interaction between PMD and PDL (Willner et al. 2004). Similarly in 

Figure 6.16 (c) the high PMD influenced the PDL thereby leading to its deviation 

from the Maxwellian PDF as represented by the areas not populated by the PDL 

values. 

It can be seen from Figure 6.16 that the addition of components increases PDL in 

the link as represented by the tail of the Maxwellian PDF on the right side of each 

graph. This has been observed previously in section 6.6 and section 6.7. Similar 

observations have been found by Corsi et al. (1998), El Amari et al. (1998) and 

Damask et al. (2002) and Fukada (2002) where they used the PDF to predict the 

global PDL of concatenated components and fibres. The Maxwellian PDF was 

applied on the PDL data in Figure 6.16 following the work of Lu et al. (2001) where 

they considered the interaction between PDL and PMD values. 

6.7.3.  Determination of PMD from PDL data 

It is understood that the presence of PMD in a link having PDL results in the PDL 

changing with wavelength (Gisin and Huttner, 1997). This phenomenon can be 

used to obtain information related to PMD from measured PDL data. 

 

In order to investigate the strength of the PMD in a PDL link, measurements were 

carried out with constant PDL and for each component and with varying PMD. The 

frequency of PDL fluctuations depends on the PMD value. The larger the PMD 

value, the higher the fluctuation frequency. The corresponding wavelength 

dependence of the PDL can be seen in Figure 6.17. In Figure 6.17, where a 

splitter and three single mode buried fibres all of the same average PDL values 

(0.2 dB) and different PMD values were selected and plotted. It can be seen in 

Figure 6.17 that the PDL varies gradually with wavelength. The highest fluctuation 

rate of PDL is observed for highest values of PMD as given by the element having 

PMD of 5.45 ps in Figure 6.17. 
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The birefringence within sections of single mode fibre varies randomly along the 

length of the fibre and this affects the state of polarization (SOP) as the 

wavelength is varied. This was explained in the previous sections. Since a splitter 

with lower PMD value has fairly low birefringence, the PDL change as the 

wavelength is continuously varied is minimal in fluctuations. High PMD results in 

high birefringence which results in more rapid fluctuations of PDL changing with 

wavelength. 

     

The results in Figure 6.17 should not be confused with the results in Figure 6.13, 

where a birefringent PM fibre was equally spliced to generate a randomly coupled 

device, resulting in a decrease in PMD as discussed in section 6.7.1.  

To obtain the PMD information from the PDL data, a fast Fourier transform (FFT) 

of the PDL data is applied. A Gaussian is fitted to the curve and by determining its 

width, the PMD information is obtained. This method is based on the fact that a 

PDL element in a PMD environment becomes a statistical quantity, varying with 

the wavelength. This is because sections of fibre present different magnitudes of 

birefringence which cause changes in polarization states as the wavelength is 

varied. 
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Figure 6.17: Various PDL spectra for different values of PMD. 
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Figure 6.18 (a) and (b) show PDL as a function of wavelength and the Fast Fourier 

Transform (FFT) of (a), respectively. A PMD value of 2.979 ps is measured using 

the JME method, as noted in Figure 6.18 (a). From the PDL data, a FFT plot is 

generated and a Gaussian curve is applied (Figure 6.18 (b).  The width of the 

Gaussian fit is used to infer information on PMD. In this case the obtained PMD 

from the FFT method is 2.997 ps as shown in Figure 6.18 (b). Very good 

correlation of the two PMD values is obtained. Further discussion on the FFT 

technique can be obtained from El Amari et al. (1998). From this source the same 

procedure as above is followed. This method is applicable for both negligible and 

non-negligible polarization mode coupling. 

 

From Figure 6.18 (a) the changing of PDL with wavelength as already discussed in 

the previous sections is influenced by PMD which is caused by birefringence within 

sections of fibre and the PDL element.  

