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Abstract—Traffic in telecommunication networks does not
cease to increase, and the need for a rapid transformation and
adaptation of fibre optic networks is a mandatory requirement to
serve this continuous growth. The increase of the fibre’s capacity
through the consideration of wavelengths with 100, 200 and
300Gb/s capacities, and techniques such as service grooming and
balancing were studied throughout this work.

As such, different heuristic algorithms were implemented to
enable end-to-end grooming as well as intermediate grooming,
aiming to lower the implementation cost of the network and
use the available bandwidth effectively. Different algorithms
for routing, balancing and wavelength assignment were also
implemented and their results were compared.

Different network topologies were tested, using transparent,
opaque and translucent networks. For the latter, the enabling
of regeneration was tested using regeneration cards or Back-to-
Back (B2B) muxponders. Considering that the transparent and
translucent with regenerators architectures only allow for end-to-
end grooming, and that opaque and translucent with muxponders
for regeneration architectures allow for intermediate grooming, a
comparison between the implementation cost for each one of these
solutions is made. Also, the use of Sliceable Bandwidth-Variable
Transponder (SBVT) muxponders and regeneration cards were
considered and compared to other results.

Comparisons are made between the different topologies, ar-
chitectures and capacities, with respect to the use of wavelengths,
blocked services and global cost of the network using different
cards. It is concluded that the use of B2B muxponders for
regeneration, boosts the intermediate grooming, improves the cost
solution and uses the wavelengths more efficiently.

Index Terms—Traffic Grooming, OTN Switching, CAPEX,
WDM, Heuristic Algorithms

I. INTRODUCTION

Different services have requested fibre optic networks to
transport traffic. Due to this, the necessity of increasing the
capacity and the exploring of efficiency techniques is a key
issue to face in the present and future. The emerging of new
services such as cloud computing, Internet Protocol Television
(IPTV), Voice over Internet Protocol (VoIP), the increase of
Ethernet traffic, among others, generate a world where people
start to see these services as an essential good.

As a consequence of that, it is essential to carefully plan
and increase the bandwidth management in order to reduce
the costs in telecommunication network implementation.

The main objective of this work is to develop a framework
and algorithm to design an OTN network, with the goal of
minimising the global cost solution. The framework should
receive multiple service requests of 10Gb/s and the optical
channels will work in three signal capacities: OTU4, OTUC-
2 and OTUC-3. The use of muxponders, hence referred
to as OTU4 Muxponder, OTUC-2 Muxponder and OTUC-3

Muxponder will be considered. Regenerators with the same
capacities are also used. The use of SBVT cards is also tested
for cost minimisation solution

In the section I, a brief overview of theme and objectives
of the thesis is presented. Section II, the main aspects of the
Optical Transport Networks (OTN) are presented as well the
principal elements of the network. Section III and IV presents
the main algorithms and the models implemented in the thesis.
The most important results are presented in section V.

II. OPTICAL TRANSPORT NETWORK

As the ITU defines in [1], an OTN is a set of optical network
elements connected by optical fibre links, capable of providing
optical channel transport, multiplexing, routing, management,
supervision and survivability.

The ITU standards are essential to combine the benefits
of Synchronous Optical Networking (SONET)/ Synchronous
Digital Hierarchy (SDH) with the capabilities of Dense Wave-
length Division Multiplexing (DWDM).

The optical transport networks have been migrating from
SONET technology to Wavelength Division Multiplexing
(WDM) architectures over the past years [2]. For telecom-
munication carriers this migration translates in cost savings.

OTN specifies a digital wrapper, which is a method for
encapsulating an existing data frame, regardless of the native
protocol, to create an Optical channel Data Unit (ODU), sim-
ilar to the ones used in SDH/ SONET. It has the intention of
carrying virtually any customer, not being limited to Ethernet
clients [3].

Several advantages are brought by OTN and the disadvan-
tages of OTN are mainly due to new hardware needs and
requirement of management systems.

The OTN hierarchy, is divided into two main domains:
electrical and optical. In the first, a client signal is adapted
at the Optical channel Payload Unit (OPU) layer by adding
one overhead, which contains information to support this
adaptation. After, the OPU is mapped into an ODU, adding one
more overhead that ensures the supervision and the Tandem
Connection Monitoring (TCM). Adding one more overhead
to ODU maps it into an Optical channel Transport Unit
(OTU), providing framing, section monitoring and Forward
Error Correction (FEC)

In the optical domain, the Optical Channel (OCh) represents
an end-to-end optical path and is responsible for the transporta-
tion of OTU signals. Each OCh is assigned to one specific
free wavelength. The Optical Multiplex Section (OMS) is
responsible for identifying wavelengths and assigning them
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to their respective communication channels, composed by
multiplexers as Optical Add-drop Multiplexer (OADM)s or
Reconfigurable Optical Add-drop Multiplexer (ROADM)s [2],
[4]. This layer is responsible for the multiplexing of optical
channels. The Optical Transport Section (OTS) is responsible
for managing optical amplifiers [5].

Table I presents the standard transmission rates, defined by
G.709 for ODU sub-layers. Different types of ODUs, k (k =
1, 2, 3 and 4), 2e, 0 and Flex, are presented in the table. The
defined rates support different types of client signals.

