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 Abstract 
   This project focuses on wavelength division multiplexing passive optical 

network (WDM-PON) supervision using optical time domain reflectometer 

(OTDR) for detection and localization of any fault occurred in optical 

distribution network. The objective is to investigate the impact of OTDR 

monitoring signal on the data transmission in the WDM-PON based on 

wavelength re-use system, where the same wavelength is assigned for both 

upstream and downstream to each end user. Experimental validation has been 

carried out to measure three different schemes, i.e. back-to-back, WDM-PON 

with and without OTDR connection by using 1xN and NxN arrayed waveguide 

gratings. Furthermore, a comprehensive comparison has been made to trace out 

the effect of the monitoring signal which is transmitted together with the data 

through the implemented setup. Finally, the result has confirmed that the OTDR 

supervision signal does not affect the data transmission. The experiment has 

been carried out at Ericsson AB, Kista.  
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Chapter 1 Introduction 
When operating a network, different situations like network upgrading and on-time fault recovery 

mechanisms should be considered in its service time. In order to respond a failure in an on-time 

manner, there must be continuous monitoring in the physical layer. Continuous monitoring is 

performed by setting the optical time domain reflectometer (OTDR) in continuous mode. By this 

setting, it is possible to observe the status of the network in an on-time manner without waiting 

for customer complaints about service interruption. Wavelength division multiplexing passive 

optical network (WDM-PON) is one of promising optical access network approaches, in which 

optical line terminal (OLT) is at central office (CO) and arrayed waveguide grating (AWG), 

located at the remote node (RN), is used as passive wavelength splitter.  The AWG splits 

transmitted wavelengths in downstream (DS) transmission and combines them in upstream (US). 

Each optical network terminal (ONT) at the user side will receive the transmitted data only with 

the assigned wavelength.  OTDR generates high power pulse signal and measures the 

backscattered signal to localize the fault. For the localization of fault, OTDR compares the time 

taken by the generated pulse for the full trip through the network relative to the received optical 

power (ROP).   In this thesis, we focus on the supervision in WDM-PON, which is carried out by 

using monitoring signal generated from the OTDR. The purpose of this study is to investigate the 

impact of this monitoring signal on data transmission.  

  Before adding fault detection and localization feature in the deployed WDM-PON, the impact of 

the monitoring signal must be investigated. In order to make fault detection  and localization  

efficient and non-threatening to the service provided by the network, the impact  is tested using 

experimental setups and the results are verified in this study using different methods, like bit 

error rate (BER) calculation and graph plot that relates ROP with the calculated BER. The main 

objective of doing this is to check whether fault detection and localization disturb the data 

transmission or not.  

1.1 Background 
As the people’s demand for different services rises up, service providers are looking for a 

compatible technology with larger bandwidth, easier fault management and secured transmission. 

According to the study released by TeleGeography [1] that includes the bandwidth usage of 171 

countries, the need for bandwidth is increasing to a solid figure every year. This study is shown in 

figure 1.1.  

 
Figure 1.1 Worldwide international Bandwidth Growth, 2006-2010 [1] 
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As the number of customers in an existing network increases, the network provider should think 

about the availability of the service in parallel with its quality. In this thesis quality of service is 

not the concern, rather the availability is the task directly related to the main objective. In order to 

assure the customers about the availability of the service, the network should be under continuous 

monitoring. In this situation, a modern way is to implement an automatic monitoring section 

together with the network. 

At the time of assessing the network performance, the monitoring signal which is a high power 

pulse from the OTDR should not disturb the data transmission. Whether the monitoring signal is 

causing disturbance on the data transmission or not, an investigation considering parameters to 

evaluate a network performance is done and shown in detail later in this thesis. The parameter 

mainly used to investigate the impact is BER as a function of ROP, because BER determines the 

standard of the transmission system and the ROP shows the power of the system in US and DS 

transmissions. 

Since monitoring the system is a must-to-do task, the investigation should also be performed in a 

way that explains the comparison of the chosen evaluating parameters with and without the 

monitoring signal throughout the network. Such comparison will clearly explain its effect and 

makes the service provider confident to use it. 

1.2 Objective of the thesis 
The main objective of carrying out this investigation is to identify whether the monitoring signal 

from the OTDR has an impact on the data transmission. The monitoring signal is added to the 

data signal using OTDR which is connected to the deployed WDM-PON architecture. On one 

hand, using a WDM-PON without monitoring has disadvantages from economical point of view: 

a) the cost of technicians sent to localize the fault, b) long down time of the service. On the other 

hand, using the fault detection and localization technique without identifying first the impact of 

the monitoring signal on the data transmission will create confusion on detecting the error 

generating point. Thus, it is of high importance to evaluate consequences of the monitoring signal 

before implementing a PON with fault detection and localization features. In order to evaluate the 

impact of the monitoring signal in a WDM-PON, BER measurement is chosen. 

1.3 Methodology   
Three experimental setups are used in different stages: 

In the first  experimental setup: OLT, ONT, 1xN AWG, 20 km single mode fiber (SMF), 

external direct current (DC) power supply and bit error rate tester (BERT) are used. The purpose 

of implementing and working with this setup is to adjust the operating current and voltage values 

of the external DC power supply which is connected to the reflective semiconductor optical 

amplifier (RSOA) embedded in the ONT for a better US transmission, and to choose the proper 

pseudo random binary sequence (PRBS) from the BERT settings. Since the BERT sends random 

binary sequences to check the transmission performance of the system, the proper PRBS value 

must be chosen for the tasks to be performed later. The transmission must be error free. 
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Figure 1.2 Block diagram for test transmission 

In the second experimental setup: optical attenuator, represented by att. in the figures, is used at 

the receivers of both OLT and ONT additional to the setup shown in figure 1.2. By adjusting the 

attenuation in the optical attenuator to different values, the BER can be calculated from the 

BERT data and a graph relating the ROP and the negative of the logarithm of the BER can be 

plotted. As a reference for the measurements taken using this setup, a back-to-back setup is 

implemented as shown in figure 1.3. The reason of taking measurements using back-to-back 

connection is to clearly observe the power penalty introduced to the system because of the fiber, 

in this connection the SMF is replaced by a fixed attenuator.  

 
 

Figure 1.3 Back-to-back connection 

 

 
Figure 1.4 Through-fiber or without-OTDR setup 
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In the third experimental setup, OTDR and external wavelength adaptation module (EWAM) are 

added to the previous setup shown in figure 1.4. The results obtained from this are compared to 

the measurements with those obtained from the second setup. EWAM adds external tunability to 

the OTDR; optical filter is used to mix data and monitoring signals. Wavelength blocking filter 

(WBF) is used to block the monitoring signal from being received by ONT. 

 

Figure 1.5 With-OTDR setup 

1.4 Organization of the thesis 

Chapter 2 gives a brief description of WDM-PON supervision. This chapter consists of the 

general requirements for WDM-PON supervision, principle of operation, an overview of 

proposed solutions for the drawbacks of using WDM-PON, and introducing the NxN AWG 

prototype device.  

Chapter 3 relates measurements and results. This chapter consists of the full descriptions of 

devices used in the laboratory, an explanation of the methods used,   comparisons of expected 

and measured results, and plots. 

Chapter 4 gives a conclusion after evaluating the objective with respect to the results obtained in 

the previous chapter. It also indicates other related tasks to be carried out in the future. 

References and appendices are included at the end of this document. 
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Chapter 2 WDM-PON Supervision 
Passive optical network can be realized with time division multiplexing (TDM) or WDM for 

example. WDM-PON multiplexes several wavelengths in to a single fiber and also it allocates 

different wavelengths for each end user and provides secured point-to-point (P2P) connection 

between the OLT and each ONT. WDM uses different wavelengths in US and DS transmissions. 

One of the purposes of using WDM-PON is to increase the transmitting and receiving capacity of 

an optical fiber system. 

When the WDM-PON, which is implemented in the laboratory for this experiment, is compared 

to an architecture that uses a dedicated fiber from the OLT to each ONT [2]; it reduces the 

number of devices in the CO and the length of fiber in the whole system. In the case of WDM-

PON, DS signals share the same fiber and transmitted to their respective destinations. Since all 

the signals have different wavelengths, there is no probability of security threats to the 

transmission system. To support converged internet protocol (IP) video, voice and data services, 

WDM-PON in an FTTx model is deployed. This model includes fiber-to-the-block (FTTB), 

fiber-to-the-curb (FTTC), or fiber-to-the-home (FTTH) based on the subscribers desire. 

In order to make sure that the services provided by WDM-PON system are reaching to their 

respective destinations, the entire system should be monitored periodically or on-demand. This 

helps to automatically identify and localize faults in the system. By monitoring, the technician 

will get information about the current status of the network.  By speeding up the fault detection 

and localization process, it reduces the longer restoration time of the system by offline fault 

detection and decreases the operational expenditure (OPEX). 

2.1 WDM-PON general requirements and supervision diagram 
A monitoring mechanism is required to provide information about the on-time status of the 

system. The supervising technique should be cost effective (initial cost and the maintenance 

cost), reliable, and simple to use.               

The general architecture of a WDM-PON in figure 2.1 shows a single mode fiber used from the 

CO up to the RN, and many drop fibers are used from the RN depending on the number of 

destinations.  

 

     

                                            Figure 2.1: General WDM-PON architecture [8] 

Before starting the supervision, WDM-PON architecture with the fault detection and localization 

block should be implemented. Figure 2.2 describes the WDM-PON architecture implemented in 

the lab using 1xN AWG. 
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                                              Figure 2.2 WDM-PON supervision block diagram. 

All the necessary devices for the supervision and their right connections are shown in figure 2.2 

and each device is described briefly in chapter 3 of this thesis. The OLT converts the electrical 

signal received from the information source to optical signal to be transmitted in the passive 

optical network. The OTDR and the EWAM serve as fault detection and localization part in 

combination. The purpose of using EWAM is to add tunability feature to the OTDR and it is 

described briefly in chapter 3 under devices sub-chapter 3.1. The optical filter mixes the signals 

from the OLT and the EWAM into the feeder fiber, which is 20 km long SMF with 4.62 dB loss 

chosen for this experiment. During the experiment only one input and one output port of the 1xN 

AWG are used, because the wavelength set for the transmission when performing the experiment 

is 1534.35 nm. After the 1 km drop fiber from the AWG to the WBF, the ONT is subjected to 

receive its respective wavelength. The feeder fiber, the 1xN AWG and the drop fibers are 

considered as RN section. Since it is passive, there is no powered device at the remote node. 

When implementing the architecture and making it ready for the supervision, parameters like bit 

rate, length of the fiber and ROP should be considered, because these parameters directly affect 

the system performance. 

