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Resum 
 

 
En el present document s’especifiquen els detalls de l’actualització d’un model 
de xarxa òptica passiva (PON) en l’entorn de simulació OPNET Modeler. El 
model bàsic del qual es parteix representa una xarxa d’accés EPON (Ethernet 
Passive Optical Network) dissenyada sota les especificacions de l’estàndard 
IEEE 802.3ah. El model base permetia avaluar el comportament de diferents 
algoritmes per l’assignació dinàmica de l’ampla de banda per a xarxes d’accés 
basades en TDM (Multiplexació per Divisió en Temps). 
 
El model base s’ha actualitzat per a permetre una avaluació d’una manera fàcil 
del comportament de diferents algoritmes d’assignació dinàmica de l’ampla de 
banda per a xarxes d’accés basades en TDM així com d’aquelles basades en 
WDM (Multiplexació per Divisió en Longitud d’ona). El nou model obtingut aquí 
ha estat dissenyat per a una fàcil i ràpida adaptació de qualsevol condició de 
simulació en termes de nombre de longituds d’ona suportades i velocitat de 
transmissió de dades. 
 
Del model final s’han avaluat el comportament d’aplicar tècniques WDM sobre 
diferents escenaris TDM, utilitzant l’algoritme per a l’assignació dinàmica 
d’ampla de banda “IPACT” per a xarxes EPON d’un sol canal, i utilitzant 
l’algoritme per a l’assignació dinàmica d’ampla de banda “WDM IPACT-ST” per 
a xarxes EPON on existeixen múltiples canals o longituds d’ona. 
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Overview 
 

 
This document contains the details of upgrading a model of passive optical 
network (PON) in the simulation environment OPNET Modeler. Base model 
which represents an access EPON (Ethernet Passive Optical Network) was 
designed under the specifications of the IEEE 802.3ah standard. Base model 
allows to easily evaluate the performance of algorithms for dynamic allocation 
of bandwidth (DBA) for access networks based on time division multiplexing 
(TDM). 
 
The base model is able to assign bandwidth to the Optical Network Units 
(ONUs) by means of an Interleaved polling with adaptive cycle time (IPACT) 
algorithm. This base model is updated by adding wavelength division 
multiplexing (WDM) support, with OPNET Modeler simulation tool. The media 
access control applied in this updated WDM model is referred to as WDM 
IPACT with a single polling table (WDM IPACT-ST). 
 
Updated model is backward compatible, so both algorithms for access control 
could be evaluated in terms of average packet delay, average queue size and 
average throughput. In order to evaluate WDM benefits in different scenarios, 
simulations are run on both 1Gbps and 10Gbps EPON. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





 

I would like to first dedicate this work to my family,  
for their support, patience and specially for the  

encouragement they shown along all  
time I’ve spent working on this project. 

 
 

I would also like to thank my project tutors,  
S. Sallent, LL. Gutiérrez and P. Garfias  

to offer me the opportunity of working together  
in a really friendly and confident environment. 

 

 



Index   7 

INDEX 

 

 

INTRODUCTION ................................................................................................ 9 

CHAPTER 1. STATE OF ART IN ACCESS NETWORKS ............................ 11 

1.1 The “First mile”............................................................................................................ 11 

1.2 PON: Passive Optical Network .................................................................................... 12 
1.2.1 PON network operation ..................................................................................... 13 

1.3 EPON: Ethernet Passive Optical Network .................................................................. 14 
1.3.1 Downstream transmission ................................................................................. 14 
1.3.2 Upstream transmission ...................................................................................... 15 
1.3.3 MPCP: Multi-Point Control Protocol ................................................................... 16 
1.3.4 DBA: Dynamic Bandwitdh Allocation ................................................................. 19 

CHAPTER 2. NEW TRENDS IN PON NETWORKS ..................................... 25 

2.1 10G EPON: IEEE 802.3av ............................................................................................. 26 
2.1.1 10G EPON: The physical layer .......................................................................... 26 
2.1.2 Wavelength allocation ....................................................................................... 27 
2.1.3 10G EPON: The MPCP protocol........................................................................ 27 

2.2 WDM-PON .................................................................................................................... 28 
2.2.1 Related work ..................................................................................................... 28 

CHAPTER 3. SIMULATION MODEL UPDATE ............................................ 31 

3.1 Simulation tool............................................................................................................. 31 
3.1.1 Network modeler ............................................................................................... 32 
3.1.2 Node modeler ................................................................................................... 32 
3.1.3 Process modeler ............................................................................................... 33 

3.2 Previous work .............................................................................................................. 35 

3.3 Goals ............................................................................................................................ 36 

3.4 Changes to the Base Model ........................................................................................ 37 
3.4.1 EPON network model ........................................................................................ 37 
3.4.2 OLT model ........................................................................................................ 38 
3.4.3 ONU model ....................................................................................................... 42 
3.4.4 Splitter and combiner model .............................................................................. 43 
3.4.5 Wavelength and bit rate assignment .................................................................. 44 

CHAPTER 4. PERFORMACE EVALUATION ............................................... 49 

4.1 Simulation Scenario .................................................................................................... 49 
4.1.1 Statistic collection.............................................................................................. 50 

4.2 New model reliability evaluation ................................................................................. 51 
4.2.1 Results.............................................................................................................. 52 



8  Study and implementation of WDM on an EPON network 

4.3 New model performance evaluation ........................................................................... 54 
4.3.1 Simulation parameters ...................................................................................... 55 
4.3.2 Simulation results .............................................................................................. 56 

CHAPTER 5. CONCLUSIONS ...................................................................... 61 

5.1 Future work .................................................................................................................. 61 

5.2 Environmental impact ................................................................................................. 62 

BIBLIOGRAPHY .............................................................................................. 63 

 
 



Introduction   9 

INTRODUCTION 
 
 
The constant growth on the Internet users and applications are generating 
bottlenecks in terms of bandwidth; therefore it was needed to update and apply 
new technologies that are able to support the services that users demand. 
 
It is widely accepted that Passive Optical access Networks (PON) are the most 
promising cost-effective and high-performance access network solution, they 
will support bandwidth-intensive applications in the near future. The FTTH 
(Fiber - to - the - Home) infrastructure, mainly in the form of PON networks, is 
being deployed on a large scale in Asia and the U.S, and is beginning to pick up 
pace also in Europe. Operators need to consider the future migration from 
legacy PON systems to next generation access (NGA) systems upon the 
current PON fiber infrastructure.  
 
Current PON networks are TDM-PON with a single channel but the next 
generation – NG-PON – will be based on WDM techniques (WDM-PON). The 
goal is to migrate gradually from current TDM-PON to the WDM-PON networks 
facilitating the operators to replace the users and network equipment. Such 
upgrade is driven by the IEEE and ITU-T, developing new standardization 
bodies. As a result of this migration to WDM-PON networks, and as the main 
goal of this project, here in this document it is proposed an update from current 
TDM-PON model to WDM-PON model. This proposal is developed and later 
evaluated using OPNET Modeler simulation tool. 
 
In chapter 1 it is defined the main concepts of the EPON networks which need 
to be understood for the project development and its later modelation on the 
simulation tool. 
 
In chapter 2 we summarize the new trends in Next Generation Access Networks 
(NGA) and the evolution from TDM to WDM including new scheduling 
algorithms for Dynamic Bandwidth Allocation (DBA). 
 
In chapter 3 it is briefly explained the simulation tool used together with the 
base model that we started to work with. It is also detailed the modifications 
done on the base model to update it to a WDM capable model, including the 
placement of a new DBA for wavelength scheduling. 
 
In chapter 4 is shown the results obtained from the simulations in different 
scenarios and are later analyzed and studied, especially for a TDM single 
channel EPON and for a WDM multiple channels EPON for both 1Gbps and 
10Gbps bit rates. 
 
Finally in chapter 5 it is given the conclusions and new research topic 
suggestions where the network model could be useful.  
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CHAPTER 1. STATE OF ART IN ACCESS NETWORKS 
 
 
The advances in the backbone, enterprise, and home networks together with 
the tremendous growth of Internet traffic volume have accentuated the lag of 
access network capacity. The “first mile” still remains the bottleneck between 
high-capacity LANs and the backbone network. 
 
This chapter is devoted to present the state of the art of PON access networks 
focused on the EPON access network. 
 

1.1 The “First mile” 
 
The access portion of the network always remained the “last mile” for 
Telecommunications operators, reflecting its peripheral location. The last mile 
was always unattended by the operators, not receiving proper attention or 
sufficient investment, thus causing unsatisfied subscribers demanding for new 
services. This attracted new companies for an opportunity, for which the access 
network became just the “first mile”. 
 
The first mile connects the service provider central offices to business and 
residential subscribers. Also, referred to as the subscriber access network, or 
the local loop, it is the network infrastructure at the neighborhood level. 
 
The existing “broadband” solutions are unable to provide enough bandwidth for 
emerging services, thus to avoid bandwidth bottlenecks, optical fibers and 
optical nodes are penetrating deeper into the first mile. The next steps of 
access network deployments promises to bring fiber all the way to the office or 
apartment buildings or individual homes. Unlike previous architectures, these 
new deployments use optical fiber throughout the access network. 
 
Optical fiber is capable of delivering bandwidth-intensive, integrated voice, data, 
and video services at distances beyond 20 km in the subscriber access 
network. A simple way to deploy optical fiber in the local access network is to 
use a point-to-point (P2P) topology, with dedicated fiber runs from the CO to 
each end-user subscriber (see Figure 1.1a). While this is a simple architecture, 
in most cases it is cost prohibitive because it requires significant outside fiber 
plant deployment as well as connector termination space in the local exchange. 
 
To reduce fiber deployment, it is possible to deploy a remote switch 
(concentrator) close to the neighborhood (see Figure 1.1b) but curb-switched 
network architecture requires electric power as well as backup power at the 
curb switch. Therefore, it is logical to replace the active curbside switch with an 
inexpensive passive optical splitter (see Figure 1.1c).  
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A passive optical network (PON) is an attractive solution to the first-mile 
problem as it minimizes the number of optical transceivers, CO terminations, 
and fiber deployment.  
 