 

We performed similar measurements of PMD on other systems; and table 6.2 

summarises these results. It can be seen from table 6.2 that the results for the 

JME and FFT methods compare very well. The standard deviation for the PMD 

determined from the FFT method appears to be higher than when using the JME 

method. We believe this could be attributed to the applied Gaussian fit to the PDL 

data. Note that the central (autocorrelation) peak carries no further information 

related to the PMD. 
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 Figure 6.18: (a) PDL versus wavelength and (b) FFT of the PDL signature for the case 

of a concatenation of a PMD and a PDL element 
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Table 6.2: PMD values obtained from the JME and the FFT of the PDL data 

Device PMD from JME (ps) PMD from FFT (ps) 

50:50 1×2 splitter 0.050 ± 0.005  0.062 ± 0.020 

Isolator 0.135 ± 0.002  0.137 ± 0.080 

Attenuator 1.113 ± 0.011 1.126 ± 0.180 

Single mode fibre1 2.979 ± 0.021 2.997 ± 0.233 

Single mode fibre2 7.008 ± 0.341 7.142 ± 0.642 

 

6.7.4. Long term PDL and PMD measurements 

In this section PMD and PDL results obtained from the laboratory and buried 

single mode fibre are presented and analyzed. This comprises a 24.74 km single 

mode fibre (wound on a shipping spool in the laboratory) and 28.8 km single mode 

buried cable (deployed in Port Elizabeth). The wavelength range was scanned 

between 1520 to 1570 nm with a step size of 0.2 nm and the PDL and PMD 

measured with the JME method. Note that the length of each fibre was confirmed 

using a standard optical time domain reflectometer (OTDR). 

 

Figure 6.19 (a) and (b) show the contour map of the measured PDL and DGD 

(average DGD gives PMD) as a function of wavelength and time for the single 

mode fibre spool. Both PDL and DGD vary slowly with time and wavelength.  

 

In Figure 6.19 (a) the small changes of PDL (step size of 0.05 dB) with wavelength 

and time can be thought to be influenced by the changing DGD. This is because 

sections of single mode fibre induce random birefringence (mode coupling) which 

change the polarization states as the wavelength is varied resulting in PDL 

changing with wavelength. On the other hand, temperature changes can induce 

birefringence and this can result in mode coupling angles varying along the length 

of the fibre. These variations (birefringence and mode coupling) cause PDL/DGD 

to change with wavelength. 
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In Figure 6.19 (b) the DGD changes with wavelength (step size 0.02 ps) and vary 

slowly with time. During measurements the DGD changes with wavelength is 

attributed to different magnitudes of birefringence within sections of single mode 

fibre.  
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Figure 6.19: Contour plots of the (a) PDL and (b) PMD for the 24.74 km spool of fibre. 
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DGD change with time is attributed to induced temperature change that varies 

birefringence within sections of single mode fibre.  

Figure 6.20 (a) and (b) show the colour map of PDL and DGD for the buried link 

respectively.  
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Figure 6.20: Contour plots for buried single mode fibre (28.8 km) with (a) PDL and (b) 

DGD as function of time and wavelength. 
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A step size of 0.05 dB is chosen for the PDL measurements. The PDL changes in 

Figure 6.20 (a) could be attributed to the changing birefringence within sections of 

single mode fibre which result in mode coupling sites as previously discussed. The 

birefringence changes the output SOPs as the wavelength is varied and the 

resultant is PDL changing with wavelength. In addition, variation in temperature 

can induce different magnitude of birefringence leading to changes in polarization 

states. Certain output SOPs will be attenuated more than the others and the 

difference between the maximum and minimum output SOPs generate the worst 

PDL cases are observed as shown for both Figures 6.19 and 6.20.  In addition, the 

JME method is highly sensitive to any variations since one measure SOPs and we 

believe this could be an effect that influenced the observed minor changes in DGD 

and PDL for both figures. 