However, nowadays distinct signals are being added to the
network, like video and variable rate packet flows. As such,
the existing ODU rate became insufficient to carry these new
client signals, demanding the introduction of new rates.

The new release of G.709 [6], extends the rates beyond
100Gbit/s. International Telecommunication Union (ITU)
chooses to use a strategy between the solution for OTN ODUk,
which had been using an asynchronous multiplexing approach
to increase optical signal capacity, and a SONET/SDH strategy
which increases rate signal by interleaving an integer multiple
of base rate signals. In this strategy, a base signal frame was
established at 100Gbit/s and multiplies this base frame, and
several of these base frames are interleaved to increase beyond
100Gbit/s signals. The chosen terminology was to call the
base frame ODUC (100Gbit) and to call a signal n×100Gbit
ODUC−n [7]. An OPUC-1 must be capable of carrying an
ODU4 client and an OPUC3 must be capable of carrying
a 300GbE client. Higher rates that are not possible to map
using a ODU4 are mapped into an ODUflex, which is then
multiplexed into an OPUC. This new release further defines
the bit rates for ODUC and OTUC and are presented in table
I.

TABLE I
OTN RATES - ADAPTED FROM [6]

ODU ODU nominal bit rate
ODU0 1 244 160 kbit/s
ODU1 239/238 × 2 488 320 kbit/s
ODU2 239/237 × 9 953 280 kbit/s
ODU3 239/236 × 39 813 120 kbit/s
ODU4 239/227 × 99 532 800 kbit/s n
ODUC-n n × 239/226 × 99 532 800 kbit/s
ODU2e 239/237 × 10 312 500 kbit/s
ODUflex 239/238 × client signal bit rate

A. Network Elements

In this subsection, the most relevant network elements are
detailed, with particular focus on those used in the present
work.

1) ROADM: The OADM is an important component in
transparent networks, as it offers the possibility of mul-
tiplexing, demultiplexing as well as the option to select
which wavelengths to add or remove from the network,
in optical domains. This element works as an optical
switch, having optical-bypass technology. Moreover, the
OADM is capable of routing traffic from west to east,
in the optical domain, by only adding or dropping to
the electric domain the required signals. A ROADM,

which is a reconfigurable OADM, is now one of the main
networks elements, and is used for optical transparent
switching in long-haul networks. This component is a
core element for the development of backbone transport
networks [8], [9]. It allows to add and drop any channel,
anywhere in the network, introducing flexibility and
scalability to a static optical network. This enables
cost savings by eliminating network elements used for
O/E/O conversion and lowers Operational Expenditure
(OpEx) by removing the need of manual engineering and
maintenance [8]. The reconfiguration is achieved by us-
ing wavelength selective switches Wavelength Selective
Switch (WSS), which are the core switching elements
for today’s ROADMs.

2) WSS: WSS is an element with 1×n bidirectional device,
meaning either one single input for n outputs or n
inputs and one output, under software control. WSS
allows the selection of wavelengths, from the input
signal to the right output [8]. As it has the possibility
to be remotely and dynamically configured, WSS use
the network elements efficiently, which results in cost
reduction.WSS enabled the possibility of adding new
features in ROADM such as being (i) colourless, (ii)
directionless and (iii) contentionless. Being colourless
is the ability to drop or add different wavelengths at
any drop or add port, respectively; being directionless
means that it has the ability to route a wavelength in
all directions; being contentionless allows the use of the
same wavelength multiple times in a ROADM.
A colourless and directionless architecture, enabled by
WSS technology, provides valuable features like dy-
namic optimization of lightpaths by optical bridge-and-
roll or alternate paths for protection, in a mesh optical
network. Moreover, the architecture is truly scalable
regarding the handling of additional wavelengths and
efficient routes [10].

Fig. 1. Colorless, Directionless and 2-Contentionless ROADM (contentionless
degree 2) - adapted from [8]

3) Transponder and Muxponders: The transponder is a
crucial element of an optical network, as it sends and
receives optical signals from a fibre, being able to
perform Optical-Electrical-Optical (O/E/O) wavelength
conversion.
Transponders have the role of being a key element in the
system, enabling the conversion of signals into coloured
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optical ones, which can be multiplexed into a single fi-
bre. This operation is also known as DWDM technology.
Specifically, the transponder receives/transmits gener-
ated signals, typically client signals like STM-16, STM-
64, 1 GbE, 10 GbE, 100 GbE, among others, and, using
a laser, converts the signal into the electrical domain
and re-transmits the signal in the DWDM. Typically,
the transponder is prepared to generate wavelengths set
by the ITU in the 1550 nm wavelength window. In the
Optical Terminal Multiplexer (OTM), the transponders
represent a big part of the system investment [11].
Because of that, the minimization of this element is an
important aspect for reaching better network costs.
Following the OTN normalization, the muxponder was
added to telecommunications networks, as it is capable
of grooming signals with a higher wavelength efficiency.
Additionally, it also allows the multiplexing of multiple
low-order ODUs into higher-order ones. Even though
the use of transponders is most common for higher
rates like ODU 3, ODU4 and ODUC, the client signals
often create lower traffic networks. In these cases, it is
important to have the ability to groom signals, which is
offered by muxponders.