 

Figure 1.1 Fiber to the Home (FTTH) deployment scenarios 

 

1.2 PON: Passive Optical Network 
 
A PON is a point-to-multipoint (P2MP) optical network with no active elements 
in the signals’ path from source to destination. The only equipment used in PON 
are passive optical components, such as optical fiber, combiners, and splitters.  
 
All transmissions in a PON are performed between an optical line terminal 
(OLT) and optical network units (ONUs). The OLT resides in the CO and 
connects the optical access network to the metropolitan-area network or wide-
area network (WAN). The ONU is located either at the end-user location (FTTH 
and FTTB) or at the curb, resulting in fiber-to-the-curb (FTTC) architecture. 
There are several multipoint topologies suitable for PONs access network, 
including tree, ring, and bus as shown in Figure 1.2. 
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Figure 1.2 PON topologies 

 

1.2.1 PON network operation 

 
In the downstream direction (from the OLT to the ONUs), a PON is a point-to-
multipoint (P2MP) network. The OLT typically has the entire downstream 
bandwidth available to it at all times. In the upstream direction, a PON is a 
multipoint-to-point (MP2P) network where multiple ONUs transmit all toward 
one OLT.  
 
Data streams from different ONUs could be transmitted simultaneously so could 
still collide. Thus, in the upstream direction (from the ONUs to the OLT), a PON 
should employ some medium access control mechanism to avoid data collisions 
and fairly share the trunk fiber channel capacity and resources. Exists three 
methods for channel separation; Wavelength Division Multiplexing Access 
(WDMA), Time Division Multiplexing Access (TDMA) and Code Division 
Multiplexing Access (CDMA). 
 
Although first approach it is a simple solution, it was cost-prohibitive in the past 
for an access network as it would require either a tunable receiver or a receiver 
array at the OLT to receive multiple channels. The second approach attends 
that simultaneous transmissions from several ONUs will collide when they reach 
the combiner. To avoid data collisions, each ONU must transmit in its own 
transmission window (timeslot). One of the major advantages of a TDMA PON 
is that all ONUs can operate on the same wavelength and can use identical 
components. The OLT will also need a single receiver. This approach also 
allows the TDMA PON to efficiently change the bandwidth allocated to each 
ONU by changing the assigned timeslot size. 
 
While in a subscriber access network, most of the traffic flows downstream and 
upstream, but not peer-to-peer (from a user to a user) it seems reasonable to 
separate the downstream and upstream channels. A simple channel separation 
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can be based on space division multiplexing (SDM), in which separate PONs 
are provided for downstream and upstream transmissions. To save optical fiber 
and to reduce the cost of repair and maintenance, a single fiber may be used 
for bidirectional transmission. In this case, two wavelengths are used, one for 
the upstream transmission, generally is assigned 1310nm wavelength, and 
another for the downstream transmission, generally is assigned 1490nm 
wavelength). This distribution leaves open the third window of 1550nm for other 
services as analog video. The channel capacity on each wavelength can be 
flexibly divided between the ONUs by using time-sharing techniques. 
 

1.3 EPON: Ethernet Passive Optical Network 
 
The first development of Ethernet Passive Optical Network (EPON) was a PON-
based network that carried data traffic encapsulated in Ethernet frames as 
defined in the IEEE 802.3ah standard, which was first standardized in 2004.  
 
The IEEE 802.3 standard defines two basic modes of operation for an Ethernet 
network. In one configuration, it can be deployed over a shared medium using 
the carrier-sense multiple access with collision detection (CSMA/CD) protocol; 
in the other configuration, stations may be connected through a switch using 
full-duplex point-to-point links, therefore, Ethernet MAC can operate in one of 
two modes: CSMA/CD mode or full-duplex mode.  
 
Properties of the EPON medium are such that it cannot be considered either a 
shared medium or a point-to-point network; rather, it is a combination of both. It 
has a connectivity of a broadcast medium in the downstream direction, and it 
behaves as a point-to-point medium in the upstream direction. As the upstream 
is shared among the users it requires a Media Access Control (MAC) to avoid 
collisions between them. 
 

1.3.1 Downstream transmission 

 
In the downstream direction, Ethernet packets transmitted by the OLT pass 
through a 1 × N passive splitter or cascade of splitters and reach each ONU.  
The value of N is typically between 4 and 64 (limited by the available optical 
power budget). This behavior is similar to a shared medium network. Because 
Ethernet is broadcasting by nature, in the downstream direction (from network 
to user) it fits perfectly with the Ethernet PON architecture: packets are 
broadcasted by the OLT and selectively extracted at their destination ONU. 
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Figure 1.3 EPON downstream transmission 

 

1.3.2 Upstream transmission 

 
In the upstream direction (from ONU to OLT), data packets from any ONU will 
reach only the OLT, but not the rest of the ONUs because of the optical 
combiner. In this case, the behavior of EPON is similar to that of a point-to-point 
architecture. However, unlike a true point-to-point network, in EPON, all ONUs 
belong to a single collision domain, thus data packets from different ONUs 
transmitted simultaneously still may collide. Therefore, in the upstream 
direction, EPON needs to employ some arbitration mechanism to avoid data 
collisions and fairly share the channel capacity among ONUs.  
 
EPON uses a TDMA scheme for this subject, where ONUs are assigned an 
exclusive access to the media for a limited interval of time, commonly referred 
to as transmission window or timeslot. 
 

 

Figure 1.4 EPON upstream transmission 

 
 
As can be seen in Figure 1.4 All ONUs are synchronized to a common time 
reference, and each ONU is allocated a timeslot which is capable of carrying 
several Ethernet packets. 
 
The performance of an EPON depends on a particular capacity allocation 
scheme. The possible timeslot allocation schemes range from static allocation 
(fixed TDMA) to dynamic adjustment of the slot size based on instantaneous 
queue load in every ONU (statistical multiplexing scheme). Choosing the best 
allocation scheme, however, is not a trivial task. 
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1.3.3 MPCP: Multi-Point Control Protocol 

 
One of the most important conditions EPON has to comply with, to be part of 
the IEEE 802.3ah standard, is the use of the existing Ethernet MAC, therefore it 
was decided to implement MPCP as a new function of the MAC control 
sublayer. 
 
MPCP has two modes of operation: 
 

 Autodiscovery mode; to discover newly activated ONUs, the MPCP 
should initiate the discovery procedure periodically. 
 

 Bandwidth assignment mode; to maintain the communication between 
OLT and ONUs, the MPCP should provide periodic granting for each 
ONU. 

 

1.3.3.1  Bandwidth assignment mode 

 
The bandwidth assignment mechanism relies on “GATE” and “REPORT” 
messages in IEEE 802.3ah terminology. 
 
A GATE message is sent from the OLT to an individual ONU and is used to 
assign a transmission timeslot to this ONU. A timeslot is identified by a pair of 
values {startTime, length}. The values for startTime and length are decided by a 
Dynamic Bandwidth Allocation (DBA) agent or scheduler, a sublayer outside the 
scope of IEEE 802.3ah (see Figure 1.5). 
 
The values of startTime and length are passed to the gating process at the 
OLT. The gating process, formally specified in the standard, forms a GATE 
message and transmits it to the ONU. In the ONU, the received GATE message 
is parsed and demultiplexed to the ONU’s gating process, which is responsible 
for allowing the transmission to begin within the timeslot assigned by the 
received message. Additionally, an indication of the received GATE message is 
passed to the DBA agent at the ONU to allow it to perform any necessary DBA-
specific functions. 
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Figure 1.5 Processes and agents involved in bandwidth assignment 

 
A REPORT message is a feedback mechanism used by an ONU to indicate its 
local conditions (such as buffer occupancy) to the OLT for it to make intelligent 
allocation decisions. Such information is not available to the MPCP, thus the 
REPORT message, similarly to the GATE, is initiated by the DBA agent. It is 
then passed to the reporting process at the ONU, which forms and transmits the 
REPORT frame. REPORT frames can be sent only in previously assigned 
timeslots. At the OLT, the received REPORT frame is parsed and issued to the 
OLT’s reporting process, which, in turn, passes it to the DBA agent. The DBA 
agent may use this information to make timeslot allocations for the next round. 
 
To allow the use of the value startTime, the OLT and each ONU should 
maintain a local clock, called the MPCP clock. To synchronize ONU’s MPCP 
clock to the OLT’s clock, each MPCP message defines a field called timestamp. 
The OLT’s control multiplexer, writes the value of the MPCP clock into the 
timestamp field of an outgoing GATE message. When a GATE message arrives 
to an ONU, the control parser sets its local MPCP clock to the value received in 
the timestamp field. 
 

1.3.3.2  Autodiscovery mode 

 
The autodiscovery mechanism is used to detect newly connected ONUs and 
learn their round-trip delays and MAC addresses. Both the OLT and ONUs 
implement the discovery process, which is driven by the discovery agent (see 
Figure 1.6). 
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Figure 1.6 Processes and agents involved in autodiscovery 

 
Autodiscovery employs four MPCP messages: GATE, REGISTER_REQ, 
REGISTER, and REGISTER_ACK. These messages are carried in MAC control 
frames. 
 
At a high level, the autodiscovery is a four-step procedure, and it works as 
follows: 
 

 The discovery agent at the OLT decides to initiate a discovery round and 
allocates a discovery window. During this interval of time, ONUs which 
are already initiated are not allowed to transmit. For allocating a 
discovery window, a special GATE message called discovery GATE is 
used, advertising the discovery slot start time and its length. The MPCP 
will timestamp the discovery GATE message with the OLT’s local time. 
 
 

 Only uninitialized ONUs will respond to the discovery GATE message. 
Upon receiving the discovery GATE message, an ONU will set its local 
time to the timestamp that it received in the discovery GATE message.  
 
When the local clock located in the ONU reaches the start time of the 
discovery slot (also delivered in the discovery GATE message), the ONU 
will wait an additional random delay and then transmit the 
REGISTER_REQ message. This message contains the ONU’s source 
address and a timestamp representing the local ONU’s time when the 
REGISTER_REQ message was sent. 
 