 

In using a step size of 0.02 ps in Figure 6.20 (b) similar to Figure 6.19 (b), the 

change of DGD with time was observed (not shown) though it cannot be seen for a 

step size of 1.25 ps. The change of DGD with time is attributed to the temperature 

change at the junctions (sites that are not buried-connection sites) where the fibre 

is exposed to the environment. We believe that these parts suffer small DGD 

changes due to the environmental perturbations (in this case temperature) as 

already discussed which induces varying birefringence within single mode fibre 

and therefore resulting in the observed DGD change with wavelength. 

 

The DGD and PDL results for the laboratory showed a significant change of time 

and wavelength. The reason as previously discussed was attributed to the random 

birefringence within sections of single mode fibre. The buried fibre also showed 

PDL and DGD measurements changing with time and wavelength. The DGD 

change with time was very small even selecting a step size of 0.02 (not shown). 

The reason could be due to the fact that for a buried link, the temperature 

variations were not as significant as for the laboratory measurements. To the best 

of our knowledge, these results are the first studies of this type and further studies 

are to be conducted in order to identify any. 
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6.8. Effect of PMD/PDL on the BER 

The rate at which errors occur in telecommunication networks is one of the most 

important parameters to be measured. These errors mainly result at high bit rates 

(≥ 10 Gb/s) with the common cause being polarization mode dispersion (PMD) and 

polarization dependent loss (PDL). In this section a fibre link suffering from the 

effects of PDL and PMD is simulated and the bit error rate (BER) determined using 

Virtual Photonics Transmission Maker 7.5. A simulated environment is important 

since other parameters that might influence BER apart from PMD and PDL can be 

eliminated as compared to experimental work where elimination of these effects is 

not easy. Also, this software is used to generate the eye diagram which is used to 

show how the transmitted signal is distorted by the effects of PDL and PMD. The 

eye diagram is a superposition of pseudorandom patterns consisting of zeros and 

ones of the transmitted bits.  

 

Figure 6.21 shows the schematic diagram used in the simulation to determine the 

bit error rate and the eye diagram.  

 

 

 

 

 

 

 

 

 

 

 

An electrical signal generating 10 Gb/s electrical pulses with pseudorandom bit 

sequence (PRBS) and non-return to zero (NRZ) format is used to modulate an 

optical signal from a continuous wave laser source with an electrooptic lithium 

niobate Mach-Zehnder modulator (MZM). This forms the transmitter of the 

simulated transmission network. 

 

 
  Figure 6.21: System simulation to show the effect of PMD and PDL on BER 
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The input Y junction in the MZM splits the input signal equally between the upper 

and lower waveguides and the output Y junction then combines the two signals. 

The signals can combine constructively or destructively depending on the optical 

path difference between the two branches. The refractive index between the 

waveguides is changed by the electric field induced by an applied voltage. 

Therefore by varying the voltage from maximum to minimum the output signal is 

modulated. The modulated signal is then fed to the loop generator that specifies 

the number of PMD and PDL components in the link.  

 

The PMD is represented by a single mode fibre and the PDL by the polarization 

attenuator, which preferentially attenuates one of its polarization axes. The PDL of 

the fibre was considered negligible in comparison to the PDL of an attenuator. The 

BER tester is represented by RxBER. The scope displays the eye diagram. Figure 

6.22 shows a schematic diagram used to determine the PMD and PDL of the link 

using the Jones matrix. Note that the transmitter is represented as a Jones matrix 

generator while the receiver is represented by a Jones matrix analyzer. 

 

 

 

 

 

 

 

 

 

Figure 6.22: Schematic diagram in VPI Transmission maker 7.5 showing how PMD and 

PDL is determined using the Jones matrix method. The PMD fibre can be substituted with 

PDL components for PDL measurements.  