4) SBVT: A transponder capable of generating multiple
optical flows, which can be routed into wavelengths
(configurable) and can be directed into different direc-
tions is the SBVT. This element enables bandwidth
efficiency through the adjustment of parameters such
as bitrate, FEC, coding, modulation format and shaping
of optical spectrum [12]. The SBVT can be used with
different architectures, such as multiple output ports
which can be used to route into different destinations
or just one, transmitting super channels. This work is
going to use single output ports SBVT. By the time
the SBVT is added to the network, the full cost has
to be supported and this can act as a potential drawback
since the full traffic volumes may not justify the use
of SBVT. However, the flexibility provided by this
element can be a good investment made by the network
operator, distributing Capital Expenditure (CapEx) along
the network’s life cycle [13].

III. ROUTING IN OTN
In this section, the studied Routing heuristic algorithms are

presented and explained.

A. Routing Heuristic Algorithms
The following sections describe the heuristic algorithms

used in the routing problems for OTN networks.
1) Shortest Path routing: The algorithm proposes to find

the shortest path between two nodes with known positive
weighted links in a graph. In this case, the cost of each
link is considered to be the geographical distance, and
the shortest path between two points is the aggregation
of the links with the smallest sum of distances.

2) K-Shortest path routing: Yen algorithm brought the
possibility of finding the first K shortest paths, as an
extension of the Shortes Path algorithm.

3) Edge disjoint and node disjoint K-shortest routing: The
Edge-Disjoint shortest path assures that the next shortest
path does not contain the same edges as previous shortest
paths discovered, but can include their nodes. This is a
simple algorithm, in which, each time a path is discov-
ered, the used edges are removed from the network.
The Node-Disjoint shortest path algorithm uses Dijkstra
to retrieve the shortest path and cost for each K-path,
removing the links of each node of the path discovered,
between iterations.

B. Balancing heuristic algorithm

In this subsection the heuristic balancing algorithm is pre-
sented and the chosen metrics are explained.

The use of the Dijkstra algorithm to route all the traf-
fic demands in the network, results most probably in an
unbalanced network. Using just the shortest path algorithm
leads to a solution with high-congestion links, while other
physical links may be lightly used. To avoid such situations,
a balancing algorithm was developed using different routing
algorithms – Yen, K-Shortest Edge Disjoint Paths and K-
Shortest Node-Disjoint Paths. These routing algorithms were
chosen in order to compare results using different types of re-
routing strategies. In the case of Yen, which finds the next
shortest path regardless of the links or nodes used in the
previous shortest path, there is a higher probability of finding
paths using the previously most loaded link that does not
improve the network solution. The problem was mitigated by
using two other routing algorithms.

The algorithm is designed in the following manner: First,
all the traffic is routed using Dijkstra. The most loaded link is
chosen and it finds the longest path using this link. Afterwards,
it finds the next shortest path depending on the used routing
algorithm. If some route is chosen twice to be re-routed, the
program has the information of which shortest path is being
used and finds the next one, meaning if the route from A
to Z has been re-routed once, the algorithm finds the third
shortest path to re-route. At most, the algorithm re-routes the
demand using the third shortest path. The algorithm removes
the demands from the links of the shortest path used, adding
in the next shortest path. The algorithm’s stopping condition
is when the most loaded link in the network has not improved
after 10 iterations, as it chooses automatically the routes to
re-route.

C. Routing and wavelength assignment algorithms

The Routing and Wavelength Assignment problem results
from the goal of maximizing the number of optical connections
while minimizing the number of wavelengths.

The problem of routing and wavelength reservation for
telecommunication networks and data transmission is known
as the Routing and Wavelength Assignment (RWA) problem.
Routing was defined and the most used heuristic algorithms to
find the shortest paths were described. In this sub-section the
problem of routing is extended with wavelength assignment.
To do wavelength assignment with the goal of minimizing
the number of wavelengths for WDM, network engineers
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have been using heuristic algorithms. The work of Zang et
al. [14] studies the algorithms of First-FitRWA, Most-Used
and RandomRWA. Additionally, two types of traffic demand
ordering were also considered, the Longest-First and the
Random. The first one orders the demands based on the size
of the path generated by the routing of demand. The second
chooses randomly one of the demands, without any metric.

From work [15], the proposed Longest First Alternate Path
(LFAP) is also taken into consideration, since it presents better
results when compared to other heuristic algorithms. In the
RWA problem with the goal of minimizing the number of
used wavelengths, the computation time is one of the most
relevant challenges.

1) First-FitRWA: tries to assign the lightpath to the lowest
wavelength index available in all the links. This algo-
rithm does not analyse the size of each lightpath, and
the requests are seen with the same priority. If it is not
possible to assign a lightpath in a given wavelength, a
new wavelength must be added, and the algorithm starts
again.

2) Most-Used: algorithm starts by analysing the entire
network and searching for the most used wavelength,
where, in that particular time, the lightpath can be
assigned. If two or more candidate wavelengths with the
same used ratio exist, it is assigned to a random one.