When the OLT receives the REGISTER_REQ from an uninitialized ONU, 
it learns its MAC address and round-trip time as shown in Figure 1.7. 
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Figure 1.7 Round-trip time measurement 

 
RTT = Tdownstream + Tupstream = Tresponse – Twait = (t3 – t1) - (t2 – t1) = t3 – t2     (1.1) 
 

 

 Once the REGISTER_REQ message is parsed, the OLT issues the 
REGISTER message directly sent to an initializing ONU using the MAC 
address received during the previous step. The REGISTER message 
contains a unique identification value called the Logical Link ID (LLID) 
that the OLT assigns to each ONU. 
 
Following the REGISTER message, the OLT sends a normal GATE to 
the same ONU. 
 
 

 The ONU, after receiving both the REGISTER and the normal GATE 
messages, it sends the REGISTER_ACK message to the OLT. 
 

1.3.4 DBA: Dynamic Bandwitdh Allocation 

 
EPON operation is broadcast in the downstream direction (from OLT to ONU), 
packets are broadcast by the OLT and extracted by their destination ONU 
based on the media-access control (MAC) address and the Link Layer ID 
(LLID). In the upstream direction (from ONU to OLT), the ONUs should share 
the channel capacity and resources. Since the ONUs cannot communicate with 
one another, the OLT must assign timeslots in which the ONUs are allowed to 
transmit. One method is to assign static timeslots for each ONU, however it has 
a major limitation: the lack of statistical multiplexing.  
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The burstiness of network traffic results in a situation where some timeslots 
overflow even under very light load, resulting in packets being delayed for 
several timeslot periods, while a large number of slots remain underutilized. 
Hence, the need of Dynamic Bandwidth Allocation (DBA) algorithms, in which 
the OLT schedules the timeslots where the ONUs may transmit, is to achieve 
statistical multiplexing. 
 
DBA generally is defined as the process of providing statistical multiplexing 
among ONUs and it consists of two parallel but potentially overlapping 
problems: grant sizing and grant scheduling (or inter-ONU scheduling). Grant 
sizing determines the size of a grant, that is, the length of the transmission 
window assigned to an ONU for a given grant cycle, and Grant scheduling 
determines the order of ONU grants for a given cycle. 
 
For Grant scheduling purposes, an additional classification could be named: the 
intra-ONU scheduling, which is used when the network deals with QoS (see 
Figure 1.8), although this classification branch is not present under the 
statistical multiplexing methods. 
 

 

Figure 1.8 Grant Scheduling: intra-ONU and inter-ONU methods 

 
Typically, bandwidth allocation can be either static or dynamic. In static 
allocation, a fixed-size time-slot is allocated to each ONU regardless of the 
instantaneous bandwidth demand of this ONU. This approach is preferred 
method of channel sharing as it provides a simple and cost-effective solution, 
however, it doesn’t have the ability to adapt to the bursty nature of network 
traffic. On the other hand, in dynamic bandwidth allocation a variable size 
timeslot is allocated dynamically to each ONU based on its instantaneous 
bandwidth demand. Thus, DBA algorithm can adapt to the bursty nature of the 
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network traffic and achieve better bandwidth utilization. IEEE 802.3ah standard 
does not specify any particular DBA, it leaves it open for suppliers to develop 
and investigate different algorithms to offer the best service to the users. 
 
Generally, DBA algorithms proposed so far for EPONs can be categorized as 
shown in Figure 1.9. 
 

 

Figure 1.9 DBA algorithms classification 

 
DBA’s may be either centralized or distributed, depending on where the 
operations for bandwidth allocation are placed. The centralized approach 
involves just one element in an EPON, generally the OLT. Otherwise for the 
distributed approach; both the ONUs and the OLT are involved. To deal with the 
dynamic grant sizing, DBA algorithms could be based on a prediction oriented 
or a non-prediction oriented approaches. The scheduling framework determines 
the way scheduling decisions are made: online or offline scheduling. For the 
online fashion, the OLT makes decisions “on-the-fly” based on individual 
requests and so without a global network state knowledge; in the other hand the 
offline scheduling fashion does the opposite, so decisions are taken once 
received the requests of all the ONUs. 
 
 

1.3.4.1  IPACT: Interleaved Polling with Adaptive Cycle Time 

 
The IPACT is one of the early works but it became very popular in the literature 
[4]. The cycle period adjusts to the bandwidth requirements of the ONUs, and 
the definition of a maximum transmission window allows ONUs with high traffic 
to not monopolize the bandwidth resource. What is more interesting in such 
proposal is that IPACT uses an interleaved polling approach, in which the next 
ONU is polled before the transmission of the previous one is finished, as 
depicted in Figure 1.10. 
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Figure 1.10 Interleaved polling mechanism in IPACT 

 
 
In such scheme, the OLT knows exactly how many bytes are waiting in each 
ONU’s buffer and the Round Trip Time (RTT) to each ONU. The OLT keeps this 
data in a polling table. This is how the OLT calculates the transmission window 
length and its start time for the ONUs: 
 
Supposing that at time t0 the OLT sends a control message (a Grant) to ONU 1, 
allowing it to send 6000 bytes (see Figure 1.10):  
 

 The ONU upon receiving the Grant from the OLT, it starts sending its 
data up to the size of the granted window. At the end of its transmission 
window, it will generate a control message (a Report) telling the OLT how 
many bytes are in its buffer. 

 

 Even before the OLT received a replay from ONU1, it knows when the 
last bit of ONU 1’s transmission will arrive. The first bit will arrive after the 
RTT time (including the Grant processing time, request generating time 
and a preamble for bit and byte alignment. Since the OLT knows how 
many bits it has authorized the ONU 1 to send it knows when the last bit 
from ONU 1 will arrive. Then, knowing the RTT for ONU 2, the OLT can 
schedule a Grant to ONU 2 such that first bit from ONU 2 arrives after a 
small guard interval time after the last bit from ONU 1. 
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The OLT maintains a variable tscheduled which represents a future time up to 
which the upstream channel has been scheduled (see Figure 1.11). 
 

 

tscheduled – time up to which the upstream channel has been scheduled 

RTTi – round-trip time of the ith ONU 

Tguard – the guard-band interval (constant) 

TREPORT – time interval needed to transmit a report message (constant) 

TON – laser-on time (constant) 

TOFF – laser-off time (constant) 

Tprocess – message processing delay (constant) 

syncTime – synchronization interval including TAGC, TCDR, and Tcode_group_align 

maxLength – maximum limit on timeslot size (constant per ONU). 

localTime – value of local MPCP clock 

 

 

1  For every received REPORT i 

2  { 

3   startTime = tscheduled + Tguard 

4   if startTime < localTime + Tprocess then 

5    startTime = localTime + Tprocess 
 

6   length = REPORT.length + TREPORT + TON + syncTime + TOFF 

7   if length > maxLength then 

8    length = maxLength 

 

9   GATE = {startTime-RTTi, length, forceReport = true} 

10   send GATE 

11  tscheduled = startTime + length 

12  } 

 

Figure 1.11 Pseudo-code for DBA operation 

 
The IPACT grant sizing is performed using five different alternatives: fixed, 
limited, gated, constant credit, linear credit and elastic. Summarizing the 
prediction-oriented approaches are constant credit, linear credit and elastic. The 
credit, constant or linear, grants the request plus an extra amount of bandwidth; 
and the elastic basically limits the maximum cycle time. The rest of the options, 
fixed, limited and gated are non prediction-oriented DBAs: the limited one 
allocates no more than a predefined amount of bandwidth to an ONU; and the 
gated grants the request without any limitation. Among others, many references 
demonstrate that the limited discipline is more efficient than the gated one, thus 
being the most preferred one to compare with.  
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CHAPTER 2. NEW TRENDS IN PON NETWORKS 
 
 
By the amount of bandwidth subscribers demand, EPON is a giant step forward 
compared to currently mass-deployed technologies, such as DSL or cable 
modem. With a line rate of 1 Gbps shared between 16 and up to 64 subscribers 
per EPON, each user will get between 15 and 60 Mbps bandwidth on average. 
As more bandwidth-intensive services become available to users, this capacity 
will get exhausted. It is, therefore, crucial for the success of EPON technology 
to provide a smooth path for future upgrades (see Figure 2.1).  
 
In a wavelength-upgrade scenario, some of the EPON ONUs will migrate to 
new wavelengths for either or both upstream and downstream traffic, thus 
increasing the total amount of network available bandwidth; or in other words, 
there will be fewer ONUs to share that bandwidth capacity. This procedure can 
be repeated again in the future, many times until current technologies 
limitations, and eventually will lead to a WDM PON system in which each 
subscriber is allocated its individual wavelengths.  
 
The major cost factor of such an upgrade is the necessity of tunable 
transmitters and receivers in ONUs, or the use of colorless ONUs. Also, the 
OLT must have multiple transceivers (tunable or fixed), one for each 
wavelength. To allow an incremental upgrade, a new spectral region should be 
allocated for premium ONUs. This will allow standard ONUs to continue using 
cheap 1310-nm lasers with high spectral width. Only the premium ONUs will 
have to be replaced by new ones operating at different wavelength or having 
tunable transceivers. 
 

 

Figure 2.1 Ethernet and PON timeline history 

 
With the finalizing of the 10 Gbps Ethernet standard by the IEEE (September 
2009), data bit rate upgrade appears as an attractive solution. To allow 
incremental upgrade cost, only a subset of ONUs may be upgraded to operate 
at higher rates. Thus, the rate-upgrade scenario will call for a mixed-rate EPON 
in which some ONUs operate at 1 Gbps and others at 10 Gbps, maintaining 
backward compatibility with current legacy deployed EPON. This upgrade would 
require high-speed electronics in the OLT which is able to operate at both rates. 
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2.1 10G EPON: IEEE 802.3av 
 
Due to customer demand for bandwidth intensive applications and explosive 
utilization of HDTV, current 1Gbps supported by the legacy IEEE 802.3ah [11] 
will be not sufficient to assure revenue growth within next few years. Thus, 
development of higher capacity EPONs was conducted by the IEEE, resulting in 
the standardization of the 10G EPON identified as IEEE 802.3av [12]. 
 