 

Simulation measurements were conducted on a link affected by PMD and PDL 

using the following parameters: The optical laser was set at 3 mW to provide 

enough power to the receiver and we generated 32768 (215-1 bit length) 

pseudorandom bit sequence (PRBS) bits at a transmission rate of 10 Gb/s. The 

transmission line had an overall length of 100 km. To make sure that the link 
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consisted of only PMD and PDL, all non-linear effects were nulled. Figure 6.23 

shows the simulated BER in a link with PMD and PDL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen that the BER increases with both PMD and PDL. The arrows in 

Figure 6.23 indicate the effect of PMD and PDL interaction. A similar trend has 

been observed by Kim et al. (2002) and they also found this increase of BER with 

both PMD and PDL.  

 

In telecommunication systems, eye diagrams are efficient in evaluating system 

performance. The effects of PMD and PDL are easily recognised through 

visualizing the eye diagrams. The eye diagrams corresponding to PDL values of 0 

and 3 dB and PMD values of 0 and 1.5 ps were generated as represented in 

Figure 6.24. The large part of the eye represented by a shaded area called the 

open area means that the effects of PDL and PMD are set to zero. This is 

represented by Figure 6.24 (a). A 3 dB PDL is added and the upper section of the 

eye is starting to be distorted (interference in the transmitted bits) and this is also 

indicated by the reduction of the shaded part of the open area. This is represented 

in Figure 6.24 (b). 
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             Figure 6.23: The variation of BER with PMD and PDL 
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It can be seen that 1.5 ps PMD results in a highly distorted eye as represented by 

Figure 6.24 (c) and again the shaded area is reduced further. Both PDL (3 dB) and 

PMD (1.5 ps) in a link leads to a distorted eye which results in a complete closure 

of the eye  as represented in Figure 6.24 (d), where the open area has been 

reduced to its smallest shape. It can be seen that both PMD and PDL degrade the 

system more than either PMD or PDL alone as represented by Figure 6.24 (d). 

This is well known theoretically. We have analyzed the effects of polarization mode 

dispersion and polarization dependent loss in high speed transmission systems. 

As both PMD and PDL increase the bit error rate increases. This has been 

identified as the limiting factor at high bit rate transmission systems. It is therefore 

important to consider the combined effects of PDL and PMD. 
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 Figure 6.24: Eye diagrams for cases (a) no PMD and PDL effects (b) PDL of 3 dB and  

0 ps PMD, (c) PDL of 0 dB 1.5 ps PMD and (d) PDL of 3 dB and 1.5 ps PMD with 

different size of the open area for the eye.  
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In summary, in this chapter we have shown how PDL measurements of various 

components were characterized using the three different techniques and PDL 

results of three techniques compared very well. The interaction between PMD and 

PDL and the wavelength dependence of PDL due to the presence of PMD were 

investigated. In addition, PMD was extracted from the PDL data following the 

fluctuation of PDL with wavelength due to the presence of PMD. The bit error rate 

in the presence of both PMD and PDL was characterized and it was shown that 

both effects lead to high BER values. 
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CHAPTER 7 
 

CONCLUSIONS 

One of the purposes of this study was to investigate and assess PDL on different 

components using three PDL measurements techniques, namely, the Jones matrix 

eigenanlysis (JME) method, polarization scrambling method and optical spectrum 

analyzer (OSA) method both in the laboratory and on deployed optical fibre 

transmission links. The combined effects of PDL and PMD were investigated in 

relation to the wavelength dependence of PDL, the bit error rate (BER) and the 

eye diagrams. Furthermore, the PMD was determined for different components 

using the PDL data.  

 

In terms of experimental findings presented in this dissertation, Chapter 6 contains 

PDL results of various components and fibre. The PDL results over a wavelength 

range are presented. The results show that PDL varies as the wavelength 

changes. The PDL change with wavelength is attributed to the random SOP 

rotations (topological effect) within sections of connecting fibres that result in mode 

coupling at the junctions interlinked with components that are polarization 

sensitive. Each wavelength will present its own PDL value that will manifest itself 

as a statistical noise thereby degrading the transmitted signal. This means that 

compensation of PDL for each wavelength is required, especially for DWDM 

systems that incorporate many of the polarization sensitive components. 