3) RandomRWA: algorithm chooses an arbitrary wave-
length, with the same probability, from the set of wave-
lengths where it is possible to assign the lightpath.

4) LFAP: algorithm starts by attempting to assign the
wavelength to the longest lightpath in the list of requests
and tries to maximize the number of lightpaths per
wavelength. If a lightpath is not assigned, the next
shortest path is calculated. When the next shortest path
for a certain connection from source to destination does
not exist, another wavelength is added.

In the above mentioned algorithms, if more than one path is
available to make a communication between source and des-
tination, the chosen one is the one that minimizes the number
of wavelengths in the link with the most used wavelengths. If
two or more paths are possible, the path is chosen randomly.

IV. SYSTEM ARCHITECTURE

A. Path Routing

A framework to test the link load of the network after
routing the traffic was designed. Different heuristic algorithms,
presented and explained in subsection III-A, were imple-
mented in order to compare results after routing different
amounts of traffic.

In this framework, it is considered that the traffic route is the
same in both directions, i.e., between source and destination
is the same as the one used in the traffic between the same
destination and the source node, in order to save computation
time. The optical reach and the infinite resources in the nodes
and links are not considered in this case. Therefore, there are
no restrictions in the number of wavelengths that are used
in each link or node, and all the lightpaths can reach the
destination without requiring regeneration.

First the traffic matrix is received as an input parameter.
Following this, the traffic is routed through the network based
on algorithm decisions.

The results, which will not be shown in this paper, show
that using different routing algorithms lead to different results
and is not expected that the use of the shortest path algorithm
always lead to the less cost solution.

B. Load balancing

A new framework was designed to implement the algorithm
described in III-B and to enable the comparison between the
results provided by the framework presented in IV-A.

It is important to refer that the algorithm considers infinite
resources on each link and node, and the route used between
source and destination is considered to be the same in the
opposite direction, when the distance is one unit of traffic.

First, the traffic matrix is received as an input parameter,
then the traffic is routed using the Dijkstra algorithm and
finally, the results are used as input parameters in each
balancing algorithm.

The results of this framework are not shown in this article,
but the balancing algorithms achieved the goal of balancing
the load through the network. The results prove that if a
decision was made to route all the traffic using the Shortest
Path algorithm, this would not be the best way to get a
balanced network, since this solution leaves some connections
without any usage, whereas others are over-used leading to an
unnecessary increase of CapEx.

C. Routing and wavelength assignment

For a better understanding of the different influences of the
various RWA heuristic algorithms used in the literature and
presented in subsection III-C, a framework to get results of
the RWA problem is implemented.

It is important to clarify that in the LFAP algorithm the
number of shortest paths found for each connection was
limited to 10 in order to lower the algorithm complexity.

The physical distance was used as routing metric to get
the path between each source and destination. Each link is
considered to have unlimited resources and there is no limit
of wavelengths considered for a link. The final result taken
into account is the number of wavelengths needed to connect
all traffic demands.

First, it receives the traffic matrix, afterwards, all the traffic
demands are routed using the Yen algorithm. The Yen algo-
rithm is used before the heuristics to allow faster processing
times, specially for LFAP.

The full results from the implementation of this framework
are not presented in this article. As expected, the results are
better using the most complex algorithm – LFAP - compared
to the other studied RWA algorithms. But the computation
time needed for LFAP are much higher compared to the other
heuristics. Between all the other algorithms, like the results of
the number of wavelengths used, the computation time is also
similar with better results for Longest-First algorithm.
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D. Cost Optimization
The main framework of this work is explained in this

section. The framework was designed to solve the RWA
problem and select the equipment installed in the network with
the goal of minimizing the number of the global cost solution.

The O/E/O conversion is responsible for the bigger part of
the global cost in the network. Thus an algorithm was designed
to minimize the number responsible for this conversion in
the network using intermediate grooming, further detailed
in section IV-D2. An algorithm for counting the number of
Optical-Electrical (O/E) conversion element in source groom-
ing architectures is also implemented and presented in the
section IV-D1. The number of WSS is accounted depending
on the type of ROADM used add/drop wavelengths, explained
in detail in section IV-D3. Also, the amount of unused ports
is estimated along with the number blocked services.

In this work, four different node architectures are going
to be considered. First, the network is based on transparent
nodes, without any regeneration and considering only source-
grooming. Opaque node is also considered.

Translucent node, two different architectures are considered.
The first allows Reamplification, Reshaping and Retiming (3R)
with regenerator cards while the second uses back-to-back
muxponders.

The opaque networks, transparent networks are tested using
muxponders with only one line rate option (OTU4, OTUC-2
or OTUC-3) or a mix of all line rates, minimizing the cost
implementation. The case of translucent network considers
the same muxponder configurations, and can use regeneration
cards or B2B muxponder to regeneration.

All the configurations use the muxponders to mapping the
service demands and grooming the signals into an high order
OCh. All the traffic demands are considered to have granularity
of 10GbE, thus ODU2 are groomed into ODUx (x = 4, C-
2, C-3). The opaque and translucent with B2B muxponder
regeneration allows for intermediate grooming.