2.2 Principle of operation of the WDM-PON supervision system 

The information signals with different wavelengths for the users are transmitted from the OLT 

towards the ONT through the RN. To check whether there is a fault in the transmission line or 

not, the monitoring section performs supervision on the whole WDM-PON. For this purpose, the 

OTDR sends a high power pulse to the network through the EWAM. The detector at the OTDR 

measures the backscattered signal together with the time delay between the sent pulse and the 

reflected back signal. Since the speed of light when traveling along the fiber is known, the 

recorded time delay is converted to distance travelled in the WDM-PON [3].  

The purpose of using EWAM is to add tunability feature for the OTDR, because tunable OTDR 

is more expensive. The 1xN AWG receives information and monitoring signals of different 

wavelengths through the feeder fiber and then demultiplexes them to their respective ONTs. 

Before reaching the ONT, the monitoring signal is blocked by the WBF, since this signal is 

required only to monitor the working status of the network; it is not required to be received by the 

ONTs. In case of fault, the monitoring signal is partly reflected back to the OTDR before 

reaching the WBF from the point where the fault occurs. So the time delay, that takes the 

monitoring signal for the full trip from the OTDR, is converted to distance by using the relation 

that distance covered by the OTDR signal is equal to the product of the speed and time taken. So, 

the OTDR performs an internal calculation for the distance and localizes the fault. Bad splices, 

bad connectors, fiber cuts, fiber bends and external interference to the fiber can be treated as 

events in the system. 
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As described in the previous sections, an OTDR sends a high power pulse and receives the 

backscattered very low power signal. When it detects a fault, the localization of that fault in the 

fiber is displayed in the OTDR screen. Before test measurements, the basic display form of an 

OTDR is shown in figure 2.3. This figure shows how faults caused by poor splice, bad connectors 

and other reasons can be exactly located with the distance of occurrence in the network. Also the 

power attenuation is indicated throughout the system. 

 

 
                                             Figure 2.3 Sample OTDR display. [3] 

2.3 Proposed Solutions 
With the help of continuous monitoring, fault can be detected and localized to give information 

for maintenance personnel in order to minimize the service down time as much as possible. There 

are solutions to improve the fault detection and localization task in the supervision, these 

solutions may be based on increasing the sensitivity of fiber fault detection or reducing the time 

of fault detection and localization. 

2.3.1 Fiber plant manager (FPM) Solution [4] 

Other than technical requirements, a monitoring technique is recommended to be economical. 

Simple design, low manufacturing and deploying cost, and low operation and maintenance cost 

help the proposed technique to be economical. Among the technical requirements of a monitoring 

technique: compatibility with different PON providers, software integration capability with other 

network management systems (NMS), and compatibility with the next generation PONs are the 

basic ones. Additionally, monitoring technologies should be able to support the maximum split 

ratio of 1-to-128. 

There are two approaches to provide monitoring functionality: decentralized and centralized. In 

decentralized monitoring, a technician must go to the customer site and perform measurement in 

the US direction usually with a handheld OTDR. When performing this measurement, the ONT 

must be out of service. This type of monitoring should take place after an alarm report and 

considered as time and cost inefficient, because it takes longer downtime of the service until the 

technician performs the measurement, identifies the fault and then fix it. In the case of centralized 

monitoring, the network operator can detect, localize and measure faults without sending any 

technician to the site or dependency on customer complaints. The operator at the centralized 

monitoring point receives a real-time status of the system, in other words it is an in-service 
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monitoring with a dedicated wavelength band. Therefore, centralized monitoring technique is 

recommended. FPM enables centralized and automatic optical destination network (ODN) 

monitoring, needs only minimum upgrade in the CO and RN but not in the ONT, so that it 

contributes to OPEX savings.  

When applying only OTDR, the dynamic range is limited and readings may be misinterpreted in 

the drop section after the high loss power splitter. Additionally, even if the OTDR detects a fault, 

it is impossible to exactly identify which drop link is affected; because the received backscattered 

signal is the superposition of power coming back from the drop links. To overcome such 

obstacles FPM solution is proposed.  

FPM has the following properties:  costs of the monitoring are shared over a number of OLT 

ports, it supports numerous different PON topologies, it has special passive splitter design which 

overcomes high splitting losses, it uses EWAM to externally tune the OTDR wavelength to route 

the test signal to a given group of drop links. 

The generic architecture of FPM is shown figure 2.4. 

  

OLT

Remote node

1x32 ONT

ONT

32

OTDR

Central office

Filter

EWAM

OLTOLT

Remote node

1x321x321x32 ONTONTONT

ONTONTONT

32

OTDROTDR

Central office

FilterFilter

EWAMEWAM

 
                                                Figure 2.4 Generic architecture of FPM [4].                                                                                                                         

As shown in the above figure, the FPM architecture consists of OLT, OTDR, EWAM and optical 

filter in the central office, 1x32 AWG in the remote node and 32 ONTs.  

The working principle is monitoring groups of eight drop fibers at a time in which the OTDR 

injects a pulse signal through the EWAM towards the monitor ports in the splitter. The high 

power pulse injected from the OTDR is wavelength separated from the data signal. The optical 

splitter is used to transfer the wavelength adapted OTDR signal from the EWAM to the RN. The 

figure below shows the feeder fiber splits in to two. The first will arrive at the 8:32 AWG and 

provides four monitoring drop lines in which ([λ1, λ9, λ17, λ25] + n* free spectral range (FSR)) are 

the four monitoring wavelengths each of them being responsible to monitor eight drop fibers, 

where n is an integer. The second split of the feeder cable is connected to the 1-to-8 splitter where 

one of the outputs is connected to the optical filter and seven of them connected to the 8:32 

splitter to provide 28 drop fibers.  

 

 

Figure 2.5 FPM Operation Scheme [4] 
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The ratio of splitters determines the event detection sensitivity; for example 1-to-8 split ratio 

enables 1dB event sensitivity. The size of the first stage splitter and the number of monitoring 

paths determine the number of OTDR channels and the optical filter characteristics are 

determined by the OTDR wavelengths. FPM permits 1dB event sensitivity but if the drop links 

are larger in number, the threshold will be increased due to masking of the events by the 

overlapping light back scattered from all drop ports. Since this solution uses combined OTDR 

and optical transceiver monitoring (OTM) techniques, measurement of transmitted and received 

optical powers is enabled, and also the combination of OTDR and OTM gives a perfect 

information about the failure in the network. These measurable parameters are collected from the 

OLT by the help of the centralized unit.  

The time efficiency of this solution is improved 8 times because 8 drop lines are measured at a 

time. It is possible to use an OTDR-dedicated optical fiber in the feeder section and also this 

solution is scalable to higher split ratio. When applied, FPM solution is not invasive to the data 

transmission and does not need any additional functionality from the ONT.       

2.3.2 Solution based on an in-service and out-of-band approach [5] 

This solution is proposed to overcome the trade-off problem between spatial resolution and 

dynamic range, which is the main drawback of an ordinary OTDR. In this approach, a cheap and 

a tunable OTDR laser source and a set of spectrally efficient reflective elements are located in 

key intermediate and terminal locations of the network. The reflective elements are passive and 

can be mirrors or fiber brag gratings (FBG). The purpose of these reflective elements is to create 

distinct events in the OTDR trace and give distinct path signatures for each fiber branch. 

Since tunable laser sources are expensive and wavelength allocation for each of the reflective 

elements implies a large monitoring wavelength band; the proposed OTDR mechanism is based 

on spectrally efficient reflective elements. The reflective elements can be FBGs with distinct 

reflection spectrum characteristics and enable the use of low cost laser source that is a coarse 

distributed feedback (DFB) laser tunable by temperature. With this solution the initial cost is 

reduced while maintaining shorter measurement time and receiver sensitivity requirement. The 

fault can be detected and located unambiguously.  

There are two ways of implementing this solution in the current PON monitoring: in series and 

parallel connections. In series connection, more FBGs with different center wavelength are 

required to be connected on one channel with the increase of the number of channels. As the 

number of series connected FBGs increases, the 3 dB bandwidth is relatively stable whereas the 

fluctuation of the reflection spectrum will increase. In the parallel connection, more FBGs are 

required in one channel with the increase of transmission length. In this case, the more FBGs 

introduce the higher the fluctuation of the reflection spectrum and at the same time the narrower 

of the 3 dB bandwidth. Figure 2.6 shows FBGs in both ways.  

 
Figure 2.6 (a) Parallel connection of FBGs [5] 
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Figure 2.6 (b) Series connection of FBGs [5] 

2.3.3 Solution for fault detection and localization by reusing DS light            
            Source [6]  

Since the conventional OTDR operates in a single wavelength, using wavelength selective 

devices like AWG in the RN is not suitable. For a fault that occurs in the drop fibers, it is 

impossible to localize it. This problem can be solved either by using a wavelength-tunable OTDR 

or by using additional paths in the RN for the purpose of bypassing the AWG. However, both of 

the ways are not economical and need some extra circuitry. This proposed solution can solve the 

problem occurred by using the conventional OTDR in a simple and cost-effective way by reusing 

the downstream light source.  

In this solution, a failure in the network is detected by monitoring the status of the upstream 

signals. When detecting failure, the DS channel which corresponds to the faulty US channel is 

switched to transmit OTDR pulses instead of data signals.  

Directly modulated DFB lasers are used for the DS signals and they are multiplexed by the AWG 

at the CO. after multiplexing, they pass through the WDM coupler and arrive at the RN through 

the feeder fiber. The WDM coupler is used to separate the US and DS. At the RN, the AWG is 

used to demultiplex and distribute to the ONTs through the drop fibers. For the US signals, light 

emitting diodes (LED) are used in each ONT. The US signals are coupled to the fibers with the 

help of the WDM coupler and multiplexed by the AWG at the RN before received by the 

respective ONT. This working principle is shown in figure 2.7. 

 
Figure 2.7 Experimental setup of the solution [6] 

2.4 WDM-PON using NxN AWG 

Before inserting the NxN AWG in to the implemented architecture, the wavelengths written on 

the device manual are measured from each port using an optical spectrum analyzer. The set data 

wavelength for this experiment, 1556.34 nm, is measured at output port 31. Since the device is a 
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prototype, external DC voltage supply and operating temperature range are also checked. It needs 

5 V and 1.995 A DC supply to stabilize the temperature because at this level the AWG is non-

athermal. When the temperature is between 75-85 degree Celsius, the AWG starts working 

properly and the current will fall down to 0.552 A gradually. The temperature reading can be 

performed by connecting it to the external computer and using Tera Term software. If the 

temperature exceeds the specified value, it is recommended to turn off the DC supply and wait 

until the temperature goes down to the range.  

