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  Most of the traffic arriving at a node is not terminated within it, but passes 
through it to other destination nodes where  traffic will be processed 
electronically 

 

  A more flexible operation in optical networks would be obtained by introducing 
wavelength conversion.  

 

–  However, due to the immaturity of underlying technology, the absence 
of wavelength conversion is overcome by providing more wavelengths 
 

  The problem to solve is to provide enough capacity on the links supporting 
wavelength-routing networks: Handle properly the demand of new lightpaths, 
considering statistical traffic models … 

Introduction to WDM Network Design 
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Objetives: 

 
– To study the design and benefits of wavelength-routing network as 

evolution of simple point-to-point WDM links 
 

• Light topology design problem in the optical layer 

• Routing and wavelength assignment 
 

 

– To obtain a significant saving in higher-layer terminating equipment  

Introduction to WDM Network Design 
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 The wavelength-routing network design is addressed by solving a LTD problem 
(Light topology design) and a (routing and wavelength assignment) RWA problem 

 

 For these tasks, it is assumed that: 

 No constrains are imposed by physical layer (lenght or number of wavelengths) 

 Lightpaths are bidirectional (physical layer supporting high-layer protocols like 
IP, ATM or SDH/SONET) 

 Let  detnote the maximum number of ports per router (cost contratint), then 
the maximum number of lightpahs in a n-node network is n  

 The arribal rate for packets for source-destination (s-d) is sd  where s,d=1…n, 
and bij is a binary variable (0,1) for each wavelength, so that bij=1 to indicate  
that designed topology has a link from i to j and bij=0 

 

Lightpath Topology Design 
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 aij
sd  is the fraction of traffic between s-d routed over link i-j, and then ij

sd = aij
sd sd 

is the traffic (packets/second) between s-d pair routed over link i-j. This way, the 
following are variables to determine: 

 Total traffic from all s-d pairs is routed over i-j link is 𝜆𝑖𝑗 =  𝜆𝑖𝑗
𝑠𝑑

𝑠𝑑  

 Congestion parameter is defined as: max=maxij ij 

  The average queuing delay on link (i,j) is given by: dij=1/( - ij) 
 

 

 

Objetive function min max  subjet to 

Flow conservation  at each node:  𝜆𝑖𝑗
𝑠𝑑

𝑖 −  𝜆𝑗𝑖
𝑠𝑑 =

𝜆𝑗𝑖
𝑠𝑑  , 𝑖𝑓  𝑠 = 𝑖

−𝜆𝑗𝑖
𝑠𝑑 , 𝑖𝑓 𝑑 = 𝑖

0  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑖  

For all s, d, i 

Lightpath Topology Design 
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  Total flow on a logical link:   

 𝜆𝑖𝑗=  𝜆𝑖𝑗
𝑠𝑑 ,   𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖, 𝑗𝑠𝑑

𝜆𝑖𝑗 ≤ 𝜆𝑚𝑎𝑥,         𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖, 𝑗

      𝜆𝑖𝑗≤ 𝑏𝑖𝑗𝜆
𝑠𝑑 , 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖, 𝑗, 𝑠, 𝑑

 

 

  Degree constraints:  
 𝑏𝑖𝑗 ≤ Δ,  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑗𝑖

 𝑏𝑖𝑗 ≤ Δ,  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖𝑗

 

  

  Bidirectional lightpath constraint:  𝑏𝑖𝑗 = 𝑏𝑗𝑖 ,  𝑓𝑜𝑟 𝑎𝑙𝑙  𝑖, 𝑗 

 

  Integer and sign contraints: 
𝜆𝑖𝑗

𝑠𝑑 ,  𝜆𝑖𝑗 , 𝜆𝑚𝑎𝑥 ≥ 0,  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖, 𝑗, 𝑠, 𝑑

𝑏𝑖𝑗 ∈  0, 1 ,  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖, 𝑗
 

Lightpath Topology Design 
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 For a given network technology and a set of lightpath requests, the optimal route 
and minimum number of wavelengths must be determined  

 Two lightpaths must not be assigned to the same wavelength over the same optical link 

 When  wavelength conversion is not available, a lightpath bust be assigned on the same 
wavelength on all the links in its route 

Routing and Wavelength Assignment 

Undirected lightpaths – 
Undirected edges 

Undirected lightpaths –
directed edges 

Directed lightpaths – 
Undirected edges 

Directed lightpaths –
Directed edges 

Combinations of type of lightpaths and network 
edges in routing and wavelength assignment 

We focus on the network design based on bidirectional lightpaths (full duplex) 
propagating in optical double-fiber links in opposite directions   
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Routing and Wavelength Assignment 