1) Source Grooming Accounting: This section describes the
algorithm developed to account for the network elements for
the architectures using source grooming.

This algorithm receives the T and G matrix.
The algorithm works while the T matrix still has traffic

demands to route. Because it is only considered the use of
muxponders with 10, 20 and 30 input ports, it is calculated
the remainder after division of the T by 30 (itT). Right after,
the itT is deducted from T matrix.

The best path solution is divided into multiple sub-paths
between the source, regeneration nodes and destination. It is
important to mention that each sub-path is considered to be
an particular lightpath. The maximum number of wavelengths
in each fibre is considered to be 80.

Next, for each element of the itT, it finds the best possible
solution cost using OTU4, OTUC-2 or OTUC-3 signal capac-
ity. For that, the input and output muxponders are accounted
and the number of regenerators needed depending on the
optical reach.

One algorithm was implemented to find where regenerators
should be added to allow regeneration. The algorithm First-Fit,
adapted from [16], is going to be called First-Fit (Regenerator

Placement) in this work to not to confuse with the previous
algorithm employed for RWA with the same name.

Algorithm 1: Cost Opt Algorithm - Source Grooming
Input : T - Traffic matrix

G - Adjacency matrix

Data: itT - Traffic matrix for iteration
NetworkSize - Size of analysed network
dpath - Distance between source/regeneration
node and regeneration node/destination
Regsd - Number of regeneration nodes for the
route between s and d

1 begin
2 while T is not empty do
3 iT ←− remainder after division T and 30;
4 for s = 1:NetworkSize do
5 for d = 1:NetworkSize do
6 100GSolution = 3RegCost(T(s,d),s,d,G);
7 200GSolution = 3RegCost(T(s,d),s,d,G);
8 300GSolution = 3RegCost(T(s,d),s,d,G);
9 finalSolution cost = min(100GSolution

cost,200GSolution cost,300GSolution
cost);

10 if finalSolution cost is equal to ∞ then
11 block = block + T(s,d);
12 else
13 First-FitRWA(finalSolution);
14 Muxponder Accouting;
15 3R Accounting;
16 end
17 end
18 end
19 end
20 WSS Accounting;
21 end

The main algorithm, presented 1, contains a funcion called
3RegCost, which receives the source and destination node, the
number of traffic demands and the G matrix. With the use of
FirstFit (Regenerator Placement) the number of regenerators
used for the amount of traffic received is calculated. The
muxponders from the source and destination node are also
accounted. This function returns the cost and the sub-paths
division for each capacity solution. If, as a consequence
of optical reach limitation or lack of free wavelengths, the
lightpath is impossible to assign, the function returns infinity.

If a transparent network is being tested, one small change
has to be made to the 3RegCost function. If there is a need
of at least one regenerator, this means that it is impossible to
connect source and destination using this path and it returns
infinity.

If all the cost solutions are equal to infinite, means at least
one sub-path is not possible to assign for lack of available
wavelength and all the traffic demands are considered to be
blocked, on the other hand if the lightpath is possible to
assign the returned sub-paths for the best cost solution is later
assigned with the use of RWA the First-FitRWA algorithm.
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If T matrix is empty, this means all the traffic demands were
routed or blocked and the number of WSS are accounted using
the formulas presented in IV-D3.

2) Intermediate Grooming Accounting: In this sections will
be specify the used method to account the several elements
used for each solution using translucent networks with B2B
muxponder regeneration and opaque networks.

The muxponder can be used, as seen before, to mapping
new services into the network but also can be also used to
regenerate signals. Processing the signals at the electrical level
with muxponders boosts the use of intermediate grooming, this
mean is possible to save in number of wavelengths needed and
equipment to add in the network.

It is important to notice that the algorithms described next
were first designed to obtain the cheapest solution for translu-
cent network with B2B muxponder regeneration, minimizing
the points of regeneration. The opaque network does not
minimize this solution, and uses mandatory O/E/O conversion
in all the nodes making this case a particular solution of
the implemented algorithm, where the first found node is
considered to be the first regeneration node.

Because of the multiple possible configurations, this rep-
resents the most complex algorithm implemented to achieve
results of a network design.

This algorithm receives as input parameters the services
to route which contains all the shortest paths candidates to
route the traffic demands. Also, a structure paths is received,
which contains the 3 shortest paths between all the nodes, to
save computation time. The adjacency matrix (netCostMatrix)
is also received. If a traffic demand is impossible to route,
because of the minimum optical reach, it is considered to be
blocked in the services calculation, and the number of blocked
services is registered in the parameter lost.

As studied before, satisfying demands using only the short-
est path algorithm does not generate the best solution and the
most balanced one. It was decided to search among the first
three shortest path for each service the solution which needs
less investment.

For each service request, this algorithm finds between the
3 first shortest paths, the one which needs less investment
to connect the new service. The algorithm also verifies if
the candidate shortest path is possible to assign since the
maximum number of wavelengths defined for each optical
fibre is 80.

For that, the use of a recursive function (CostFunction)
which uses the logic of First-Fit (Regenerator Placement) algo-
rithm to find the first regeneration node or the destination and
answers the best solution to connect the candidate lightpath.