IEEE 802.3av, provides increased channel capacity for both upstream and 
downstream channels, while maintaining the logical layer intact, taking 
advantage of the already existing MPCP and DBA agent specifications, which 
will remain compatible with legacy 1Gbps EPONs, being its main difference 
from IEEE 802.3ah, the physical layer. 
 
The transition towards the fully symmetric 10Gbps solutions should provide a 
smooth and gradual evolution path from the currently deployed 1Gbps 
symmetric equipment, allowing in some cases for coexistence of legacy and 
emerging EPONs on the same PON plant. This means that the emerging next 
generation EPONs must support both symmetric and asymmetric data rates, 
allowing for straightforward coexistence of various generations of EPON 
equipment on the same PON plant. The gradual evolution from legacy through 
coexisting toward symmetric 10Gbps EPONs presents a number of technical 
hurdles such wavelength allocation schemes, dual rate operation, and the 
necessary changes to the MPCP framework. 
 

2.1.1 10G EPON: The physical layer 

 
The IEEE 802.3av has defined new acronyms and power budgets classes 
which are summarized in Table 2.1. 
 

Power Budget 
Class 

Power 
insertion loss 

Downstream Upstream Split-ratio Range 
(km) 

PR10 20 dB (low) 10Gbps 10Gbps 1:16 10 

PR20 24 dB (med) 10Gbps 10Gbps 
1:16 
1:32 

20 
10 

PR30 29 dB (high) 10Gbps 10Gbps 1:32 20 

PRX10 20 dB (low) 10Gbps 1Gbps 1:16 10 

PRX20 24 dB (med) 10Gbps 1Gbps 
1:16 
1:32 

20 
10 

PRX30 29 dB (high) 10Gbps 1Gbps 1:32 20 

Table 2.1 10G EPON acronyms and Power Budget classes 
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Please notice that the physical medium dependent (PMD) and Power Budget 
Class (PBC), naming nomenclature for 10Gbps EPONs, are different than those 
for legacy EPON. 
 

2.1.2 Wavelength allocation 

 
Due to the requirement of complete backward compatibility, in the emerging 
IEEE 802.3av specifications the downstream 1Gbps and 10Gbps data streams 
are wavelength division multiplexed (WDM), thus creating in effect two 
independent P2MP domains.  
 
The 1Gbps downstream link will therefore remain centered at 1490 ± 10 nm, 
while the location of the new 10Gbps downstream link depends on the particular 
power budget. The downstream channel for PR10, PR20, PRX10, and PRX20 
power budgets are centered at 1590 ± 10 nm, while PR30 and PRX30 power 
budgets the downstream channel is centered at 1577 ± 3 nm, but requiring 
better optical filters as well as tighter wavelength stability control for the OLT 
laser (see Figure 2.2). 
 

 

Figure 2.2 Wavelength allocation for a combined 1G and 10G EPON 

 
For the upstream channel and taking into consideration the fact that the existing 
technical specifications for the legacy systems must not be modified in any way, 
the OLT should operate in a dual rate mode; therefore, an overlay dual stack 
structure would have to be implemented from the PMD up to the Reconciliation 
sub layer. Both 1Gbps and 10Gbps upstream channel transmissions will share 
the same transmission window, resulting in legacy systems centered around 
1310 ± 50 nm and emerging systems centered around 1270 ± 10 nm. 
 
Moreover, the approved 10Gbps upstream channel allocation centered at 1270 
± 10 nm clearly reflects compliance with the ITU-T G.984.5 specifications, 
allowing for laser source sharing between IEEE and International 
Telecommunication Union - Telecommunication Standardization Sector (ITU-T) 
PON systems. 
 

2.1.3 10G EPON: The MPCP protocol 

 
Due to compatibility reasons, the bandwidth allocation operation of the 
emerging 10Gbps EPONs will be based on the underlying MPCP layer, which, 
in the case of various data rate systems coexistence, means that a DBA agent 
in the OLT will be responsible for scheduling not one but two mutually cross 
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dependent EPON systems, sharing a single upstream channel. Only minor 
changes to the MPCP protocol will be introduced, required for coexistence 
between legacy and emerging equipment on the same PON plant, while leaving 
the major part of this framework intact. 
 
 

2.2 WDM-PON 
 
The reasonable network upgrading strategy is a gradual transition from TDM-
PON to WDM-PON. The coexistence among both technologies will be a 
necessity and many combination forms may occur. Such combinations are 
called as Hybrid WDM/TDM PON. The most natural combination of WDM-PON 
and TDM-PON is cascade. If a 16 wavelengths WDM-PON is cascaded with 16 
TDM-PON, each connecting to 8 ONUs, a total amount of 128 ONUs will share 
the network cost while each ONU has enough bandwidth. 
 
In a Hybrid WDM/TDM-PON if each wavelength channel works independent of 
the others, then the network do not need an additional medium access control 
(MAC) protocol besides the original MAC protocol of TDM-PON. However this 
scheme may not utilize bandwidth efficiently, especially when some 
wavelengths are overloaded while others have light loads. If the wavelengths 
are shared among all ONUs, then the total throughput may be increased 
significantly. For this reason, a wavelength scheduling method, called as DWA 
(Dynamic Wavelength Allocation) algorithm is required to activate the 
wavelength channels. A joint DWA/DBA algorithm which assigns not only time 
slots but also wavelengths to ONUs is an important research area in Hybrid 
WDM/TDM-PON developments. 
 

2.2.1 Related work 

 
Various proposals have considered the deployment of WDM technology in the 
access network. 
 
The authors of [5] proposed a new hybrid architecture (referred to as 
SUCCESS), which provides a practical migration from current TDM PONs to 
future WDM access networks while maintaining backward compatibility for 
users on existing TDM PONs. The authors proposed a particular WDM-PON 
MAC protocol for this architecture but did not present any WDM-DBA 
algorithms. Furthermore, the architecture does not allow for any inter channel 
statistical multiplexing to better harness the available bandwidth on different 
PONs.  
 
Later, the authors of [6] proposed a SUCCESS-DWA PON that employs 
dynamic wavelength allocation (DWA) to further provide bandwidth sharing 
across multiple physical PONs and, hence, achieve both cost-effective and 
high-performance architecture. 
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The authors of [7] have similarly proposed a new WDM-PON, in which each 
upstream wavelength channel can be shared among multiple ONUs by means 
of TDM. Here, the ONUs can operate on any wavelength, however no WDM-
DBAs algorithms were discussed. 
 
The authors of [8] proposed WDM IPACT-ST scheme, based on the interleaved 
polling with adaptive cycle time (IPACT) [9], but allowing the ONUs to transmit 
on the first available upstream channel. Here, IPACT protocol was adopted and 
applied on a multichannel WDM-PON, where the ONUs are equipped with fixed 
transceivers. This scheduling protocol is the one implemented in this paper for 
managing bandwidth in the updated WDM model. 
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CHAPTER 3. SIMULATION MODEL UPDATE 
 
To demonstrate the benefits of WDM technology, it needs to be compared 
against other similar scenarios where no WDM is present. A software simulation 
tool is used to help in this subject, as it allows building scenarios up, run tests 
over and obtaining results for both models.  
 
During this chapter it is first presented the simulation tool which is used to 
simulate a real EPON network. Next it is described the base model that the 
project started with, and the changes that were introduced to update it to a 
WDM capable model.  
 
As the model was expected to grow in possibilities, it was also required to 
manage all these possibilities in an easy manner, allowing the user to run very 
different tests with minimum changes to the model, being capable to assign 
individually different bit rates and different wavelengths to each ONU in the 
easiest way. To make this requirement come true, it was used an initialization 
file which it was read at the beginning of each simulation, so changes would be 
immediately applied into the simulation run. 
 

3.1 Simulation tool 
 
Simulation tool used is OPNET Modeler. This simulation tool was implicit to the 
project as it is needed to upgrade a previous model which was designed with it. 
 
OPNET Modeler is a communications oriented simulator, thus it can work with 
either satellite, wireless or terrestrial links. For the project development, it was 
just used terrestrial links. OPNET Modeler uses a hierarchical design (see 
Figure 3.1) which allows a final complete network. On the top level there is the 
network model, below we find the node model and last we find the process 
model. 
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Figure 3.1 OPNET Modeler hierarchical layers 

 

3.1.1 Network modeler 

 
The Network modeler is the interface which contains the whole network and its 
components. Within the network model it is defined the subnets, stations and 
links between them. At these layer it is also defined the geographical situation 
for all the components. The basic unit within the network model is the node, 
although the network model can contain multiple nodes but nodes cannot 
contain any modifiable element within the network model. 
 

3.1.2 Node modeler 

 
The Node modeler defines the internal structure of the nodes inside the network 
model. The objects presented in this model or layer are called modules; 
therefore a Node Model is composed from modules. 
 
Within the node model it can be defined multiple modules, i.e. transmitters and 
receivers for buses, point to point communications, radiofrequency, satellites; 
and also modules for queuing packets. It can be also defined the logical 
connections between these modules. Although there are different logical 
connections, the main among the available are the packet stream, statistic wire 
and logical associations.   
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In Table 3.1 is shown the icons that represent the modules and the logical links 
used for the OLT, ONU and Splitter/Combiner construction. 
 

MODULE DESCRIPTION 

 
Standard icon for a processing module. Its main function is to build 
blocks of node model. 

 
Standard icon for a reception module. It is a point to point receptor. 

 
Standard icon for a transmitting module. It is a point to point 
transmitter. 

 
Standard icon for a queue module. This module has internal 
additional resources called subqueues. 

 

Standard link for packet stream. This is used for the connections 
that carry the packets from a source module to the destination 
module. 

Table 3.1 Used modules in the process modeler 

 

3.1.3 Process modeler 

 
The process modeler represents the interface where the program and the 
module behavior are designed. The Process Models are represented by a Finite 
State Machine (FSM) that is called process. The processes are created by 
icons that represent states and by lines that represents the transitions between 
the states. It is important to remark that the same process can be assigned to 
multiple modules. 
 