 

A comparison of PDL measurements using the three techniques was performed 

for various components. The PDL results from the three techniques compared very 

well. This further increased our confidence on PDL measurements using the three 

techniques.  

 

In real optical links many PDL elements are incorporated and their relative 

orientation cannot be controlled due to the influence of interconnecting fibres. This 

requires a statistical analysis of PDL. A PDL element of the same PDL magnitude 

was concatenated. The mean PDL and standard deviation was considered for 

each concatenation. The results show that PDL increases as the components are 

added but the total PDL is less than the sum of each PDL element in the 
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concatenation. This was attributed to the fact that the polarization sensitive axes of 

the PDL components are misaligned relative to each other and therefore the PDL 

depends on the relative orientation of the PDL axes at each connection since at 

each connection there will be an additional PDL from each individual segment 

contributing to the overall/global PDL.  

 

The combined effects of PDL and PMD were investigated using a PMD/PDL 

emulator. The results show that PMD decreased while PDL increased as the 

segments of PM fibre were joined together to generate the emulator. The decrease 

in the overall PMD was attributed to the induced mode coupling sites which tend to 

add or subtract the PMD of each individual segment of the entire length. Each 

segment had its own PDL value and therefore resulted in PDL increase as the 

segments were joined together. 

 

For a single length of PM fibre wound around different diameters, we observed 

that PDL increased while PMD remain fairly constant from large to small diameters 

and we believe the stress induced in the PM fibre did not contribute to PMD. We 

therefore concluded that the increase of PDL was mainly due to the bend-induced 

losses. 

 

The fluctuations of PDL in terms of different magnitude of PMD were investigated. 

We observed that from low to high values of PMD, the PDL fluctuations with 

wavelength increased. We used this observation to extract the PMD information 

from the PDL data. The PMD results obtained from the JME method compared 

very well with the PMD results from the fast Fourier transform (FFT) method.  

 

The probability distribution of PDL is found to be a Maxwellian distribution when 

PDL components are considered with low values of PMD. As sections of PM fibre 

presenting PMD were added, the PDL increased and its distribution deviated away 

from the Maxwellian. 

 

Studies on long term measurements of PDL and PMD showed that both PDL and 

PMD remain fairly constant with time and vary slowly with wavelength for deployed 

buried cables and spooled laboratory fibres. This was attributed to the fact that the 
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environmental perturbations such as wind and vibration were minimized which 

leaves temperature alone to be the main dominant factor.  

 

The bit error rate (BER) was characterized for the link affected by both PDL and 

PMD. We observed that the BER increased linearly as the PDL and PMD values 

were increased. This was attributed to the induced birefringence in optical fibres 

and polarization sensitive components which will therefore lead to optical pulse 

spreading and consequently high signal fluctuations degrading the signal to noise 

ratio (SNR). On the other hand, the eye diagrams show a distorted signal when 

considering both PDL and PMD as opposed to the less distorted signal from each 

effect alone.  

 

Finally, this study has shown the importance of considering both PDL and PMD for 

an optical fibre link operating at high bit rates. For future work it is suggested that 

further modelling techniques be investigated to evaluate the combined effects of 

PDL and PMD specifically on the BER, optical signal to noise ratio (OSNR) and 

outage probabilities. Consideration should also be given to the design of a 

PMD/PDL compensator, as this will be necessary to reduce the combined effects 

of PDL and PMD in future.   
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APPENDIX  

RESEARCH OUTPUTS OF THE AUTHOR 
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mode dispersion”, Oral presentation at the 52nd South African Institute of Physics 

(SAIP) Conference, Johannesburg, South Africa, 3-6 July 2007.  

 

2006 

G. Pelaelo, L. Wu, D. Waswa and A.W.R Leitch, “Investigation of polarization 

dependent loss in optical components and various optical components”, Poster 

presentation at the 51st South African Institute of Physics (SAIP) Conference, 
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