Function CostFunction, either finds the first node where the
optical reach is exceeded or finds the destination. If it finds
the destination, it returns the necessary investment to assign
the path. If it finds one node, which is not the destination, it
means it needs regeneration. The former path is divided into
two sub-paths, and the CostFunction is called with the sub-
paths as input parameters

Figure 2 is representing the flowchart for OTU4 optical
reach.

Fig. 2. Cost Function Flowchart

If any candidate, from the first 3 shortest paths, are not pos-
sible to assign due to lack of free wavelengths, the service if
considered to be blocked. If some candidate got the minimum
cost solution, it is chosen as final solution and RWA First Fit
algorithm is used to assign the respective wavelengths

Finally, at the end of the algorithm, one last script is
inserted in order to minimize the cost of the solution and,
at the same time, the number of wavelengths needed. This
script searches in all the nodes, if is possible to replace
the regeneration using 2 muxponders with a regenerator. If
some service without the same source or destination is using
one muxponder, the replacement of the muxponders by one
regenerator is considered impossible and not feasible. A single
regenerator is considered to be always cheaper compared to the
price of 2 muxponders. Note that, since the minimization of
wavelengths and grooming is a priority, the use of regenerator
is not expected to occur frequently.

3) WSS Accounting: This routine was implemented to
count the number of WSS for each node architecture. It was
designed based on different formulas for each implementation
solution and each constrain in the nodal perspective. It is as-
sumed the input/output ports as symmetrical and bidirectional
connections.

• G - Nodal Degree;
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• C - Contentionless Degree;
• I - Total number of input/output wavelengths from dif-

ferent fibres;
• T - Total number of transmitters/receivers;
• Λ - Total number of connections added;
• W - maximum number of wavelengths supported by

DWDM system;
• SCin - SC inputs;
• WSSin - WSS inputs;
The next constraint defines the maximum number of trans-

mitters/receivers of each node. It is conditioned by the number
of WSSin, SCin and C.

T = WSSin × SCin × C (1)

The maximum number of input/output wavelengths from
different directions is bounded by:

I 6 W ×G (2)

The number of input/output connections cannot be great
than the number of transmitters/receivers:

Λ 6 T (3)

In each the input/output fibre ports the number of WSS
inlets cannot be less than the sum of nodal degree and
contentionless degree. This is considered to be always fulfilled
since the analysed networks does not use higher nodal degrees.

G + C 6 WSSin (4)

For the use of ROADM CDC solution, the accounting is
formulated in equation 5.

Q = G + C + 2× C ×
⌈

I

WSSin

⌉
(5)

V. RESULTS

A. Input Parameters

For the Cost Optimization Framework, the test was made
using randomly generated traffic matrices. Different networks
need different sized traffic matrices to reach results with
different amounts of traffic demands.

In this case, a script was made, which receives as parameter
the physical network and uses the size of each network to
generate 10 different traffic matrices with random values. For
the simulation, the different network architectures are tested
having a total of 10Tb, 20Tb, 50Tb, 80Tb and 100Tb in service
demands.

Results were obtained from different physical topology
networks with different dimensions, link distances, number of
nodes and edges. The used networks were Finland network,
Cost239 and UBN. These are all well-known networks that
are often used as benchmark.

The optical reach for each rate transmission is retrieved from
[17], where for 100G, 200G and 300G transmission modes for
a fixed 50GHz grid, optical reaches of 3750km, 675km and
150km, are considered respectively.

The costs, in case of O/E/O conversion elements such as
muxponders and regenerators, were loosely based on work
[18]. The costs of WSS were based on work [19].

B. Cost Optimization Results

In general, it is expected that costs will increase with the
increase in traffic, for natural reasons and the size of the
network and the existence of more combinations of node pairs.
Then, when the results are mentioned, Mixed Capacities refers
to the solution in case of using solutions with multiple ca-
pacities: OTU4, OTUC-2 and OTUC-3. The results presented
with Translucent Mux refers to the translucent architecture and
considers the use of muxponders coupled B2B configuration
for regeneration and intermediate grooming. It can also use
regenerators if the replacement of B2B muxponders by one
regenerator is possible, in the end of the algorithm solution,
as explained previously. The results mentioned as Translucent
Reg, refer to the translucent node architecture using regener-
ators to provide 3R function.

1) Wavelength count results: First, the number of wave-
length used for mixed capacity solution is shown. The wave-
length on the most loaded link increases with the increase of
traffic and the size of the network. In larger networks, since
the use of high capacity channels is impossible because of
optical reach limits, it quickly reaches the maximum number
of wavelengths that can be used in each fibre

Fig. 3. Number of Wavelengths used for Mixed Capacities

For the single capacities solutions. For the OTU4 capacity
solution, the wavelengths reach the limit for Finland and UBN
networks. Using OTUC-2 capacity, the wavelengths’ limits are
not reached and for UBN almost all wavelengths are blocked
due to optical reach limitations and the number of blocked
services is almost 100%. For OTU-3 capacity shows that it is
possible to get results for small sized networks, like Finland,
reaching half of the limit imposed by fibre optical limits.