The free spectral ranges (FSR) of 1xN and NxN AWGs are not the same. Therefore the 

wavelength of the monitoring signal should be changed, because it is FSR coupled with the data 

signal. Wavelength of the monitoring signal when using 1xN AWG is 1596 nm but for NxN it is 

1593 nm. This wavelength can be chosen from the output ports of the AWG which is used inside 

the assembled EWAM. If the right port is not connected, the monitoring signal will not pass 

through the NxN AWG.   

2.4.1 Connecting NxN AWG  

The NxN AWG is used in three different measurement setups. In both cases, optical attenuator is 

used and five minutes of data transmission is considered for US and DS. The measured results 

and plots are compared under chapter 3 section 3.3.2. The first setup used is back-to-back 

connection where the 20 km SMF is replaced by a 3 dB fixed attenuator as shown in figure 2.8. 

This connection helps to clearly observe transmission impairments caused by the fiber. These 

impairments include fiber dispersion and fiber nonlinearities. 

Dispersion occurs when different components of the transmitted signal travel at different 

velocities in the fiber and as a result they arrive in different times at the receiver. A short pulse is 

spread over the transmission link which results in inter-symbol interference and power penalty at 

the receiver. There are three dispersion types: intermodal dispersion, polarization mode 

dispersion, and chromatic dispersion. Since SMF is used for this experiment, intermodal 

dispersion will not be considered. Polarization mode dispersion is caused by the difference 

between group velocities of different polarization states due to elliptical nature of the fiber cross-

section or stress-induced birefringence. The first reason for chromatic dispersion is the frequency 

dependence of the fiber refractive index, which is known as material dispersion. The second 

reason is power distribution of the signal due to the different refractive index of core and 

cladding is different; this is known as wavelength dispersion. 

Depending on fiber length and effective core area the nonlinearities of a fiber are [7]:  

 Scattering effects: stimulated Brillouin scattering and stimulated Raman scattering 

 Effects related to power dependent changes of refractive index: four wave mixing, self 

phase modulation and cross phase modulation. 

 Stimulated Brillouin scattering occurs only in the backward direction and the scattered 

light is shifted by about 10 GHz. Stimulated Raman scattering can occur in both 

directions and the scattered light is shifted by 13 THz. 

 Phase modulation is the result of intensity dependent refractive index changes. In self 

phase modulation, optical signal power changes in time. In cross phase modulation, the 

nonlinear phase shift of a certain wavelength channel depends on the intensity of a 

neighboring channel. Both phase modulations broaden the optical pulse which in turn 

results in high dispersion sensitivity.  
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Figure 2.8 Back-to-back connection 

The following experimental setup uses 20 km SMF instead of fixed attenuator. It is used to 

compare the back-to-back connection with through-fiber setup and also to analyze the impact of 

the OTDR monitoring signal on the data transmission for the case of OTDR and EWAM added 

setup.  

 

Figure 2.9 Through-fiber or without-OTDR setup 

The third experimental setup consists of OTDR and EWAM additional to the one shown in figure 

2.9. This setup is used to conclude the effect of the monitoring signal on data transmission by 

comparing the results from this with through-fiber setup.  

 

Figure 2.10 OTDR and EWAM connections 
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Chapter 3 Measurements and Discussion 

In all experimental setups used to perform measurements, the same wavelength is used for both 

US and DS transmissions. The wavelength re-use technique has its own advantages and 

disadvantages when compared with using different wavelengths for uplink and downlink. The 

system capacity is doubled in the case of reusing the same wavelength. Additional penalty is 

introduced in the US signal since wavelength reuse requires the downstream modulation to be 

cancelled. This cancellation in turn causes residual downstream modulation and optical 

reflections in the optical link [9]. 

For the drawback of reusing the same wavelength, the solution is applying different modulation 

techniques: inverse-return-to-zero (IRZ) in the DS and return-to-zero (RZ) in the US, and this 

solution is patented by Ericsson. When using this solution; DS signal is modulated with IRZ 

format with 50% duty cycle and US signal is modulated in RZ format. The US is synchronized in 

a half bit delayed fashion with respect to the DS in order to avoid cross-talk effects [9]. RZ 

modulated signals are always transmitted when the IRZ modulated ones are at the highest level. 

The following figure shows the relation between IRZ and RZ. 

 

 
                              Figure 3.1 IRZ-RZ Modulations in a wavelength reusing scheme [9] 

The principle of operation is based on the logical bits received by the ONT. When the ONT 

receives a logical ‘1’, a dark pulse, it will suppress the dark pulse if a ‘0’ has to be transmitted or 

it will amplify the dark pulse if a ‘1’ has to be transmitted. When the ONT receives a logical ‘0’, 

a continuous wave (CW) bit, the RSOA inside the ONT will carve a pulse by suppressing half of 

the bit if a ‘1’ has to be transmitted or it will suppress the whole bit if a ‘0’ has to be transmitted 

[9]. 

In this chapter, the methodologies listed in the first chapter are implemented and the required 

parameters are measured, compared and plotted in an explanatory graph. In order to implement 

the methodologies, different up-to-date and prototype level devices are used. Before getting 

through the methods used and results obtained, all the devices used in the experiment are 

explained. 

3.1 Devices used in experimental setups 
In the experiment OLT, ONT, 1xN and NxN AWG, EWAM, OTDR, BERT, Optical Attenuator, 

Oscilloscope, SMF cables and different power supplies are used.     

Optical Line Terminal (OLT) [9] 

The OLT transceiver that is used in the lab is an Ericsson assembled prototype that uses directly 

modulated laser (DML) in the transmitter section and A Virtex®-6 FPGA Connectivity Kit of 

Xilinx, with a XC6VLX240T-1FFG1156 FPGA which serves as an IRZ/RZ decoder, 

synchronization controller and error counter. The connectivity kit includes a small form factor 

pluggable (SFP) transceiver that is used as a receiver. A field programmable gate array (FPGA) is 

a semiconductor device that can be programmed after manufacturing. Instead of being restricted 

to any predetermined hardware function; it is possible in FPGA to program product features and 

functions, adapt to new standards, and reconfigure hardware for specific applications even after 
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installing it in the field. Today’s FPGAs consist of various mixes of configurable embedded static 

random access memory, high-speed transceivers, high speed input-output (I/O), logic blocks and 

routing. An FPGA also contains programmable logic components called logic elements and a 

hierarchy of reconfigurable interconnects that allow the logic elements to be physically 

connected. 

In simple sketches or network diagrams, OLT is represented by the figure shown in figure 3.2 

and the physical view of OLT prototype is shown in figure 3.3. 

                                                                                                

                                                

    Figure 3.2 Simplified representation of OLT [9]         Figure 3.3 OLT prototype device [9] 

In figure 3.2, it is shown that an OLT will transmit N number of information signals having N 

wavelengths respectively, those signals are multiplexed and reach the feeder SMF through the 

OC. The OC has two one-directional and one bidirectional ports. The two one-directional ports 

are connected to the transmitter and receiver of the OLT and the bidirectional port is connected to 

the feeder SMF. In figure 3.3, the prototype has an Ethernet interface which is connected to the 

BERT in the experiment, a port to be connected with the feeder SMF, and a power supply. 

Optical Network Terminal (ONT) [9] 

Like OLT, A Virtex®-6 FPGA Connectivity Kit of Xilinx, with a XC6VLX240T-1FFG1156 

FPGA is inside the ONT transceiver acting as IRZ/RZ decoder, synchronization controller, and 

error counter. An SFP which is used as a receiver is also included in the connectivity kit. The 

optical device serving as a transmitter in the ONT is an RSOA. An RSOA amplifies and            

re-modulates the received DS signal and sends it back to the OLT. 

The main function of the ONT is to receive the IRZ modulated signal from the OLT and to send 

it back to the OLT after amplification and re-modulation in RZ modulation technique. The ONT 

is represented by the simplified sketch shown in figure 3.4 and the Ericsson assembled prototype 

device is shown in figure 3.5.                                                                                                                                                             
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         Figure 3.4 Simplified representation of ONT [9]                Figure 3.5 ONT prototype [9]     

As shown in figure 3.4, the photodiode (PD) converts optical signal in electrical for DS 

transmission and electrical signal to optical for the US transmission. The RSOA is the transmitter 

for the US signal. The prototype shown in figure 3.5 has different connection ports. A power 

input where the external DC power supply is connected, two USB ports to be monitored from an 

external computer with V-drive software for the temperature control and Tera Term VT software 

to control the electrical phase, Ethernet port to be connected to the BERT during the experiment, 

and fiber port to send and receive optical signal. 

Two main classes of reflections, namely carrier back-scattering (type 1 reflection) and signal 

back-scattering (type 2 reflections), occur in the feeder fiber. These reflections are amplified and 

transmitted together with the US signal which causes an in-band crosstalk. This crosstalk can 

significantly reduce the system performance in the US transmission [13]. By using RSOA and 

driving it with RZ modulation technique, the tolerance to the in-band crosstalk can be increased 

further more. When applying RZ modulation in the RSOA, the US signal will be properly 

chirped. As a result of this, the frequency in the US does not coincide with that of the DS, so that 

the effect of the reflections is less severe. 

Another advantage of using IRZ/RZ modulating technique is the RSOA allow us to operate far 

from saturation point but still achieving re-modulation with complete downstream erasure. The 

US signal must be properly synchronized with the downstream by the help of the clock signal 

which is always available at the ONT receiver.  

If the RSOA is driven by a signal with none-return-to-zero (NRZ) modulation, phase change 

occurs only at ‘1’ to ‘0’ or ‘0’ to ‘1’ transitions, and a constant sequence of 1’s or 0’s will not be 

accompanied by any phase change. Whereas, if it is driven by a signal with RZ modulation, there 

are two opposite transitions at every bit of 1’s showing a reduced coherence time when compared 

with the NRZ. This comparison is elaborated by the following figure which shows the phase and 

intensity of RZ and NRZ modulated signals to drive the RSOA. 

 

 

 

 

 

 

 

 

 

 

                         Figure 3.6 Chirping effects of NRZ and RZ modulation techniques [13] 
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As shown in figure 3.6, the signal is highly chirped in the case of RZ and consecutive symbols do 

not show any chirp in NRZ modulation. The chirp (phase variation) in RZ modulated signals 

shows that the tolerance to the in-band crosstalk is increased and the coherence time is reduced. 