The process model is controlled by events. Each time an event occurs during 
the simulation, it is conducted to the process model, where it is known as an 
interruption; therefore when an event occurs it is said that the process is 
interrupted, so it has been invoked to launch an action as a result to this 
interruption. A process follows a cycle between activity and inactivity periods 
when an interruption occurs, although it must start the simulation in an inactivity 
state, it is said that when a process is in this state it is blocked. When an 
interruption it is generated at the module it executes an action, and when 
finishes, it returns the control to the simulation kernel to allow other interruptions 
to flow on the same process or any other. 
 
The process modeler uses the Proto-C language for model development. Proto-
C provides a friendly interface. From its advantages, those that take part to the 
project are two; first it is oriented to state transition diagrams or FSM and 
second it provides an interface for textual and graphical development. 
 

3.1.3.1  Forced and unforced states 

 
Within a State Transition Diagram (STD), states that compose the process are 
mutually exclusive and complementary; therefore a process can stay in a state 
only for a specific time. The process can jump between states as a result of the 
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received interruptions. This movement it is defined by the transitions that are 
executed on the current state where the process is and the conditions which 
each transition has. 
 
Actions that are executed in each state are known as executives in Proto-C 
language. State executives are divided into two sections, enter executives and 
exit executives. As their name indicates, enter executive is executed when the 
process enters to the state, and exit executives is executed when the process 
leaves the state to jump to the next. Figure 3.2 shows where from the state can 
the executives be found within the Process Modeler. 
 

 

Figure 3.2 State executives 

 
Proto-C also defines two state types, forced and unforced. Main difference 
between them is its execution time. In Figure 3.3 it is shown the icons that the 
Process Model uses for forced and unforced states. 
 

 

Figure 3.3 Graphical layout for forced and unforced states on the Process  Modeler 

 
An forced state when a process enters to it, it executes its enter executives and 
immediately its exit executives, and the process jumps to another state through 
a transition. An unforced state do a pause between its enter executives and its 
exit executives. Once an unforced state has executed its enter executives it 
bocks itself and returns the control to the instance which has invoked it. State 
will remain blocked until it is invoked again when it will execute its exit 
executives and will go through a transition. 
 

3.1.3.2  State transitions 

 
Transitions define possible jumps for the process from one state to another, 
they also define the conditions where and when this jumps can happen. There 
are four main components to define a transition, initial state, final state, 
condition and execution routine. When a process is in a state (initial state), and 
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the transition condition is true (condition), it is executed the routine (routine) and 
the control is transferred to the new state (final state). 
 
Like for the states, the process modeler shows graphically the state transitions 
which are printed as arrows between the states they connect. States can have 
any number of either incoming or outgoing transitions. Each transition is 
identified by an arrow that points to the destination state. Transition condition 
and execution routine appear over each transition connection, first one inside a 
parenthesis and second one separated by a slash character “/”. It is possible to 
have a transition without any condition, does are called unconditional 
transitions, and are shown as solid arches, while conditional transitions are 
dashed arches. 
 
Transition conditions are evaluated as Boolean and always once the exit 
executives for the current state have been executed. If after evaluating all 
conditions any is “true”, an error message is generated while the process 
cannot continue its execution. The same happens if more than one condition is 
“true” as the process cannot stay to more than one state at the same time; thus 
conditions must be carefully introduced for only one to be true at a time. It also 
exist a “default” condition for each state, so process transits through it when all 
other conditions are “false”. 
 
A summary for all these conditions, transitions and states are depicted in Figure 
3.4. 
 

 

Figure 3.4 Process model elements 

 

3.2 Previous work 
 
Project detailed in this paper is product of the upgrade from a base model which 
provided by several members of the “Xarxes i Serveis de Banda Ampla” 
research group. This model was developed using OPNET Modeler simulation 
tool. 
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EPON network model provided, which we will name base model from now on, 
was designed and later implemented under the specifications of the IEEE 
802.3ah standard.  
 
Base model, which the project started from, contained an OLT, two 
Splitters/Combiners and 16 ONUs distributed in two grups of 8 ONUs. The first 
group of ONUs at 1Gbps connected to one Splitter/Combiner and the second 
group at 10Gbps connected to the second Splitter/Combiner.  
 
Base model EPON network was a TDM-PON and it was using both algorithms 
for the Dynamic Bandwidth Allocation (DBA) scheduling: the Interleaved Polling 
with Adaptive Cycle Time (IPACT) [4] and the Distributed Dynamic Scheduling 
for Passive Optical Networks (DDSPON) [13]. 
 

3.3 Goals 
 
New model would be capable to work with WDM at least with four wavelengths. 
As the upstream (from ONU to OLT) direction is a shared medium and it is 
susceptible to become a bottleneck when high data rates are managed, WDM 
would be applied in this direction as a solution proposal to this bottleneck [2]. 
Furthermore, as proposed in [3], new model would be capable of using both 
1G/10G upstream channel and 10G for downstream channel. 
 
New model should also make the base model simpler, so it would use a unique 
Splitter/Combiner and a unique group of ONUs rather than two as base model 
does. 
 
Moreover, as the simulator user interface is not friendly in assigning attributes to 
neither the ONUs nor the OLT, it should be proposed a fast and easy way which 
the user could assign which wavelengths and which bit rates are supported by 
each ONU. 
 
Base model, which could be seen as a single wavelength model from a WDM 
perspective, it only needs to manage which ONU is going to transmit next, 
therefore it is applying an IPACT scheduling policy for bandwidth assignment. 
New WDM model, apart from which ONU is going to transmit next, it will require 
to assign over which wavelength channel. The goal is to employ an easy 
wavelength scheduling policy but to design it in a modular way, thus it can be 
applied any other scheduling policy only changing a function block of the 
simulation code. 
 
New model should be scalable as it will be used as a base model in the future. 
It is expected that in the future, the model will support a larger number of ONUs, 
wavelengths and bit rates, so it is required for the model to manage the 
possibility of adding them. 
 
It is also required for the model, to be compatible with the base model defined 
on section 3.2.  
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3.4 Changes to the Base Model 
 
In following section it is described what changes were made and which 
parameters were added or updated on the model to support that requirements 
detailed in section 3.3. 
 

3.4.1 EPON network model 

 
EPON network model is the top layer of the program and it contains the entire 
network model. This network model is built from different modules of real 
equipment as the OLT, the ONUs, the splitter and the combiner and all the links 
that get them together. 
 
The simplicity of the model was a goal that went together from the very start of 
the project, so it can be easily seen on the EPON network model in Figure 3.5. 
New model has only one link bundle for all ONUs instead of two that has the 
base model. Base model, as defined in section 3.2, it supports both 1Gbps and 
10Gbps bit rates using two separated splitters and two groups of eight ONUs.   
 

 

Figure 3.5 New EPON network model 

 
Links between the OLT, splitter and ONUs have been changed and have been 
created bundles of 9 individual point-to-point unidirectional links. There are 8 
links for the upstream (ONU to OLT) direction and one link for the downstream 
direction. For the upstream direction, there are four links at 1Gbps data rate and 
another four links at 10Gbps data rate. 
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The data bit rate was fixed depending on the ONU number in the base model, 
but not it the new model. As the new model needed to be scalable and as 
simple as possible, it was decided to make the data bit rate to depend on which 
the wavelength was used. For the model to support at least four wavelengths 
and maintaining the compatibility with both data rates, it was decided to assign 
the first four wavelengths to 1Gbps data bit rate, and 10Gbps data bit rate for 
the last four wavelengths. This new method, together with the ONUs 
wavelengths support assignment, is detailed on section 3.4.5. 
 
Base model was using different ONU models depending on their bit rate as 
detailed on section 3.2, so it could become a problem when having large 
number of supported bit rates. To maintain the goal of a scalable model, and 
taking advantage of the new ONU distribution, it was used only one model. The 
use of a unique ONU model makes possible for the model to use an existing 
ONU copy to create a new one, making the creation of an ONU as simple as a 
copy and paste exercise. This advantage also simplifies any future 
modifications as adding extra supported bit rates or wavelengths, as they would 
be introduced only once. 
 
All these modifications on the network model go together with the 
corresponding changes onto the equipment models as the OLT, the ONU or the 
Splitter. Changes to these modules are detailed in following sections. 
 

3.4.2 OLT model 

 
OPNET Simulator allows creating a high level model from various processors 
models. At the same time, each processor contains a state machine model 
where each state contains the code that defines the program behavior on event 
successions. Throughout this section it is described the changes that has been 
made on the OLT model first, and then to its processors and its states. 
 
New WDM model have only one group of ONUs instead of two that the base 
model has. This simplification allows the OLT model to have only one channel 
on the downstream direction. It also leaves it ready for wavelength support on 
this direction. Without the WDM support, new OLT model would have only one 
upstream channel too, but as it is required to support 4 channels at 1Gbps and 
4 channels at 10Gbps, the OLT model must have eight processors which are 
receiving each wavelength. Modifications to the OLT model are shown in Figure 
3.6. 
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Figure 3.6 OLT node model layout 

 
Processors for receiving data from each wavelength are on the right side of 
Figure 3.6 and are named “rcv_x_y” where “x” is the data bit rate, and “y” the 
wavelength number for this data bit rate. There are eight receivers, one for each 
supported wavelength in upstream direction. For the downstream direction, and 
as only one channel is needed, there is only one transmitter processor named 
“tx”. 
 
New model requires the OLT to manage resources for all ONUs, thus assigning 
wavelength and a time window for the ONU to transmit. As an evolution of 
IPACT in WDM, some variants of IPACT are addressed in different proposals. 
Here it is used an algorithm called WDM IPACT with a single polling table 
(WDM IPACT-ST) as proposed in [1]. The grant scheduling is of the Next 
Available Supported Channel (NASC) type and the grant sizing is performed 
according to the IPACT either fixed, limited or gated 
 
Figure 3.7 illustrates the scheduling using NASC for an EPON with three ONUs. 