2) Service blocking accounting results: The percentage of
blocked services is also analysed. It is important to mention
that in all tested solutions for the different capacities, service
blocking occurs. For the OTU4 solution, the percentage of
blocking services grows with the increase of traffic. As ex-
pected, the opaque network gets the best results in comparison
to the other solutions, reaching a better usage of bandwidth
by enabling obligatory intermediate grooming in all the nodes.
The impossibility of regeneration in transparent networks leads
to a high percentage of blocked services for larger networks,
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as it is possible to see in UBN where about half of the traffic
is blocked by the optical reach limitation. For the Finland
network, with the increase of traffic, it reaches the wavelength
limit in the fibres and gets a high percentage of blocked
services.

Naturally, the percentage of blocked services increases with
the use of OTUC-2 and OTUC-3 only data-rates. In the use of
OTUC-2 capacity, UBN gets almost 100% of blocked services,
even with regeneration. This was an expected result, since
the physical topology only has three fibres smaller than the
OTUC-2 optical reach. In Finland and Cost networks, where
regeneration is considered, it is possible to connect all the
services. In turn, in the transparent network, the Cost network
gets almost 50% of blocked services because of the optical
reach limitation. Comparing the percentage of blocking for
OTUC-2 and OTU4 capacities, Finland enables the aggrega-
tion of more services in the same lightpath, resulting in no
blocking and getting better results.

For OTUC-3 capacity solutions 100% of services are
blocked for Cost and UBN networks, since none of them has
fibres smaller or equal to the OTUC-3 optical reach. On the
other hand, the Finland network can connect all the lightpaths
in architectures which consider regeneration. In the case of the
transparent architecture, about 35% of the traffic services are
blocked for limitation of optical reach.

The mixed capacity solution, only gets service blocking in
the UBN network in the transparent network and translucent
using regenerators. The solution for the percentage of blocked
services per traffic, node architecture and node solution is
shown in figure 4. Here it is possible to see the greatest ad-
vantage between regeneration methods. Using the muxponders
for regeneration, it enables the intermediate grooming, and the
wavelength capacity is never reached leading to a non-blocking
solution.

Fig. 4. Blocking Service for Mixed capacity

3) Cost comparison: The accounting of O/E conversion
elements, for the Finland network, shows preference by the
use of high capacity signals as OTUC-2 and OTUC-3. The
number of elements is higher in opaque network, as ex-
pected. The other architectures get the same results since
no regeneration is required. Figure 5, shows the cost per
each element, per traffic for each architecture in Finland
network. The transparent architecture gets similar results to
the translucent using regenerators since the grooming is done
in the source/destination and no regeneration is needed. The
results for translucent using muxponder for regeneration get
similar but more economic results compared to transparent,

because this architecture considers the re-use of muxponders
already added in the network. As it is possible to see, the use
of high capacity muxponders increases with traffic.

Fig. 5. Cost Distribution for Mixed Capacity in Finland Network

The cost results for each element per traffic and architec-
tures in Cost230 are shown in figure 6. As expected, after
the analysis of blocking percentage, no OTUC-3 muxponders
are added because of the optical reach limitations. The use
of OTU4 capacities enable the solution with no need of
regeneration, and, as a result of that no regenerators are added.
The opaque architecture, again, gets the most expensive solu-
tion and the source/destination grooming solutions get equal
cost solutions. The slightly better result for translucent using
muxponders for regeneration happens because it uses already
added muxponders in the network to reach a destination.

Fig. 6. Cost Distribution for Mixed Capacity in Cost Network

Figure 7 shows the results which enable the comparison
of the cost element distribution in UBN for different traffic
and node architecture. Again, the most expensive solution is
the Opaque. The transparent architecture, since the percentage
of blocking shown in 4 is quite high, gets less costly results
compared to the translucent architectures. Comparing the
translucent solutions, it can be seen that the cheaper solution
lies in the architecture using muxponders for regeneration.
Despite the use of more muxponders, the value added by
regenerators is higher compared to the cost of muxponders
because they do not provide any grooming functionality.

In the case of solution using only OTU4 capacity signals,
for Cost239, no service was blocked in this network so no
influence of that parameter is expected in the next result. The
opaque is the most expensive, as expected and the others are
equal or similar. The use of muxponders and the enabling
of the use of intermediate grooming, in the algorithm used
for translucent networks using muxponders for regeneration,
enables a slightly better results.
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Fig. 7. Cost Distribution for Mixed Capacity in UBN Network

Figure 8 shows, for the Cost239, the cost distribution per
traffic and network architecture. Almost 50% of services are
blocked in the transparent architecture and have an impact
in the cost distribution, showing the solution has the cheap-
est solution. Again, the opaque architecture represents the
most expensive solution but comparing to the translucent
architectures, the most economic solution is the one using
muxponders allowing regeneration and intermediate grooming.
It can be noted that these are the first results where some B2B
muxponders were able to be replaced by regenetor cards.