Arrayed Waveguide Grating (AWG)  
The AWG is used in WDM-PON systems as an optical multiplexer/demultiplexer 

(MUX/DEMUX), multiplexing at the transmission end and de-multiplexing to retrieve individual 

channels at the receiving end. Dense wavelength division multiplexing (DWDM) is an efficient 

method where several channels are transmitted through a single optical fiber carrying different 

wavelengths, where the available bandwidth is utilized without increasing the effects of 

dispersion. Since each channel is wavelength separated from the others, it is independent in 

speed, protocol and direction of transmission. 

The 1xN AWG used in this experiment is a DWDM Athermal AWG module with 32 channels 

100 GHz spacing C-band and 97.352 GHz L-band made by Agilecom, and the NxN AWG used 

is a DWDM thermal module with 48 input and 48 output channels 100 GHz spacing C-band and 

internal temperature controller that has to be connected with external DC power supply of 5 V 

and 1.993 A made by Enablence. 

 
Figure 3.7 Structure of 1xN AWG [16] 

As shown in figure 3.7, the input fiber contains several wavelengths with channel spacing of 50 

GHz or 100 GHz. All waveguides in the AWG should be single mode to ensure predictable 

propagation through the device. Light is coupled from the input fiber to the input free 

propagation range (FPR), and then dispersed in the curved paths with different optical path length 

(OPL) to illuminate the array waveguides. Light that is diffracted out of the input fiber at the 

interface between the input fiber and the input FPR propagates through the input FPR. While 

light coupled to the grating waveguides undergoes a constant change of phase attributed to the 

constant length increment in the array waveguides. The Light that is diffracted from each 

waveguide of the grating interferes constructively and refocused at the output fibers, where the 

result from the constructive interference between the diffractions of the lights from the 

waveguides is wavelength dependent on the array phase shift. 

Another version of the AWG with N inputs and N outputs is introduced as NxN AWG and used 

during this experiment. An NxN AWG provides strictly non-blocking cross-connectivity between 

N input and N output ports while using a single set of N wavelengths with no wavelength conflict 

possibility [16]. The structure and the wavelength routing are shown in figure 3.8. 
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Figure 3.8 A) Structure of NxN AWG [17] 

 
Figure 3.8 B) Sample of wavelength routing in NxN AWG for N=4 [17] 

When multiplexed signals with N wavelength channels pass through the input port, the NxN 

AWG acts as a demultiplexer and routes N wavelength channels to N output ports.  

An AWG is basically specified by the following parameters 

A. Free Propagation Range (FPR) length 
The length of FPR can be determined by the maximum acceptable channel uniformity. Channel 

uniformity, expressed in dB, is the difference in intensity of the central and edge channels of the 

AWG. It is the result of the variation of the waveguide mode far field with angle. The minimum 

FPR length can be calculated by using the expression  

RFPR = (Smax / θmax) 
Where Smax is the distance to the outermost output waveguide and θmax is the maximum 

dispersion angle and can be obtained by specifying the maximum channel non-uniformity. 

B. Array waveguide length increment, ΔL 
This can be expressed as 

ΔL = (m λw / neff) 

Where m is an integer, λw is the central operational wavelength which is around 1550nm and neff 

is the effective refractive index of the waveguides. 

C. Array waveguide aperture width  
It is the effective capture width of the array waveguides. The aperture size affects the amount of 

light captured by the grating and is normally chosen to capture the majority of the expanded field 

at the end of the input FPR. The aperture width together with the crosstalk characteristics of the 

waveguides used in the AWG determines the number of array waveguides. 
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D. Free Spectral Range (FSR) 
FSR is the frequency shift in which the phase shift equals 2π. FSR has to be large enough to 

accommodate the required operating frequency range. FSR denotes the wavelength or frequency 

spacing between the maxima of an interface pattern and can be calculated as  

FSR= (λo nc)/ (m ng) 

Where λo is the central wavelength, nc is the effective index of the array waveguides, m is an 

integer and ng is the group refractive index of array waveguides. 

E. Maximum number of input/output waveguide channels, Nmax 
Nmax is dependent on the FSR. The bandwidth of the multiplexed light should be smaller than the 

FSR to prevent overlapping of orders. Nmax can be calculated from the FSR as follows 

Nmax=m (FSR/Δλ) 

 Where Δλ is the channel spacing 

F. Crosstalk  
The crosstalk that is involved in AWG can be caused by several reasons including design and 

fabrication imperfections. Crosstalk is likely to occur as a result of complex effects like 

propagation of light through the array waveguides in modes that are different from the single-

waveguide fundamental mode. The inter-channel crosstalk, the main crosstalk in the AWG, is 

caused by the overlap of the focused spot in the output FPR with adjacent output waveguides. 

This form of cross-talk can be controlled by increasing the separation of the output waveguides. 

This will adversely affect the phase and amplitude distributions at the output of the array 

waveguides. 

G. Insertion loss        
The inefficient coupling at the interface between the first FPR and the array waveguides is the 

main cause of an insertion loss. Therefore, insertion loss is determined by the separation of the 

array waveguides at these interfaces, where smaller separations increase the coupling efficiency. 

External Wavelength Adaptation Module (EWAM) [18] 
The main purpose of using EWAM in fault detection and localization is to add wavelength 

tunability feature to the ordinary OTDR, because tunable OTDR is expensive. The EWAM 

receives an optical monitoring signal from the OTDR and performs an Opto-Electro-Opto 

conversion, which means an optical signal is converted to electrical and then again to optical 

signal. The wavelength of the OTDR signal is 1625 nm. An assembled and patented EWAM by 

Ericsson lab is shown in figure 3.9. 

 
Figure 3.9 Assembled EWAM [18] 

The high power pulse signal from the OTDR is received by a 10/90 splitter through a 

bidirectional link. The splitter has four ports: one terminated, one connected to the OTDR for 

sending and receiving the pulse signal, 10% of the optical power is connected to the PD and 90% 

to the return path from the circulator. The PD performs optical to electrical conversion and 

transfers it to the driver. The driver amplifies the electrical signal and transfers it to the amplitude 
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modulator (AM). The PD, driver and AM are connected to an external DC power supply. An 

external optical source is needed to be modulated with the electrical signal amplitude in the AM. 

There are two options for the external optical power source: tunable optical source and broadband 

light source (BLS) with tunable filter, but the tunable filter can be replaced by a fixed filter that 

fits the required wavelength. 

The BLS with fixed filter is used and it consists of an erbium doped fiber amplifier (EDFA), a 

1xN AWG as a fixed filter to operate with a wavelength of 1596 nm, and 10/90 splitter. Initially 

the EDFA amplifies a noise and the AWG selects the noise signal at 1596 nm. This noise signal 

is split and its 10% is returned back to the EDFA and 90% is forwarded to the polarizer. The 

EDFA keeps on amplifying the returned 10% signal until it reaches the maximum limit required 

by the AM. Even though EDFA is polarization independent amplifier, a small proportion of the 

doping ions interact preferentially with certain polarizations. As a result, a small dependence on 

the polarization of the input signal may occur (typically <0.5 dB), this is called polarization 

dependent gain. 

The polarizer receives 90% of externally generated optical signal from the splitter and polarizes 

it. Only one port of the 1xN AWG with the wavelength of 1596 nm is used in the experiment. 

After receiving amplified electrical and polarized optical signals from the driver and the 

polarizer, AM modulates the optical signal with an electrical carrier and provides an optical 

signal with 1596 nm wavelength. Then the circulator passes this optical output to the network and 

receives the reflected back signal through its bidirectional port that reaches the OTDR through 

the 90% port of the splitter. 

 
                                                     Figure 3.10 EWAM [18] 

For the EWAM to operate in the WDM-PON, the following preconditions must be satisfied.  

A. Power Optimization 
The difference between EDFA output power (PM #1) and the loss in ‘A’ path should not be 

higher than the difference between OTDR output power and loss in ‘B’ path. Otherwise, OTDR 

will report an error ‘light source attached to the line’. Therefore a 10/90 splitter is used as a tap-

off power splitter. 

B. Delay Optimization 
The delay time of a transmitted OTDR pulse should not be longer than that of a received OTDR 

pulse. Otherwise, OTDR will report on a fiber break in EWAM and measurements beyond that 

will not be analyzed. 

C. Bias Optimization 
The optimum bias is related to the highest extinction ratio. Combined with the pulse arriving 

from the driver, it should provide a zero-shift for an OTDR-pulse and a π-shift for a no-OTDR-

pulse. 
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Polarizer in the EWAM 
Light is a type of electromagnetic wave which consists of oscillating electrical and magnetic 

fields. The properties of light can be described by studying the behavior of its electrical field, E. 

Light waves vibrate in many directions; light that contains electrical waves vibrating in one 

direction is called polarized light, whereas the one that contains waves vibrating in many 

directions is called unpolarized light. Depending on the path traced out by the electric field as it 

propagates in space, light can have three polarizations: linear, circular or elliptical. 

Polarization does not matter in multimode optical fibers. Single mode fibers have two modes 

travelling inside the fiber and they have orthogonal polarization. These two modes are 

functionally identical and light power can shift easily between them. If the fiber is perfect, these 

two modes propagate in the same speed, but asymmetries in fibers cause these modes to travel in 

different speeds. This effect is known as polarization mode dispersion (PMD). Additional to non-

uniformities in the fiber during manufacturing, PMD is also created by external forces such as 

bends, twists and stress on the fiber. 

Specially designed fibers, known as polarization mode fibers (PMF), is used in a polarizer. PMF 

has a built-in asymmetry which is also called birefringence. The refractive index of PMF differs 

for the two polarizations and this effect prevents light power from coupling between two 

polarizations. Normal SMF is capable of carrying randomly polarized light; however, PMF is 

designed to propagate only one polarization of input light. This polarization maintaining feature 

is important when external modulators that require polarized light input are used. 

Polarization can be controlled by a polarizer, also known as polarization controller. Polarizer can 

be operated without feedback by manual adjustment or by electrical signal, or with automatic 

feedback. The polarizer used in the lab during the experiment is the one that can be operated by 

manual adjustment. Such a polarizer can be obtained by placing rotatable wave plates in cascade 

on the optical path. Figure 3.11 shows the symbol used to represent it and figure 3.12 shows its 

physical appearance in the lab during the experiment. 

 
                   Figure 3.11 Polarizer symbol [18]                           Figure 3.12 Polarizer [19] 

As shown in figure 3.12, it consists of a series of paddles in which PMF are wound around a 

circular trough. This stress due to winding of the fiber causes birefringence in the fiber which 

rotates the polarization of the light travelling through the fiber. 

Optical Time Domain Reflectometer (OTDR) 
OTDR is an electronic-optical device that only needs one connection to the WDM-PON for the 

purpose of fault detection,  localization and determining the amount of signal loss at any point of 

a fiber in the network. For the experiment an MT9083 ACCESS MASTER OTDR made by 

Anritsu is used.  