 

Figure 3.7 Illustration of scheduling policy with the next available supported channel 
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The illustration includes one downstream wavelength, d, and two upstream 

wavelengths, 1 and 2, which are supported by the ONUs. Each ONU reports 
its queue occupancy in the REPORT (RPT) message, which is appended to the 
current upstream transmission. Upon receipt of a RPT message the OLT 
immediately schedules the next upstream transmission for the corresponding 
ONU and sends a GATE message (illustrated by the dashed message) 
indicating the wavelength and length (in bytes in the illustration) of the granted 
transmission to the ONU. 
 
Grant scheduling policy has been defined in a modular fashion, allowing 
modifications in a future. NASC code has been defined within the DBA_Agent 
processor of the OLT model. It is defined as a function block called 
“GetWavelength” which just needs the ONU number for which we want to obtain 
a supported and available wavelength. 
 
This function goes through an integer matrix which size is number of ONUs 
columns by number of wavelengths rows. The process with how this matrix is 
filled in is detailed in section 3.4.5.  
 
The function goes through the column within the matrix corresponding to the 
ONU number and can obtain all supported wavelengths for that ONU when it 
finds a position which is set to “1”. When first supported wavelength is found, it 
could be known when this channel is going to be available reading the 
“tscheduled” variable for that wavelength. Function continues going through all 
wavelengths to found all of those which are supported. Each time another 
supported wavelength is found; its “tscheduled” variable is compared against 
last supported wavelength, and if new found wavelength is going to be first 
available, then this last wavelength is selected.  
 

 

matrix    – matrix for saving supported wavelengths for each ONU 

assigned_wavelength  - wavelength assigned for next ONU’s transmission 

tscheduled  - time up to which the upstream channel has been scheduled 

 

 

1  For every wavelength i 

2  { 

3   if( matrix[i][current_onu] == 1) then 

4   if ( tscheduled[i] < tscheduled ) then 

5    assigned_wavelength = i 

6    tscheduled = tscheduled[i] 

7 } 

 

Figure 3.8 Pseudo-code for NASC policy wavelength assignment 

 
“tscheduled” variable is a time variable where it is stored the time until the 
channel will be busy, or from our interests, the time when the channel is going 
to be idle. New OLT model will need eight “tscheduled” variables, one for each 
upstream channel or wavelength; therefore, “tscheduled” variable has been 
modificated so it is now a vector of eight positions of “tscheduled” variables. 
 
The OLT once knows which wavelength is going to be first idle, it writes the 
assigned wavelength to a variable called “WL_ONU”. This variable is a number 
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of ONU positions array which will allow the ONU to transmit into the assigned 
wavelength. Each “WL_ONU” array position corresponds to a different ONU. 
The OLT uses a variable called “INSTANCE_ID” which identifies the ONU 
which the code is working with. In Table 3.2 it is shown these variables 
correspondence. 
 

VARIABLE                 

NUMBER_ONU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 

WL_ONU 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

INSTANCE_ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Table 3.2 WL_ONU array position correspondence with ONU number and INSTANCE_ID 
variable for the OLT 

 
When an ONU needs to be referenced into the OLT code, it is used the 
“INSTANCE_ID” variable, but into the ONU code, they are referenced with other 
variables or indexes as shown in Table 3.3.   
 
Once the variable has been written, the OLT code again, writes the value for the 
assigned wavelength into the GATE packet (despicted in Figure 3.9), which is 
going to be transmitted to the corresponding ONU. It has been defined a 1-byte 
field within the pad/reserved space called “wavelength” where the assigned 
wavelength value must be written. 
 

 

Figure 3.9 GATE format 
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3.4.3 ONU model 

 
Like for the OLT model, the ONU model should be modificated to update it to a 
WDM environment. Through this section it is described the changes that has 
been made on the ONU model first, and then to its processors and its states. 
 
With a WDM environment, the ONU could use eight wavelengths in the 
upstream direction (from ONU to OLT), thus it should have eight transmitters as 
in Figure 3.10. These transmitters are named “tx_w#” where “#” is the 
wavelength number. 
 

 

Figure 3.10 ONU node model 

 
To allow the ONU to transmit according to the assigned wavelength, there were 
updated two of its processors. The first one called “control_parser_discovery” 
where it is parsed the GATE message received from the OLT. There it is read 
the value contained within the wavelength field, and it is assigned into a variable 
declared on the second processor called “control_multiplexer_discovery”. For 
this purpose, in the second processor is added a new variable for this 
wavelength assignation process; therefore it was first declared a variable 
“WL_ONU”.  
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This variable is an array of number of ONUs positions containing integer type 
variables. These integer values are written by the OLT when an idle wavelength 
is assigned to the ONUs. Each “WL_ONU” array position corresponds to a 
different ONU as shown in Table 3.3. 
 

VARIABLE                 

NUMBER_ONU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 

WL_ONU 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

MAC_ONU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Table 3.3 WL_ONU array position correspondence with NUMBER_ONU and MAC_ONU 
variables 

 
In EPON network model described in section 3.4.1, ONUs are given two 
attributes, its ONU number and its MAC number, therefore depending on which 
variable is the ONU refereed with it should be used a different index. 
 
Each time the ONU receives a GATE, in order to initialize this variable, it reads 
the field “wavelength” in the packet and writes the value to the “WL_ONU” 
variable which will be used later for other functions when in transmission state. 
 
When the ONU needs to transmit, it reads its corresponding “WL_ONU” array 
position and obtains the wavelength for which it must transmit on. 
 

3.4.4 Splitter and combiner model 

 
The splitter is the equipment which establishes the communication between the 
ONUs and the OLT. It is a passive element and although it does not introduce 
delay in packets exchange it introduces optical power loss. Thus, several 
modules have been introduced to model this power loss in the future. 
 
Figure 3.11 shows both main modules that compose the Splitter/Combiner. 
 

 

Figure 3.11 Splitter/Combiner node model 
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At the left of Figure 3.11 it is the Splitter which duplicates the received packet at 
the input to all its outputs. The splitter module is used in the downstream 
direction (from OLT to ONU) due to its broadcast behavior. 
 
At the right of Figure 3.11 it is the Combiner which has been updated from the 
base model to support different wavelengths. From the new model requirements 
in section 3.3, new model should support 1Gbps and 10Gbps data bit rates. It 
can be seen in the combiner a 4 row by 18 column objects template repeated 
twice. First template is for 1Gbps, so for 10Gbps is the second.  
 
Attending to the templates, first column is composed from processors which are 
the transmitters. They are named “TX_OLT_AWG_#” where “#” is the number 
of its corresponding wavelength. At its right there are the processors that simply 
pass the data received on the input to its output. They are named 
“wavelength_#” where again “#” is the number of wavelength. At the right of this 
processor there are the 16 receptors on first supported wavelength 
corresponding to the 16 ONUs which the model works with. These receptors 
are named “RX_ONU_AWGy_w#” where “y” is the ONU number and “#” the 
wavelength number. 
 
For adding wavelengths in current supported bit rates, it is just needed to add a 
row in the template and connect its transmitter and receptors to the 
correspondent links on the model. The same process but adding columns at the 
right of the template is used for adding ONUs at the model. And if additional 
supported bit rates are required, the splitter/combiner can be updated easily by 
just copying the template and connecting its transmitters and receptors to the 
corresponding links. 
 

3.4.5 Wavelength and bit rate assignment 

 
To meet the requirements shown in section 3.3, the model would offer an easy 
way to assign wavelengths and bit rates to ONUs, thus an initialization file was 
added. This file can be located wherever in the hardware platform hard disk 
where the simulator is running, as it is later referenced within the model 
attributes, specifically the OLT model attributes. 
 
OPNET Modeler has integrated functions to read from different file types. To 
build the initialization file, Comma Separated Value (CSV) file read function was 
used, therefore parameters within the file must be separated by “;” punctuation 
sign. Filename could be whatever the user prefers, always maintaining the file 
extension of “*.csv” and whenever the user matches the whole file path and 
filename in the OLT model attributes. 
 
New model requires two parameters to meet all the desired requirements, the 
bit rate and wavelengths supported for each ONU. For an easy comprehension 
and usability all parameters are on a single file. After sorting all the information, 
parameters were written into the file with 3 columns and 17 rows. First row 
would be a header row, so not read by the model, it is there to help the user 
remember what to write in the following rows. To deal with the columns, the first 
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one would be used to identify the ONU number, the second column to set up 
supported wavelengths for 1Gbps bit rate, and the third to set up supported 
wavelengths for 10Gbps bit rate. Figure 3.12 shows the CSV initialization file 
format.  

 

Figure 3.12 CSV initialization file format 

 
Each ONU supports up to 4 wavelengths per bit rate, therefore there are four 
“1” or “0” in each column for each row. If the value is “1”, it indicates that the 
wavelength is supported, and if the value is “0”, it indicates that the wavelength 
is not supported. 
 
Wavelengths also have an order within the column. For 1Gbps bit rate, starting 
on the right side of the corresponding column and going through the left, they 
correspond to wavelengths zero to three respectively. The same for 10Gbps, 
starting on the right side of the corresponding column and going through the 
left, they correspond to wavelengths four to seven respectively. 
 
Therefore, attending to the example Figure 3.12, wavelength zero which is 
1Gbps bit rate, and wavelength four which is 10Gbps bit rate, they are 
supported by all ONUs. However, ONU number one, it supports also 
wavelength three and five. Wavelengths 1, 2, 6 and 7 are not supported at all. 
 
This initialization file was also designed in a scalable way to allow possible 
model growth in the future, either in number of supported ONUs, number of 
supported wavelengths or number of supported bit rates. In case the model 
requires more ONUs, it could be adapted just adding as many rows as required 
extra ONUs at the end of the file. The same way in case of adding bit rates, it 
would just be needed to add as many columns as bit rates required. And finally 
if more than four wavelengths per bit rate are required, it would just be needed 
to add as many “1” or “0” positions as extra wavelengths desired within the bit 
rate columns. 
 
For the model to initialize these new parameters, it needs to read first the data 
within the file and to store it for later processing. As these parameters are 
needed at the very start of any simulation run, the code for reading the file 
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should be placed at the very beginning of the simulation program, thus it was 
placed within the initialization state of the DBA_Agent OLT module. File path 
was defined as a new global OLT attribute that the DBA_Agent module uses to 
reach the file. 
 