Fig. 8. Cost Distribution for OTUC-2 Capacity in Cost Network

Figure 9 shows the percentage of free muxponder ports.
Having low percentage of used ports results in a well usage
of elements in the network. Having free ports in the network
result in an increase of the CapEx without being needed. The
figures show a decrease of free ports with the increase of traf-
fic, meaning the algorithms are working as they are supposed
to, adding new services into previously added muxponders,
saving costs. The low percentage of free ports in the opaque
can be explained by the possibility of grooming services into
one lightpath in each node. The translucent architecture using
muxponders for regeneration, which gives the possibility for
intermediate grooming, has the second best result compared
to the source/destination grooming architectures.

The influence of the WSS was also studied and is now
compared. For the previous results, the number of each
element influences directly the impact in the network cost.
WSS results can be seen in figure 10. The figures show
a tendency graph having the results of the number of 1x2
WSS against the results using 1x5, 1x9 and 1x20 WSS using
translucent architecture with regenerator. The tendency for
the other architectures is similar. As it is possible to see, as
expected, the number of WSS needed increase with the traffic,
but the number for inlets are determinant for the number of

Fig. 9. Free Ports Percentage for Mixed Capacities

elements used. The WSS with 20 inlets, needs, for 100Tb
traffic, almost less 70% of WSS cards compared to the 1x2
WSS topology. But one interesting result is the variance of
the WSS cost, where the use of less WSS with the increase
of inlets does not mean cost savings. Figure 10 is divided into
two graffic. In the left side of the figure, it shows the variance
of WSS units, while in the right side shows the variance of cost
the graphic of cost, in comparison with 1x2 WSS. The graphic
cost shows that, for Finland network, the use of 1x20 WSS
in the network never leads to a cheaper solution compared to
1x2 WSS. The 1x5 WSS is the less costly solution and the
1x9 WSS only gets better results with the increase of traffic.

Fig. 10. Variance of WSS accounting and cost, in comparison with 1x2
WSS, for Mixed capacities in Finland network and Translucent with B2B
muxponders

Figure 11 shows for mixed capacities in the Finland Net-
work, the cost solution using mixed cards versus SBVT cards.
Two results were taken for SBVT, one considering the SBVT
muxponder and regenerator cost 15% cheaper compared to
OTUC-3 cards and other considering 15% more expensive.

Fig. 11. Cost of SBVT cards vs Mixed Cards in Finland network

In conclusion, the use of SBVT cards give us future flexibil-
ity and scalability possibilities, but comes with an associated
cost. Through the analysis of previous results, the use of SBVT
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has visible advantages for small sized networks, where the
use of high capacity channels can be a solution, however for
medium and large sized networks, because of optical reach
limitations, it is not a good cost solution.

VI. CONCLUSION

With the constant increase of traffic and constant necessity
to improve efficiency, it is important to study the imple-
mentation of optical capacities beyond 100G and considering
different network architectures.

The cost optimization and main results of this work are ex-
plained in IV-D. This subsection presented different algorithms
to minimize the cost solution for Transparent, Opaque and two
Translucent architectures. The big difference, between the two
translucent architectures, consists in the regeneration strategy.
The first uses regenerator cards without the possibility of inter-
mediate grooming. However, with the use of B2B muxponder
for regeneration, intermediate grooming is allowed.

Different results, for different signal capacities, and node
architectures are evaluated. With these results, the importance
of intermediate grooming is taken into account. Different
results for balanced and unbalanced networks were taken and
the influence is recorded.

Different optical signal capacities were also considered and
some conclusions can be made. The use of high capacity, as
OTUC-2 and OTUC-3, is a necessary improvement for the
future of optical telecommunications, but nowadays they are
not good solutions for large networks. As was shown in this
work, due to optical reach limitation, almost no services can
be served using optical capacities beyond OTU4 in networks
as Cost239 and UBN. On the other hand, these capacities are
good solutions for small sized networks, like Finland, leading
to cost effective solutions. For the same reasons, the SBVT
muxponder can be considered for small sized networks. For
medium and large sized networks, the difference in investment
between the typical muxponder and the SBVT muxponder
shows that the latter does not lead to a good solution.

The cost of WSS in the network is also taken into account
and a particular conclusion can be made. The increase of inlets
in the WSS, as expected, decreases the number of elements in
the network. However, by observation of various cost results,
the increase of WSS inlets are not related to the decrease of
cost.

As a conclusion, the Opaque network achieved better results
in wavelength usage, but the CapEx needed is prohibitive. The
use of the transparent architecture, with an increase in the
network link distances, is not a good implementation strategy
since most of the services do not get to the destination,
due to optical reach limitations. This leaves the Translucent
architectures to compare. One, using regenerators, and the
other B2B muxponders allowing regeneration and intermediate
grooming. Generally, it is shown that the use of intermediate
grooming leads to better results, which decreases the needed
CapEx compared to the source/destination grooming solution.
But the use of regenerators can get acceptable results with
the increase of the traffic, where the difference comparing
to translucent using B2B regeneration is almost unnoticeable.

The number of wavelengths used and the possibility of adding
new services into a previously added lightpath leads to better
results using B2B regeneration.

As a final conclusion it is easy to see that Translucent
architecture using B2B muxponders, allowing intermediate
grooming, lead to the best global solution when combining
good cost results and good bandwidth usage.
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