The block diagram of a generic OTDR is shown in the figure 3.13 
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                                  Figure 3.13 Block diagram of a generic OTDR [20] 

In the above block diagram, a pulse generator triggered by the signal processing unit is used to 

modulate the intensity of a laser. The probe signal in a conventional OTDR is a single square-

pulse. The laser can be prevented from saturating the receiver by coupling the light source in to 

the network under monitoring by a directional coupler with sufficient isolation between ports A 

and B. The most common coupler type is a 3 dB fusion type fiber coupler with low polarization 

sensitivity and a split ratio near to 50-50 at the measurement wavelength. Because of this, the 

round-trip loss to the receiver becomes closer to a minimum of 6 dB [20]. Dual-wavelength 

OTDR has two laser diodes typically working on 1310 nm and 1550 nm that combine the light 

sources through a WDM coupler.  

The bidirectional coupler guides the backscattered signal to the photo detector, pin diode or 

avalanche photodiode (APD) can be used, acting as a current source for a low-noise trans-

impedance amplifier with high linearity. Signals covering several orders of magnitudes are 

incident on the photo detector. Because of this, the receiver should have a high dynamic range 

together with high sensitivity. The analog-to-digital converter (ADC) forms an interface to the 

signal processing unit where the measured data is processed and the fiber trace from the 

monitored network is computed. The sampling rate of the ADC determines the spatial separation 

of adjacent data samples. 

The OTDR that is used in in the lab during this experiment is shown in figure 3.14 

 

 
Figure 3.14 OTDR with the operating keys [21] 

OTDR uses the effects of Rayleigh scattering and Fresnel reflection to measure the characteristics 

of an optical fiber in a WDM-PON. By sending a pulse of light (the “optical” in OTDR) into the 
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fiber in the network. Then after measuring the travel time(“time domain” in OTDR) and strength 

of its reflections (“reflectometry”) from points in the fiber, it generates a trace of the length vs. 

backscattered signal level on a display screen [21]. 

When a light pulse passes through a fiber, part of it runs into dopants in the glass and scattered in 

all directions. This is called Rayleigh Scattering. Very small portion of the light is scattered in the 

opposite direction to the light pulse, which is called backscatter. The dopants are uniformly 

distributed in the optical fiber during manufacturing. So that scattering effect occurs in the entire 

fiber. Rayleigh scattering is the major loss factor in the fiber in which longer wavelengths of light 

exhibit less scattering than shorter wavelengths.A higher density of dopants in a fiber creates 

more scattering and thus higher levels of attenuation. OTDR is capable of measuring the levels of 

backscattering very accurately, and uses it to detect small variations in the characteristics of fiber 

at any point in the network. 

When light is travelling in an optical fiber, some of the light is reflected back towards the light 

source when it encounters sudden changes in the density of a material like air.This sudden change 

occurs at fiber ends, fiber breaks, fiber connectors, fiber splice points and other reasons. The 

amount of the reflection depends on the magnitude of change in the material density which is 

described by the index of refraction and the angle that the light strikes the interface between the 

two materials. This type of reflected light is called Fresnel Reflection. The OTDR uses this 

reflection to exactly determine the location of fiber faults. 

The dynamic range of  an OTDR determines the length of the fiber in the network that can be 

measured and it indicates the performance. It is listed as a dB value, larger values imply longer 

distance measurment capability. The pulse from the OTDR must be strong enough to reach the 

end of the fiber and the sensor has to be good enough to measure the weak backscattered signal. 

The combination of the pulse power and the sensitivity of the sensor determines the dynamic 

range, very strong pulse and sensitive sensor provide large dynamic range. Dynamic range can be 

determined by taking the difference between the backscatter level at the near end of the fiber and 

the upper level of the average noise floor at the fiber end. A sufficient dynamic range produces a 

clear indication of the backscatter level at the far end of the fiber, whereas an insufficient  

dynamic range produces  a noise trace at the far end of the fiber. 

Dead zone refers to the space on a fiber trace following Fresnel reflection where the high return 

level of reflection covers the lower level of backscatter. The OTDR sensor is designed to  

measure the low backscatter levels from the fiber and it becomes blinded when a larger Fresnel 

reflection hits it. When the sensor receives a high level of reflection, it becomes saturated and 

unable to measure the lower levels of backscatter. The dead zone includes the duration of 

reflection plus the recovery time of the sensor to be re-adjusted to its maximum sensitivity. Dead 

zones occur when there is a fiber connector or fiber defects. A fiber has at least one dead zone all 

the time which is the connection point with the OTDR. This means there is a space which starts at 

the beginning of the fiber where no measurement can be made.  

Loss ressolution is the ability of the sensor to distinguish between levels of power that it receives. 

Most OTDR sensors can display down to 0.01 or 0.001 of a decibel differences in backscatter 

level. Spatial resolution indicates how close the individual data points that make up a trace are 

spaced in time and corresponding distance.It is measured interms of distance that is high 

ressolution being 0.5m and low resolution being 4m to 16m. The ability of the OTDR to locate 

the end of a fiber is affected by the spatial resolution. This means that if it is taking data points in 

every 5 meters, then will locate the fiber end within  ± 5m. Figures 3.15 and 3.16 show the trace 

interpretation and sample measurement of a fiber in the lab. 
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Figure 3.15 Interpretations of OTDR trace [20] 

 

 
Figure 3.16 OTDR trace of a 20km long fiber test in the lab 

Bit Error Rate Tester (BERT)  

BERT is used to test a system that transmits digital data from one source to one or more 

destinations. When a data is transmitted, there is a possibility of errors being introduced into the 

system. As a result, the BER testing indicates the link quality and the ability of the system to 

accommodate the link characteristics. BER testing is applicable in radio communications links, 

fiber optic links, Ethernet, or any link in which a digital signal is transmitted. 

A CMA3000 Anritsu network analyzer, shown in the following figure, having a feature of 1Gbps 

data capability is used as a BERT. Its electrical ports are connected using Ethernet cable, port A 

to the ONT and port B to the OLT. 
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Figure 3.17 CMA3000 network analyzer/ BERT [23] 

BER is the most significant performance parameter of any digital communication system. It is a 

measure of the probability that any given bit will have been received in error. A standard 

maximum BER specified for communication systems is 10
-9

. This means that the receiver is 

allowed to generate a maximum of 1 error in every 10
9
 bits of transmitted information, and the 

probability that a received bit is in error is 10
-9

.
  
BER is mainly dependent on the signal-to-noise 

ratio (SNR) of the received signal. Measurement of a BER does not require sophisticated and 

expensive device to achieve accuracy. However, the effects of noise and other signal degradation 

processes can be investigated qualitatively. BER is the ratio of the number of errors occurring at 

certain period of time to the ratio of the number of total bits sent at the same time. Which is the 

probability that an error will occur in a given bit period. 

 

 

Instead of measuring the performance of each component, BER testing provides information 

about the performance of the full system including the transmitter, the receiver and the medium 

between the two. The basic concept is straightforward, data stream is sent through a 

communications channel, fiber optic link in this case, and the received data stream is compared 

with the original. If there are changes, they are considered as errors. 

Using normal data transmission it takes some time to take an accurate reading, because data 

errors are in random fashion. Therefore, to shorten the time required for measurements, a PRBS 

is used. For Gigabit Ethernet that specifies an error rate of less than 1 in 10
12

, the time taken to 

transmit 10
12

 bits of data is approximately 16.67 minutes. To gain a reasonable level of 

confidence of the BER, it would be wise to send about 100 times this amount of data. The time 

would take 1667 minutes or 27.78 hours, which is quite long time for testing. During this 

experiment a PRBS 31 is used, PRBS 31 has a length of 2
31

-1 bits.   

Optical Attenuator 
The optical attenuator used in the experiment is model HP/ Agilent 8156A made by HEWLETT 

PACKARD, which is a high performance attenuator for single-mode and multimode applications. 

The attenuation range is 60 dB with a resolution of 0.001 dB between 1200 nm and 1650 nm, and 

operates with maximum input power of +23 dBm. Attenuation accuracy is better than ±0.05 dB 

with polarization sensitivity of less than 0.02 dB peak to peak. It is shown in figure 3.18. 
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Figure 3.18 Optical attenuator [24] 

The two ports at the right side are input and output ports and used to insert the attenuator before 

OLT and ONT receivers.   

Oscilloscope  
An oscilloscope of model CSA 8000 made by Tektronix is used for the experiment. It is used to 

obtain the eye diagram in its display for each measurement setup. In the eye diagram, a digital 

data signal from a receiver is repetitively sampled and applied to the vertical input, while the data 

rate is used to trigger the horizontal sweep.  By considering the contents of the eye diagram, it is 

possible to describe the behavior of the transmission system, whether the signals are poorly 

synchronized, too short, too long or too noisy. An open eye pattern corresponds to minimal signal 

distortion, whereas the closure of an eye diagram describes the signal suffers inter-symbol 

interference and noise. In the experiment, two forms of eye diagrams are used to describe the 

transmission properties. One for the IRZ coded DS and the second for the RZ coded US signals. 

Power meter 
An FPM-600 model hand held power meter is used to measure the received optical power at the 

OLT and ONT receivers. Since it has an adjustable wavelength from 840 nm to 1625 nm, it is 

possible to measure the ROP with respect to the transmission wavelength. 

Optical Spectrum Analyzer 

AQ6331 model made by ANDO is used for this experiment. This device is used to get a brief 

view about the behavior received optical signal by showing its power in dBm together with the 

transmission wavelength range in a plot. Central wavelength can also be read from the display. 

The printed out spectrum can be obtained from the built in printer in the analyzer. 

DC power supply 
All the supplies used are E3631A made by Agilent. It is used as an external power supply of the 

RSOA embedded in the ONT by adjusting its -25V and +6V settings to the operational voltage 

and current to get the maximum US transmission performance. It is also used as a power source 

for the EDFA that is used in the EWAM. 

3.2 Methods and Results 
Three experimental setups are mainly used to carry out the experiment. These are back-to-back 

connection, through-fiber or without-OTDR and with-OTDR setups. From these methods ROP 

and BER are related in order to explain the effect of the monitoring signal on the data 

transmission for both DS and US situations.  

3.2.1 Methods 

The procedures to be followed when applying those methods to the different setups are in a 

sequential order. First check the suitable PRBS by transmitting 1Tb of data without receiving 

error bits. This can be achieved by setting the values of the phase delay and the DC power supply 

of the ONT to the respective values. 