Code added into the initialization state of the DBA_Agent OLT module, reads 
the initialization file using an OPNET proprietary function and gives a pointer to 
a list of strings as a result. Each string within the list corresponds to a row in the 
initialization file, thus each string has three values separated by a semicolon “;” 
punctuation sign. Code then, using a combination of OPNET proprietary 
functions and using the semicolon “;” punctuation sign as a delimiter, goes 
through each string on the list, and extracts the columnar values to save them 
on a list of fields that is obtained as a result. As columnar values are obtained 
from a string variable, fields in the result continue being string variables, so 
obtained result is again a list of strings, where each string contains the 
columnar values within rows that were defined in the initialization file. 
 
Once the code has each columnar value in separated strings variables, it uses 
a new user defined function called “populate_wdm_matrix” that sorts the data 
and saves it to an integer matrix of number of ONUs columns by number of 
wavelengths rows. This matrix is declared in the DBA_Agent OLT module and 
its purpose is to maintain the data where is defined which wavelengths are 
supported and which are not for a specific ONU. This allows other simulator 
modules to access the data in an easy and comprehensive way. 
 
New user defined function “populate_wdm_matrix” is defined in the function 
block of the DBA_Agent OLT module and is called each time an initialization file 
row is read. It needs two parameters to pass the data on the file to the final 
matrix, the ONU number and a pointer to the list of strings that corresponds to 
the row of the initialization file for that ONU number. 
 
Assuming that the initialization file is that in Figure 3.12, Table 3.4 shows the 
final obtained matrix after the process. The matrix has 16 columns which 
correspond to the 16 ONUs in the model, and 8 rows which correspond, from 
zero to third, to the 4 wavelengths defined for 1Gbps bit rate, and from forth to 
seventh, to the 4 wavelengths defined for 10Gbps bit rate. 
 

  ONU 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

W
A

V
E

L
E

N
G

T
H

 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

5 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Table 3.4 ONUs WDM matrix 
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The way wavelengths and bit rates are assigned together with the possibility of 
the model to limit the number of ONUs makes the model became very flexible 
and scalable. These properties allow the model to run over different tests in 
terms of bit rates, supported wavelengths and number of ONUs. 
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CHAPTER 4. PERFORMACE EVALUATION 
 
 
In this chapter it is first evaluated the reliability of the new model. Later the 
model is used to obtain results and show the benefits of applying WDM 
technology. 
 
To demonstrate the reliability of the new model, base and new models are used 
to run several tests under identical and controlled conditions. To create the 
environment of these controlled conditions it has been added constant traffic 
sources to both models. The process of how these sources are added and the 
simulations results are detailed in section 4.2. 
 
Once the reliability of the new model is confirmed, in section 4.3 it is described 
the process for the performance evaluation, where it can be clearly seen the 
benefits of applying WDM into PONs networks. 
 
 

4.1 Simulation Scenario 
 
Base model was recovered to its very first stage where only 1Gbps was 
supported, and all 16 ONUs where part of a unique group. This first stage of the 
base model at the left is shown together with the new model at the right in 
Figure 4.1.  
 

 

Figure 4.1 First stage base model against new model for reliability evaluation 

 
Main differences are that the first stage base model is a TDM-PON rather than 
WDM-PON which the new model is, and that base model supports only 1Gbps 
rather than 1Gbps and 10Gbps that new model does. 
 
On these both models it was added constant traffic sources and evaluated 
simulations under equal conditions. For the new model to be identical to the 
base model, it was just used one wavelength of 1Gbps.  
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From these simulations were obtained several results, which among others we 
attended to three: 

 average packet delay 

 average queue size 

 throughput 
 
These parameters are shown as statistics within the OPNET Modeler simulator, 
and they are described on section 4.1.1. 
 

4.1.1 Statistic collection 

 
In order to evaluate the performance of both models, the following statistics 
were collected:  

 average packet delay 

 average queue size 

 throughput 
 

4.1.1.1   Average packet delay 

 
OPNET Modeler defines the packet delay statistic as: “This statistic represents 
the queueing delay for a packet. It is computed by subtracting the arrival time of 
a packet from the simulation time at its removal from the queue. New samples 
of delay are generated each time a packet is removed from the queue”. 
 
Please note that the time while the packet is queued, this delay represents 
three components: the polling delay, i.e. the time between packet arrival and the 
next request, the grant delay, i.e. the time interval from ONUs request till the 
grant from OLT received and the queue delay which is the instantaneous 
measurement of packet waiting times in the transmitter channel’s queue; 
measurements are taken from the time a packet enters the transmitter channel 
queue to the time the last bit of the packet is transmitted. Figure 4.2 represents 
the components of packet delay. 
 

 

Figure 4.2 Components of packet delay 

 

4.1.1.2   Average queue size 

 
OPNET Modeler defines the queue size as: “This statistic represents the current 
number of bits stored in the queue. A new sample of queue size (bits) is 
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generated at each packet insertion or removal, when the queue is flushed, or 
when a change in the queue's capacity causes packets to be removed from it”. 
 
Queue size can be given in bits or packets depending on which value is 
selected on the results board. 
 

4.1.1.3   Throughput 

 
OPNET Modeler defines the throughput statistic as: “This statistic represents 
the average number of bits forwarded over the transmitter channel per second. 
This statistic is computed by dividing the total number of bits transmitted to date 
by the current simulation time”. 
 
Throughput, like queue size, can be given in bits per second or packets per 
second, depending on which fits better for the parameter the user is interested 
in. 
 

4.2 New model reliability evaluation 
 
To demonstrate the reliability of the new model it were run several tests over, 
and they were also run over the base model to obtain comparable results. For 
these tests to run it was introduced a new traffic source to the new model, 
allowing it to generate constant traffic. This traffic fits ideally to this matter as it 
is fully controllable thus allowing comparing the results and seeing how the 
behavior of both models is.  
 
Figure 4.3 shows the added constant traffic source “node_0” into the ONU. This 
addition is done for each ONU. Other nodes “router_1” and “node_1” are used 
to generate self-similar traffic which will help for model performance evaluation, 
later discussed on section 4.3. 
 

 

Figure 4.3 Constant traffic source node 

 
For this tests to run, it has been virtually eliminated the self-similar source part, 
so the ONU only receives constant traffic. OPNET simulator has predefined 
traffic sources; among others it has one called Simple Source which allows the 
user to define the Packet Interarrival Time and the Packet Size. 
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The Packet Size was defined to 6328 bits which corresponds to the mean value 
of the lower limit of 512 bits and an upper limit of 12144 bits corresponding to 
the Ethernet frame. 
 
The Packet Interarrival Time per ONU has been calculated for the following 
network loads. 
 

Packet interarrival time 
(seconds/packet) 

Offered load 

1,012E-4 0,1 

5,062E-5 0,2 

3,375E-5 0,3 

2,531E-5 0,4 

2,025E-5 0,5 

1,687E-5 0,6 

1,446E-5 0,7 

1,265E-5 0,8 

1,125E-5 0,9 

1,012E-5 1 

 

4.2.1 Results 

 
Figure 4.4 shows the mean average queue delay of all 16 The source traffic is 
constant for both models and exactly the same for all 16 ONUs in each model.  
 

 

Figure 4.4 Average delay constant traffic base model and new model comparison 

 
As can be seen the results are exactly the same for both models. The user 
could notice a difference at load 0.8, but this behavior is only observed under 
these conditions and it is not repeated for any other traffic model, thus new 
model is reliable. 
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The same happens for the next parameters, queue size (Figure 4.5) and 
throughput (Figure 4.6). 
 

 

Figure 4.5 Queue size constant traffic base model and new model comparison 

 
 

 

Figure 4.6 Throughput constant traffic base model and new model comparison 

 
 
It can be seen that the parameters for both models, base and new, are equal for 
each network load, so here it has been proved that changes to the base model 
has no effect when using one wavelength, so it is fully compatible and reliable 
with the base model. 
 
 



54  Study and implementation of WDM on an EPON network 

4.3 New model performance evaluation 
 
In this section it is described the results from multiple simulations where it has 
been tested the benefits of the new introduced technology WDM and its 
scheduling algorithm (WDM IPACT-ST) [8]. In order to obtain a realistic 
performance analysis, the traffic model considered was self-similar. Many 
studies show that through self-similar traffic model it can be characterized most 
of the networks traffic flows – thus self-similar traffic is characterized by the 
same fractal properties that are present in the traffic generated by many of 
today’s Internet applications. 
 
To generate self-similar traffic, OPNET simulator provides a traffic source model 
called the Raw Packet Generator (RPG), in which the attributes of the self-
similar traffic are specified – attributes such the packet size, the average arrival 
rate and Hurst parameter. The Hurst parameter was fixed to H=0,7. The packet 
size follows a uniform distribution for random size of packets with an under limit 
of 512 bits and an upper limit of 12144 bits corresponding to the Ethernet frame. 
 
To obtain simulations with variations to the ONU offered load, where the total 
offered load is 1Gbps and is equally distributed among all active ONUs, the 
average arrival rate varies depending on the values on Table 4.1. The model 
simulation considers a tree topology with 16 ONUs, thus the first column shows 
the traffic arrival rate by each active ONU in packets per second and the 
corresponding offered load in percentage. 
 
 

Traffic arrival rate 
(packets/second) 

Offered load 

988 10 

1975 20 

2963 30 

3951 40 

4938 50 

5926 60 

6914 70 

7901 80 

8889 90 

9880 100 

Table 4.1 Traffic arrival rate for total EPON data rate of 1Gbps 

 
The same parameter is used to obtain simulations for a total offered load of 
10Gbps and equally distributed among all active ONUs.  
 