Next to this use a fixed attenuator instead of SMF. Insert the optical attenuator before the PD of 

ONT and OLT receivers and determine the value of the ROP which helps to get the reference 
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BER of the transmission. The value of the fixed attenuator used for back-to-back connection is 

determined by referring to the loss of the 20 km SMF from the package that corresponds to the 

operating wavelength. This setup is referred to as back-to-back connection. 

After this the fixed attenuator is replaced by the fiber and all the measurements are repeated. This 

is referred to as through-fiber or without-OTDR setup. Finally, OTDR and EWAM are connected 

and again the measurements are repeated. This is referred to as with-OTDR setup. 

The ROP is obtained by measurement using a power meter to the corresponding wavelength. The 

size of the data transmitted for each case is set to 5 minutes of transmission time. Since the 

readings do not have the same number of error bits for the same point, two readings are taken and 

their average is considered to plot the graphs. 

Choice of the suitable PRBS   

From the PRBS options available in the BERT, PRBS 9, 11, 15, 20, 23, 29 and 31, the one with 

maximum length of bits and better BER value is chosen. The reason of using the longest PRBS is 

if a system is capable of transmitting longer random sequences, then it will perform better when 

applied for data transmission. The setup for the PRBS selection is shown in figure 3.19. 

 
Figure 3.19 Block diagram for PRBS selection 

A random sequence is sent through the Ethernet ports connected to the OLT and ONT. The 

received and sent bits are compared and the difference is recorded as an error. If it is possible to 

transmit both the sequences without an error, the PRBS with larger length will be chosen. 

Because it helps to check the performance of the transmission system with the longest randomly 

generated sequences. According to the result obtained, it is possible to transmit 1 Tb of PRBS 31 

without receiving any error. So, PRBS 31 is used for the measurement of the required parameters 

together with the bias of 3.997 mV and 60 mA as RSOA settings for all setups in the experiment. 

Back-to-back connection 

The back-to-back connection is shown in figure 3.20. The fixed attenuator is used instead of SMF 

and tunable attenuators, att., are connected to ONT and OLT receivers as shown in figures 3.22 

and 3.23. 
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Figure 3.20 Back-to-back connection 

By performing the back-to-back measurement, the effects of the fiber like dispersion, reflection, 

and backscattering are not involved during the transmission. So, this can be assumed as an ideal 

case of transmission for this experiment. 

Without-OTDR setup  

This setup has two applications. The first is measured and calculated results are compared with 

that of back-to-back connection. The second is same results are used to analyze the impact of the 

monitoring signal on the data transmission by comparing them with that of with-OTDR setup 

results. It is shown in figure 3.21. The BERT sends the previously chosen PRBS 31 in both 

directions through the respective ports as an input to the OLT and ONT and compares them with 

the received. The internal connections of the optical attenuator to OLT and ONT receivers are 

shown in figures 3.22 and 3.23. 

 
Figure 3.21 Through-fiber or without-OTDR setup 

 
Figure 3.22 Connection of optical attenuator for US attenuation [9] 
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Figure 3.23 Connection of optical Attenuator for DS attenuation [9] 

In both cases, the optical attenuator is connected at the receiver ends of OLT and ONT before the 

optical signal is received by the PD and converted to an electrical signal.   

With-OTDR setup 

This setup is the way to get through the main objective of the project. By adding the EWAM and 

the OTDR, all the measurements taken from the previous setup are repeated as explained in the 

previous sections. The results are compared with US and DS values of previous measurements to 

understand the monitoring signal impact. The experimental setup is shown in figure 3.24. 

 

 
Figure 3.24 With-OTDR setup 

As shown in figure 3.24, all the components of WDM-PON are connected including the error 

detection and localization section. The DML from the OLT and the high power pulse from the 

OTDR are mixed at the optical filter. Both wavelengths pass through the feeder fiber and AWG. 

The OTDR pulse will be blocked by the WBF and ONT receives only the data signal. The OTDR 

setting should be in ‘real time’ option of testing a fiber; otherwise the time taken for the ‘manual 

test’ is less than the time set by the BERT, 5 minutes, which makes the effect of the OTDR signal 

on the data transmission difficult to explain. The optical attenuator is inserted to the OLT and 

ONT as shown in the previous figures 3.22 and 3.23.  

3.2.2 Expected Result   
When carrying out this experiment, wavelength of the DML from OLT is 1553 nm and that of the 

OTDR pulse is 1625 nm. As the purpose of using EWAM after OTDR is to add wavelength 

tunability, it will convert 1625 nm of OTDR pulse wavelength into 1596 nm and forward it to the 
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optical filter. 1596 nm is chosen because of the FSR of 1xN AWG, which is around 42 nm. 

Where:  

Monitoring signal wavelength = Data signal wavelength + FSR of AWG 

Since the wavelengths are different there will be no disturbance on the transmission. There might 

be an expected interference between these two wavelengths if they are received by the OLT or 

ONT. But the optical filter protects the passage of other wavelengths to the OLT and the WBF 

totally blocks the monitoring signal from reaching the ONT receiver. So, it is expected that the 

monitoring signal will only transmit back-and-forth in the path between optical filter and WBF 

through the optical network and back reflected to the OTDR without affecting the data 

transmission.     

3.3 Plots of measured results and comparisons  
For measuring the required parameters and comparing the plots, 1xN and NxN AWGs are used 

interchangeably. 

3.3.1 Measured results and comparisons using 1xN AWG 
The measurements are taken using three different experimental setups and in each case 

transmission time of five minutes is considered. First, the back-to-back measurement is taken by 

replacing the 20 km SMF by a 3 dB fixed attenuator for both US and DS transmissions and the 

results obtained from this setup are considered as a reference for the next measurements. Second, 

SMF is inserted in place of the fixed attenuator and measurements for US and DS are repeated. 

Third, EWAM and OTDR are added in the existing setup to apply an OTDR monitoring signal 

and measurements are repeated in the same fashion. In both measurement conditions, seven 

points are considered and an average is taken from two consecutive measurements for a single 

point. The reason for taking measurements twice for a single point and taking the average is the 

measured results have variations all the time. So taking the average helps to be closer to the 

expected value. Tables of the measured results are shown in the appendix. 

From the measured and calculated parameters of DS transmission, the values of back-to-back 

connection and through-fiber setup are compared to identify the power penalty introduced by the 

fiber. The next comparison is between through-fiber and with-OTDR setups, this comparison will 

proof whether the monitoring signal affects the transmission or not. In all comparisons, plots with 

–log (BER) and ROP axes are used. 

Comparison between back-to-back connection and through-fiber setups for 

DS transmission 
For this comparison, tables 21 and 24 in appendix are referred.     
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Figure 3.25 Plot that relates back-to-back connection and through-fiber setup 
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From the above plot, the difference can be easily understood by referring to the points marked 

with green line that intersects with the grid lines. The fiber introduces around 0.5 dB penalty at 

BER=10
-9

. 

Comparison of without-OTDR and with-OTDR setups for DS transmission 

Since OTDR monitoring signal is expected to have no effect on the data transmission, there must 

not be that much significant difference between the values of the parameters in the plots. For this 

comparison, tables 24 and 27 in appendix are referred.  
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    Figure 3.26 Plot that relates with and without OTDR setups 

As shown in the above plot, the two plots are almost the same. This proves that the OTDR 

monitoring signal has no effect at all on the data transmission. In the points considered for the 

plot, the two setups show visible resemblance on measured parameters. It is described in previous 

sections that both the data and the monitoring signals have different wavelengths, and the 

monitoring signal is not received by any of OLT or ONT transceivers. Therefore, it is possible to 

monitor the network without interrupting data transmission. 

Comparison between back-to-back connection and through-fiber setup for US 

transmission 
It is expected that the measurements show the same relation as observed for the case of DS 

transmission. For this comparison, tables 30 and 33 in appendix are referred. 
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Figure 3.27 Plot that relates back-to-back connection and through-fiber setup 

As shown in the above plot, considering the points marked with green line shows the difference 

in a clear manner. Around 1 dB power penalty is introduced for the case of through-fiber setup. 

Comparison of without- OTDR and with-OTDR setups for US transmission 

With the same fashion like the DS, it is expected that there must be big resemblance between the 

results measured for the two cases. This comparison is helpful to conclude whether the 

monitoring signal is affecting the data signal or operating independently. For this comparison, 

tables 33 and 36 in appendix are referred.    
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Figure 3.28 Plot that relates with and without OTDR setups 

From the graph, it is clear to understand that the monitoring signal does not have any effect on 

the transmission. The points marked with green line supports this conclusion, because both have 

nearly the same values of ROP for the chosen –log (BER).  
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3.3.2 Measured results and comparisons using NxN AWG 
The measurements are done in two rounds by taking seven sample points for each case and the 

average is considered to plot the final graph. According to the plots, the back-to-back connection 

and through-fiber setup are compared, and next through-fiber and with-OTDR setups are 

compared. The tables are shown in the appendix.  

Comparison between back-to-back connection and through-fiber setup for DS 

transmission 
 For this comparison, table 3 and 6 in the appendix are referred. 
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Figure 3.29 Plot that compares back-to-back connection and through-fiber setup 

 
From figure 3.29, if points marked with green line are considered for both scenarios, the power 

penalty introduced by the fiber is around 0.5 dB at BER=10
-9

. This means that Rayleigh 

backscattering in the fiber contributes to this power penalty. 

Comparison of without-OTDR and with-OTDR setups for DS transmission 

For this comparison, table 6 and 9 in the appendix are referred. 
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Figure 3.30 Plot that compares with and without OTDR setups 
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From figure3.30, both scenarios have nearly the same ROP for each value taken in the axis of      

–log (BER). Considering the sample points marked with green line helps to conclude that the 

OTDR monitoring signal does not affect the data signal in the DS transmission. 

Comparison between back-to-back connection and through-fiber setup for US 

transmission 
For this comparison, table 12 and 15 in the appendix are referred. 
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Figure 3.31 Plot that compares back-to-back connection and through-fiber setup 

By referring figure 3.31, the difference between the two plots can easily be understood for the US 

transmission. To determine the power penalty introduced by the fiber, consider the points marked 

with green lines, so around 1 dB loss is introduced due to Rayleigh backscattering in the fiber. 

Comparison of without-OTDR and with-OTDR setups for US transmission 

For this comparison, table 15 and 18 in the appendix are referred. 

with and without OTDR

3

4

5

6

7

8

9

10

11

-42 -41 -40 -39 -38 -37 -36 -35 -34

ROP in dBm

-l
o

g
(B

E
R

)

US without OTDR

US with OTDR

 

Figure 3.32 Plot that compares with and without OTDR setups 
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By referring to the points marked with green line in figure 3.32, both plots have nearly the same 

ROP for every value of –log (BER). Therefore, like the DS transmission, the OTDR monitoring 

signal does not affect the data signal in the US transmission. 