The simulations have been run with a different number of seeds to obtain 
different samples, thus determine the mean value that approximates the true 
mean. 
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Traffic arrival rate 
(packets/second) 

Offered load 

9880 10 

19749 20 

29631 30 

39510 40 

49379 50 

59261 60 

69140 70 

79009 80 

88889 90 

98800 100 

Table 4.2 Traffic arrival rate for total EPON data rate of 10Gbps 

 
The simulations were performed during one (1) second in order to obtain valid 
results that allow the analysis of DBA algorithm behavior. Issues such as real-
time duration and consume resources (memory and processing) were 
considered to determine the time modeled in the simulation. So that after 
several tests the simulation time was defined. 
 
The simulations were performed without the discovery window process in such 
a way that only the issues involved with the algorithm were taken into 
consideration. 
 

4.3.1 Simulation parameters 

 
Six scenarios were analyzed where parameters as number of wavelengths and 
bit rate has been modified. First three scenarios, which are summarized in 
Table 4.3, correspond to a 1Gbps EPON line rate, while last three, which are 
summarized in Table 4.4 correspond to a 10Gbps EPON line rate. 
 

PARAMETERS Scenario 1 Scenario 2 Scenario 3 

Number of ONUs 16 16 16 

Line rate of user to ONU link 100Mbps 100Mbps 100Mbps 

EPON line rate 1Gbps 1Gbps 1Gbps 

Number of queues per ONU 1 1 1 

Buffer size per queue (pcks) 1000  1000 1000 

Guard interval between 
timeslots 

0.008ms 0.008ms 0.008ms 

Distance between OLT and 
ONU (d) in Km. 

18<d<20 18<d<20 18<d<20 

Maximum cycle time 1ms 1ms 1ms 

Hurst traffic parameter H=0,7 H=0,7 H=0,7 

Number of wavelengths 1 2 4 

Table 4.3 Simulation Parameters for 1Gbps EPON line rate 
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PARAMETERS Scenario 4 Scenario 5 Scenario 6 

Number of ONUs 16 16 16 

Line rate of user to ONU link 100Mbps 100Mbps 100Mbps 

EPON line rate 10Gbps 10Gbps 10Gbps 

Number of queues per ONU 1 1 1 

Buffer size per queue (pcks) 1000 1000 1000 

Guard interval between 
timeslots 

0.008ms 0.008ms 0.008ms 

Distance between OLT and 
ONU (d) in Km. 

18<d<20 18<d<20 18<d<20 

Maximum cycle time 1ms 1ms 1ms 

Hurst traffic parameter H=0,7 H=0,7 H=0,7 

Number of wavelengths 1 2 4 

Table 4.4 Simulation Parameters for 10Gbps EPON line rate 

 
 
The statistics were evaluated to the different offered loads according to the 
EPON line rate; therefore the mean values obtained in each scenario were 
drawn as a function of the offered load. 
 
 

4.3.2 Simulation results 

 
In this section it is exposed the results obtained from the simulations in the 
OPNET Modeler simulation tool. This section is divided into two parts, first is 
presented the results for 1G EPON which corresponds from Scenario 1 to 3 
summarized in Table 4.3; and in the second part are presented the results for 
10G EPON which corresponds from Scenario 4 to 6 summarized in Table 4.4. 
 
 

4.3.2.1   1G EPON results 

 
Results of comparing simulations on Scenario 1, 2 and 3 are shown in Figure 
4.7 which can be seen the queuing delay observed in the same ONU on three 
scenarios. 
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Figure 4.7 Average Queuing delay on Scenarios 1, 2 and 3 

 
Main difference in Figure 4.7 is that Scenario 2 and 3 are using two and four 
wavelengths respectively instead of only one as Scenario 1 does. It is clear that 
Scenarios 2 and 3 have better performance because of using more upstream 
channels. This enhancement can be appreciated from the half of the system 
total load.  
 
Scenario 3 has no improvement over Scenario 2 while in both scenarios EPON 
line rate is low enough. The most restrictive would be Scenario 2 which can 
support a maximum throughput of 2Gbps, so 1Gbps for this scenario 
corresponds to a 0.5 Offered load, and as seen in Figure 4.7, differences 
cannot be seen below this value. 
 
When the system load is bigger than 0.5, packets has to wait more time until the 
channel turns free, as they are more time in the queue, queue size will increase. 
Figure 4.8 shows how this increase is. 
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Figure 4.8 Average queue size for Scenarios 1, 2 and 3 

 
Queue size also increases together with the offered load. It can be seen again 
that Scenario 2 and 3 have better performance than Scenario 1 because they 
have multiple upstream channels making faster finding a timeslot to transmit on, 
thus making shorter the time between transmits which became in a smaller 
queue size. 
 
For Scenario 2 and 3 where multiple upstream wavelengths are used, it can be 
seen how fair the Next Available Supported Channel (NASC) wavelength 
scheduling policy is. For this purpose, Figure 4.9 shows the throughput for both 
wavelengths on Scenario 2 at the Splitter output, thus throughput corresponds 
to the accumulated traffic from all 16 ONUs on a per wavelength basis.  
 

 

Figure 4.9 Throughput from the splitter to the OLT on Scenario 2 
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It can be seen that the throughput increases proportionally with the offered load, 
i.e. for the total offered load which is 1Gbps, each wavelength is transmitting 
0.5Gbps; so it can be seen that the available bandwidth it is distributed fairly 
among all available channels. Therefore it can be said that NASC is a simple 
and fairness wavelength scheduling policy, independently of the number of 
wavelength which it is working with. 
 

4.3.2.2   10G EPON results 

 
Results of comparing simulations on Scenario 4, 5 and 6 are shown in Figure 
4.10 where can be seen the average queuing delay observed in the same ONU 
on these three scenarios. 
 

 

Figure 4.10 Average Queuing delay on Scenarios 4, 5 and 6 

 
For the new data bit rate of 10Gbps the system behavior is practically the same 
for nearly all range of offered loads. The system has to be set to its maximum 
capacity to observe the advantages of applying WDM. 
 
Figure 4.11 shows the average queue size for these three scenarios, 4, 5 and 6. 
It can be seen that while offered load increases, the queue size also increases 
as the ONU is receiving more packets during the cycle time until it can transmit 
again. The higher number of packets on the queue, the higher the average 
queue size will be, and also the average queue delay does.  
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Figure 4.11 Average queue size on Scenarios 4, 5 and 6 

 
 
It can be seen that again, the differences between applying WDM or not are 
present only at the maximum system capacity. As there are more packets in the 
queue, they would have to wait more before they are transmitted. 
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CHAPTER 5. CONCLUSIONS 
 
 
During this project it has been developed a new WDM-EPON model capable to 
work with 1Gbps, 10Gbps or both in any possible combination while maintaining 
its compatibility with legacy EPONs, this fulfilling the main goal of the project. 
New model implementation started from a base model which it had one ONU 
and two splitters to support two groups of eight ONUs each. This base model 
was simplified to make it closer to such a real PON could be, thus using only 
one ONU, one splitter and an unique group of sixteen ONUs.  
 
For the model to become a WDM-EPON it has been added eight wavelengths, 
four at 1Gbps and four at 10Gbps, and it also has been added a new 
wavelength scheduling policy algorithm called Next Available Supported 
Channel (NASC) to work together with the existing bandwidth scheduling policy, 
the Interleaved Polling with Adaptive Cycle Time (IPACT). This allows the OLT 
to assign bandwidth in both time and wavelength domains.  
 
It has also been created an initialization file to define which wavelengths will 
support each ONU. Through this file, the user has a global view of which 
wavelengths are supported by each ONU, achieving the goal of making the new 
model easy and useful to work with, thus making it the main candidate to study 
other dynamic bandwidth allocation (DBA) algorithms in the future, either those 
using time division multiplexing (TDM), wavelength division multiplexing (WDM) 
or both at a time. 
 
New model treats the EPON network model as a whole, making faster to set 
variables up and thus making it easier to work with. New model is also prepared 
for adding wavelengths, ONUs and data bit rates in an easy and logical way. 
 
From the results of comparing the same scenario with single channel or multiple 
channels, it is demonstrated that the WDM techniques are an excellent upgrade 
to the legacy EPON networks, both in terms of throughput, delay and queue 
sizes at the ONU. It is also demonstrated that WDM IPACT-ST DBA scheduling 
protocol offers a direct upgrade from TDM EPONs which uses IPACT 
scheduling policies, thus making it a main candidate for EPON upgrades to 
WDM-EPONs. Applying these techniques, operators could maintain the 
revenue for user equipment while providing a high performance access 
network.  
 

5.1 Future work 
 
EPON networks are nowadays an important research area in multiple scenarios 
such WDM-PON, TDM-PON, 10G EPON or WDM-10G EPON where new 
algorithms are developed for efficiently allocate available bandwidth. New 
model is able to simulate DBA algorithms for all these scenarios. 
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Although current model supports multiple scenarios, there are new investigation 
lines that could be added as evaluating new dynamic bandwidth allocation 
schemes to the current EPON model, adding WDM support on the downstream 
channel to evaluate the network behavior and to add queue priority 
management to the current model to study and evaluate all services that 
nowadays users demand. 
 
The Quality of Service (QoS) is nowadays an important subject to attend to 
while current networks are dealing with new services that may require a specific 
network performance. Therefore, apart from deploying better networks in terms 
of delay, bandwidth, etc. they should also distinguish between services and 
attend them as they require. It should be interesting to apply QoS to the model, 
and see how the behavior for each traffic type is, how the network and DBA 
deals with these new services, and how the user experience is affected 
between a QoS capable EPON network and a non-QoS capable one. Again, 
QoS can take advantage of current allocation schemes, but it also leaves room 
for updating them to specific QoS allocation schemes, which they has been an 
important research line from the very beginning on PONs. 
 

5.2 Environmental impact 
 
Passive Optical Networks (PONs) are efficient access networks in terms of user 
services, but they are also in environmental subjects. The author of [10] 
presents an access networks comparative, from the very first dial-up to the 
current PONs. It is compared their power requirements with the bandwidth 
provided to the final user, and finally translated into an environmental carbon 
footprint energy impact.  
 

 

Figure 5.1 Power-Bandwidth per subscriber trend on different access networks 
technologies  

 
Passive Optical Networks has changed the environmental trends for all previous 
access networks, being the first “green” technology. 
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