3.4 Discussion 
From the results, it is observed that the power sensitivity, which is represented by the ROP axis, 

for DS and US transmissions are not the same. This difference comes from the reason that OLT 

uses DML which has a power of 1.03 dBm for DS transmission; whereas RSOA re-amplifies and 

re-modulates the ROP which is -16.45 dBm for US transmission. Since the transmitting 

performance of OLT transmitter and RSOA is different, it is likely for such difference to happen. 

Even if 1xN and NxN AWGs have different FSR, which results in different wavelength choice 

for the OTDR monitoring signal, the results obtained express the same relation between the 

setups used and the comparisons. The measured values and calculated parameters obtained by 

using 1xN AWG are not compared with that of NxN AWG, because the NxN AWG is not a fully 

passive device and it is temperature sensitive. NxN AWG needs external DC power supply and 

works in the range of 75 to 85 degree Celsius; whereas 1xN AWG is fully passive and athermal. 

When NxN is manufactured in a fully passive version, it is possible to choose one of them 

depending on the size of the PON. 

In a comparison between back-to-back connection and through-fiber setup, the fiber that replaces 

the fixed attenuator introduces a power penalty of nearly 0.5 dB for DS transmissions and 1 dB 

for US transmissions. This is because of Rayleigh scattering effect in the fiber. The reason of 

having different power penalties in US and DS while using the same length of fiber is due to 

different extinction ratios. Since DS has greater extinction ratio than US because of the level of 

noise, the power penalty introduced in the DS transmission is lower than that of the US. 
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Chapter 4 Conclusion and Future Work 
In this project we have studied the effect of the OTDR monitoring signal on the data transmission 

in WDM PON. For the study, different experimental setups are implemented in the laboratory 

and several measurements are taken. 

The results show that the OTDR monitoring signal does not affect the data for both US and DS 

transmissions. This result involves for both PON architectures that use 1xN or NxN AWG. 

Therefore, by injecting a high power pulse OTDR signal to the network, it is possible to monitor 

the working status of a WDM-PON without affecting the system performance.  

Regarding future work, first it is better to cross check the effect by changing the length of the 

fiber used during this experiment. Second, if a tunable laser source is used at the OLT instead of 

the fixed wavelength DML, it is possible to further measure the OTDR monitoring signal effect 

when using different wavelength sources. Third, since the NxN AWG has 48 inputs and 48 

outputs, it is better to completely characterize it and use it for other related experiments. 

Additional to comparing the results using plots as it is done in this project, it is better to measure 

more parameters like an eye diagram for both US and DS transmissions. Finally, 1xN AWG is 

used as a WBF and for future applications it is better to design a filter that can be used as WBF. 
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Appendix 

Appendix 1: Measured and calculated parameters using NxN AWG 

Results from back-to-back connection for DS transmission 

The following three tables contain the results of the measurement and calculated parameters 

necessary to plot the required graph. 

 

 

ROP in dBm total data sent number of error bits BER 

-31 264.1328*10^9 39 1.48*10^-10 

-31.5 264.1299*10^9 680 2.57*10^-9 

-32 264.1208*10^9 7109 2.69*10^-8 

-32.5 263.3138*10^9 47915 1.82*10^-7 

-33 258.6034*10^9  325562 1.26*10^-6 

-33.5 236.7823*10^9 1.271596*10^6 5.37*10^-6 

-34 219.6432*10^9 9.8111*10^6 4.47*10^-5 

Table 1 Measured values and calculated BER from the first attempt 

ROP in dBm total data sent number of error bits BER 

-31 264.1337*10^9 32 1.21*10^-10 

-31.5 264.1310*10^9 649 2.46*10^-9 

-32 264.1205*10^9 5393 2.04*10^-8 

-32.5 263.3094*10^9 55013 2.09*10^-7 

-33 258.3810*10^9  235646 9.12*10^-7 

-33.5 236.7772*10^9 2.209733*10^6 9.33*10^-6 

-34 221.4309*10^9 5.071*10^6 2.29*10^-5 

Table 2 Measured values and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-31 9.83 9.92 9.875 

-31.5 8.59 8.61 8.6 

-32 7.57 7.69 7.63 

-32.5 6.74 6.68 6.71 

-33 5.9 6.04 5.97 

-33.5 5.27 5.03 5.15 

-34 4.35 4.64 4.495 

Table 3 Calculated and average value of –log (BER) 
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Results from through-fiber setup for DS transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

 

 

ROP in dBm total data sent number of error bits BER 

-31 264.1319*10^9 179 6.78*10^-10 

-31.5 264.1199*10^9 2818 1.07*10^-8 

-32 263.9367*10^9 38763 1.47*10^-7 

-32.5 262.4844*10^9 322950 1.23*10^-6 

-33 253.7218*10^9 2.043069*10^6 8.05*10^-6 

-33.5 221.2628*10^9 8.490545*10^6 3.84*10^-5 

-34 151.465*10^9 22.86993*10^6 1.51*10^-4 

Table 4 Measured values and calculated BER from the first attempt 

ROP in dBm total data sent number of error bits BER 

-31 264.1323*10^9 182 6.89*10^-10 

-31.5 264.1216*10^9 2472 9.36*10^-9 

-32 263.9319*10^9 39474 1.49*10^-7 

-32.5 262.5857*10^9 303151 1.15*10^-6 

-33 253.8881*10^9 2.010802*10^6 7.92*10^-6 

-33.5 221.3518*10^9 8.473112*10^6 3.83*10^-5 

-34 156.869*10^9 21.72414*10^6 1.38*10^-4 

Table 5 Measured values and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-31 9.17 9.16 9.165 

-31.5 7.97 8.03 8 

-32 6.83 6.83 6.83 

-32.5 5.91 5.94 5.925 

-33 5.09 5.1 5.095 

-33.5 4.41 4.42 4.415 

-34 3.82 3.86 3.84 

Table 6 Calculated and average value of –log (BER) 
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Results from with-OTDR setup for DS transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

 

 

ROP in dBm total data sent number of error bits BER 

-31 264.1332*10^9 176 6.63*10^-10 

-31.5 264.1145*10^9 3808 1.44*10^-8 

-32 263.8889*10^9 47662 1.8*10^-7 

-32.5 262.339*10^9 337311 1.28*10^-6 

-33 252.2386*10^9 2.335964*10^6 9.26*10^-6 

-33.5 218.2785*10^9 9.088917*10^6 4.16*10^-5 

-34 164.7051*10^9 20.07264*10^6 1.22*10^-4 

Table 7 Measured values and calculated BER from the first attempt 

ROP in dBm total data sent number of error bits BER 

-31 264.1334*10^9 166 6.28*10^-10 

-31.5 264.1168*10^9 3329 1.26*10^-8 

-32 263.9149*10^9 42950 1.63*10^-7 

-32.5 262.3826*10^9 342036 1.3*10^-6 

-33 253.6472*10^9 2.058154*10^6 8.11*10^-6 

-33.5 217.6911*10^9 9.207295*10^6 4.23*10^-5 

-34 155.5421*10^9 22.01063*10^6 1.41*10^-4 

Table 8 Measured values and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-31 9.176 9.2 9.19 

-31.5 7.84 7.9 7.87 

-32 6.74 6.8 6.77 

-32.5 5.9 5.9 5.9 

-33 5.03 5.09 5.06 

-33.5 4.38 4.37 4.375 

-34 3.91 3.85 3.88 

Table 9 Calculated and average value of –log (BER) 
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Results from back-to-back connection for US transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

 

ROP in dBm total data sent number of error bits BER 

-35 264.1343*10^9 3 6.02*10^-12 

-36 264.1331*10^9 17 6.46*10^-11 

-37 264.1321*10^9 183 6.93*10^-10 

-38 264.1175*10^9 3199 1.21*10^-8 

-39 263.9192*10^9 32045 1.21*10^-7 

-40 262.5321*10^9 315193 1.2*10^-6 

-41 222.6383*10^9 3.2931*10^6 1.510^-5 

Table 10 Measured values and calculated BER from the first attempt 

ROP in dBm total data sent number of error bits BER 

-35 264.1332*10^9 4 9.12*10^-12 

-36 264.1329*10^9 33 1,23*10^-10 

-37 264.1322*10^9 222 8.4*10^-10 

-38 264.1166*10^9 3274 1.24*10^-8 

-39 263.9821*10^9 29601 1.12*10^-7 

-40 262.7423*10^9 274295 1.04*10^-6 

-41 224.7828*10^9 3.10287*10^6 1.38*10^-5 

Table 11 Measured values and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-35 11.22 11.04 11.13 

-36 10.19 9.91 10.05 

-37 9.16 9.1 9.13 

-38 7.92 7.91 7.915 

-39 6.92 6.95 6.935 

-40 5.92 5.98 5.95 

-41 4.83 4.86 4.845 

Table 12 Calculated and average value of –log (BER) 
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Results from through-fiber setup for US transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

 

ROP in dBm total data sent number of error bits BER 

-35 264.1340*10^9 20 7.57*10^-11 

-36 264.1324*10^9 141 5.34*10^-10 

-37 264.1185*10^9 2904 1.1*10^-8 

-38 263.9181*10^9 42761 1.62*10^-7 

-39 261.9426*10^9 431110 1.64*10^-6 

-40 239.4027*10^9 4.902109*10^6 2.05*10^-5 

-41 158.7753*10^9 21.42445*10^6 1.35*10^-4 

Table 13 Measured values and calculated BER from the first attempt 

ROP in dBm total data sent number of error bits BER 

-35 264.1327*10^9 16 6.06*10^-11 

-36 264.1321*10^9 259 9.8*10^-10 

-37 264.1160*10^9 3441 1.3*10^-8 

-38 263.9145*10^9 43084 1.63*10^-7 

-39 262.0098*10^9 418451 1.6*10^-6 

-40 239.4036*10^9 4.905958*10^6 2.05*10^-5 

-41 157.5362*10^9 21.7728*10^6 1.38*10^-4 

Table 14 Measured values and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-35 10.12 10.22 10.17 

-36 9.27 9.01 9.14 

-37 7.96 7.89 7.925 

-38 6.79 6.8 6.795 

-39 5.78 5.79 5.785 

-40 4.69 4.7 4.695 

-41 3.87 3.86 3.865 

Table 15 Calculated and average value of –log (BER) 
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Results from with-OTDR setup for US transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

 

ROP in dBm total data sent number of error bits BER 

-35 264.1329*10^9 34 1.29*10^-10 

-36 264.1330*10^9 177 6.7*10^-10 

-37 264.1242*10^9 2408 9.12*10^-9 

-38 263.9654*10^9 33141 1.25*10^-7 

-39 262.1162*10^9 396583 1.51*10^-6 

-40 241.4271*10^9 4.485132*10^6 1.86*10^-5 

-41 152.6060*10^9 22.74529*10^6 1.49*10^-4 

Table 16 Measured values and calculated BER from the first attempt 

ROP in dBm total data sent number of error bits BER 

-35 264.1327*10^9 41 1.55*10^-10 

-36 264.1317*10^9 256 9.69*10^-10 

-37 264.1181*10^9 3018 1.14*10^-8 

-38 263.9597*10^9 34425 1.3*10^-7 

-39 262.3643*10^9 347582 1.32*10^-6 

-40 241.766*10^9 4.413123*10^6 1.82*10^-5 

-41 158.2754*10^9 21.52977*10^6 1.36*10^-4 

Table 17 Measured values and calculated BER from the first attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-35 9.89 9.81 9.85 

-36 9.17 9.01 9.09 

-37 8.04 7.94 7.99 

-38 6. 9 6.88 6.89 

-39 5.82 5.88 5.85 

-40 4.73 4.74 4.735 

-41 3.83 3.87 3.85 

Table 18 Calculated and average value of –log (BER) 
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Appendix 2: Measured and calculated parameters using 1xN AWG 

Results from back-to-back connection for DS transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

ROP in dBm total data sent number of received error bits BER 

-31 264.1339*10^9 7 2.65*10^-11 

-31.5 264.1332*10^9 120 4.54*10^-10 

-32 264.1219*10^9 2168 8.21*10^-9 

-32.5 263.9542*10^9 13852 5.25*10^-8 

-33 262.8932*10^9 242526 9.22*10^-7 

-33.5 250.5266*10^9 2.672859*10^6 1.1*10^-5 

-34 213.2210*10^9 10.10711*10^6 4.74*10^-5 

Table 19 Measured parameters and calculated BER from the first attempt 

ROP in dBm total data sent number of received error bits BER 

-31 264.1337*10^9 5 1.89*10^-11 

-31.5 264.334*10^9 124 4.69*10^-10 

-32 264.1225*10^9 2231 8.45*10^-9 

-32.5 263.9546*10^9 15543 5.88*10^-8 

-33 262.8421*10^9 253158 9.63*10^-7 

-33.5 253.3963*10^9 2.107572*10^6 8.32*10^-6 

-34 212.2798*10^9 20.460143*10^6 9.638*10^-5 

Table 20 Measured parameters and calculated BER from the second attempt 

ROP in dBm -log(BER) of the  

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-31 10.6 10.72 10.66 

-31.5 9.34 9.33 9.335 

-32 8.1 8.1 8.1 

-32.5 7.28 7.18 7.23 

-33 6.03 6.02 6.025 

-33.5 4.96 5.08 5.02 

-34 4.324 4.02 4.17 

Table 21 Calculated and average values of –log (BER) 
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Results from through-fiber setup for DS transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

 

ROP in dBm total data sent number of received error bits BER 

-31 264.1339*10^9 25 9.55*10^-11 

-31.5 264.1323*10^9 1324 5.01*10^-9 

-32 264.0630*10^9 13647 5.17*10^-8 

-32.5 263.6104*10^9 102223 3.86*10^-7 

-33 254.4659*10^9 1.896326*10^6 7.45*10^-6 

-33.5 225.0415*10^9 7.732553*10^6 3.44*10^-5 

-34 176.9416*10^9 70.4412*10^6 3.98*10^-4 

Table 22 Measured parameters and calculated BER from the first attempt 

ROP in dBm total data sent number of received error bits BER 

-31 264.134*10^9 23 8.71*10^-11 

-31.5 264.1313*10^9 879 3.33*10^-9 

-32 264.0681*10^9 12906 4.9*10^-8 

-32.5 263.6176*10^9 101113 3.83*10^-7 

-33 260.2442*10^9 761910 2.93*10^-6 

-33.5 237.8689*10^9 5.175486*10^6 2.18*10^-5 

-34 158.103*10^9 21.4563*10^6 1.36*10^-4 

Table 23 Measured parameters and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-31 10.02 10.06 10.04 

-31.5 8.3 8.48 8.4 

-32 7.3 7.3 7.3 

-32.5 6.4 6.42 6.41 

-33 5.13 5.53 5.33 

-33.5 4.5 4.66 4.58 

-34 3.4 3.87 3.635 

Table 24 Calculated and average values of –log (BER) 
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Results from with-OTDR setup for DS transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

ROP in dBm total data sent number of received error bits BER 

-31 264.1326*10^9 132 5*10^-10 

-31.5 264.1233*10^9 1264 4.79*10^-9 

-32 264.0793*10^9 10699 4.05*10^-8 

-32.5 263.6050*10^9 103576 3.93*10^-7 

-33 259.7232*10^9 864096 3.33*10^-6 

-33.5 237.5171*10^9 5.24418*10^6 2.21*10^-5 

-34 187.8911*10^9 15.26094*10^6 8.12*10^-5 

Table 25 Measured parameters and calculated BER from the first attempt 

ROP in dBm total data sent number of received error bits BER 

-31 264.1333*10^9 141 5.34*10^-10 

-31.5 264.1231*10^9 1591 6.03*10^-9 

-32 264.0894*10^9 12789 4.84*10^-8 

-32.5 263.5940*10^9 105461 4*10^-7 

-33 259.5367*10^9 900024 3.47*10^-6 

-33.5 237.4412*10^9 5.259586*10^6 2.2*10^-5 

-34 151.4697*10^9 24.9944*10^6 1.65*10^-4 

Table 26 Measured parameters and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-31 9.3 9.27 9.285 

-31.5 8.32 8.22 8.27 

-32 7.39 7.31 7.35 

-32.5 6.41 6.39 6.4 

-33 5.5 5.46 5.48 

-33.5 4.65 4.66 4.655 

-34 4.1 3.78 3.94 

Table 27 Calculated and average values of –log (BER) 
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Results from back-to-back connection for US transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

ROP in dBm total data sent number of received error bits BER 

-33 264.1339*10^9 31 1.17*10^-10 

-34 264.1337*10^9 91 3.44*10^-10 

-35 264.1296*10^9 792 2.998*10^-9 

-36 264.111*10^9 4423 1.675*10^-8 

-37 264.077*10^9 11290 4.275*10^-8 

-38 262.9464*10^9 234357 8.91*10^-7 

-39 256.7440*10^9 1.456626*10^6 5.67*10^-6 

Table 28 Measured parameters and calculated BER from the first attempt 

ROP in dBm total data sent number of received error bits BER 

-33 264.1331*10^9 49 1.85*10^-10 

-34 264.1326*10^9 123 4.66*10^-10 

-35 264.1315*10^9 412 1.56*10^-9 

-36 264.1185*10^9 3028 1.15*10^-8 

-37 264.0645*10^9 13750 5.21*10^-8 

-38 263.6479*10^9 195886 7.43*10^-7 

-39 257.034*10^9 1.401396*10^6 5.45*10^-6 

Table 29 Measured parameters and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-33 9.93 9.73 9.83 

-34 9.46 9.33 9.395 

-35 8.52 8.81 8.665 

-36 7.77 7.94 7.855 

-37 7.37 7.28 7.325 

-38 6.05 6.13 6.09 

-39 5.25 5.26 5.255 

Table 30 Calculated and average values of –log (BER) 
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Results from through-fiber setup for US transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

ROP in dBm total data sent number of received error bits BER 

-33 264.1321*10^9 223 8.45*10^-10 

-34 264.1288*10^9 1053 4*10^-9 

-35 264.1177*10^9 3247 1.23*10^-8 

-36 264.0156*10^9 23182 8.78*10^-8 

-37 263.5215*10^9 120806 4.58*10^-7 

-38 260.1414*10^9 784370 3.02*10^-6 

-39 235.1839*10^9 5.744*10^6 2.44*10^-5 

Table 31 Measured parameters and calculated BER from the first attempt 

ROP in dBm total data sent number of received error bits BER 

-33 264.1324*10^9 163 6.17*10^-10 

-34 264.1265*10^9 1365 5.17*10^-9 

-35 264.1222*10^9 2233 8.45*10^-9 

-36 263.9981*10^9 26662 1.01*10^-7 

-37 263.5321*10^9 118429 4.49*10^-7 

-38 260.6232*10^9 689701 2.65*10^-6 

-39 231.0997*10^9 7.7348*10^6 3.35*10^-5 

Table 32 Measured parameters and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-33 9.07 9.21 9.14 

-34 8.39 8.29 8.34 

-35 7.91 8.1 8 

-36 7.06 7 7.03 

-37 6.34 6.35 6.345 

-38 5.52 5.58 5.55 

-39 4.61 4.47 4.54 

Table 33 Calculated and average values of –log (BER) 
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Results from with-OTDR setup for US transmission 

The following three tables contain the results of the measurements and calculated parameters 

necessary to plot the required graph. 

ROP in dBm total data sent number of received error bits BER 

-33 264.1323*10^9 236 8.93*10^-10 

-34 264.1283*10^9 1094 4.14*10^-9 

-35 264.1248*10^9 1971 7.46*10^-9 

-36 263.9893*10^9 26490 1.01*10^-7 

-37 263.6167*10^9 115159 4.37*10^-7 

-38 260.1101*10^9 791554 3.04*10^-6 

-39 221.3899*10^9 8.534355*10^6 3.855*10^-5 

Table 34 Measured parameters and calculated BER from the first attempt 

ROP in dBm total data sent number of received error bits BER 

-33 264.1326*10^9 139 5.26*10^-10 

-34 264.1306*10^9 1027 3.89*10^-9 

-35 264.1171*10^9 3403 1.29*10^-8 

-36 263.0311*10^9 21281 8.09*10^-8 

-37 263.3714*10^9 119376 4.53*10^-7 

-38 260.3305*10^9 846251 3.25*10^-6 

-39 229.8722*10^9 6.828206*10^6 2.97*10^-5 

Table 35 Measured parameters and calculated BER from the second attempt 

ROP in dBm -log(BER) of the 

 first attempt 

-log(BER) of the  

second attempt 

Average  

–log(BER) 

-33 9.05 9.28 9.165 

-34 8.382 8.41 8.396 

-35 8.13 7.889 8.01 

-36 6.99 7.092 7.041 

-37 6.36 6.344 6.352 

-38 5.52 5.5 5.51 

-39 4.414 4.53 4.472 

Table 36 Calculated and average values of –log (BER) 

 