Undirected lightpaths – 
Undirected edges 

Directed lightpaths –
Undirected edges (i) 

Directed lightpaths – 
Directed edges 

Directed lightpaths –
Unirected edges (ii) 

lightpaths 

Edge 

Different s must 
be used in opposite 
directions  

Two s are required 
to support traffic 
pattern 

Three s are 
required to support 
traffic pattern 

Two s are required 
to support traffic 
pattern 
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Wavelength conversion 

Wavelength conversion options: fixed, limited or full conversion 
 

Fixed conversion 

• A lightpath entering  at a node at 1 exits from the node at wavelength 2 

• Mapping between input and output wavelengths is fixed in the design stage 
and it can not be altered.  
 

Limited conversion 

• A lightpath entering at a node can be converted to a limited subset of 
wavelengths (it could be predetermined set) 

• The number of predefined wavelengths determines the conversion degree  

• A small amount of wavelength conversion provides almos the same benefits 
as provided by full wavelength conversion at every node in the network 
 

Limited conversion 

• A lightpath entering  at a node at can be converted to any wavelength at the 
output (no restictions) 
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Wavelength conversion 

Optical 
Switch 

Optical 
Switch 

Optical 
Switch 

Optical 
Switch 

1 

2 

3 

4 

Optical crossconnet 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

Fiber 1 

Fiber 2 

Fiber 3 

1 2 3 4 

1 2 3 4 

1 2 3 4 

OLT 

Fiber 1 

Fiber 2 

Fiber 3 

1 2 3 4 

1 2 3 4 

1 2 3 4 

OLT 

Fixed conversion scheme 
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Wavelength conversion 

• In case of full, limited or fixed conversion, wavelength assignmet must be taken 
into account  

 
• For lightpath requests over a routing, li is defined as the number of lightpaths 

running on the link i. Then, load of a request to be L= max li 
 

 

This result determines the maximum number of wavelengths required to 

satisfy requests 

 
• Without wavelength conversion the number of wavelengths required could be 

much larger 
 

• Fixed and limited conversion models allow to save on switch cost although a 
O/E/O unit is required for each signal 
 

• Nowadays, as the cost of O/E/O units is dominant, limited conversion becames 
an important issue to consider 
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Wavelength conversion 

 
Optical 
Switch 

 
 

 

 
Optical 
Switch 

 

 
 

1 2 

3 4 

Optical crossconnet 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

O / E / O 

Fiber 1 

Fiber 2 

Fiber 3 

1 2 3 4 

1 2 3 4 

1 2 3 4 

OLT 

Fiber 1 

Fiber 2 

Fiber 3 

1 2 3 4 

1 2 3 4 

1 2 3 4 

OLT 

Limited conversion scheme 
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RWA problem using a statistical model for the traffic: it is assumed a fixed route 
between each source-destination pair. 

 

 Random-1 

– For a lightpath request between two nodes, choose at random one of the 
available wavelengths on a fixed shortest path between the two nodes. 

 

 Random-2 

– Fix two shortest paths between every pair of nodes.  

– For a lightpath request between two nodes, choose at random available 
wavelengths on the first shortest path.  

– If no wavelength is available, choose a random available wavelengths on 
the second shortest path. 

 

Wavelength assignment and alternate routes 
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RWA problem using a statistical model for the traffic: it is assumed a fixed route 
between each source-destination pair. 
 

 Max-used-1. 

– For a lightpath request between two nodes, among the available 
wavelengths on a fixed shortest path between the two nodes, choose the 
one that is used the most number of times in the network at that point of 
time. 

 

 Max-used-2 

– Fix two shortest paths between every pair of nodes.  

– Among the available wavelengths on the first shortest path between the 
two nodes, choose the one that is used the most number of times in the 
network at that point of time. If no such wavelength is available,  

– Choose the one that is used the most number of times in the network at 
that point of time. 

Wavelength assignment and alternate routes 
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Offline lightpaths requests  
for maximum load dimensioning 

 
Number of wavelengths required to perform offline wavelength 

assignment as a function of L load with no converteres 

(N nodes, L wavelengths, d degree) 

Source: pp 480, Optical Networks, Rajiv Ramaswami, 
Ed. Morgan Kaufmann (2002) 

NETWORK 
TOPOLOGY 

Conversion type 

None Fixed Limited Full 

Arbitrary Min[ (L – 1)D + 1, 
(2L-1)M1/2 – L + 2] 

L L 

Ring 2L - 1 L + 1 L L 

Star 3/2 L L L 

Tree 3/2 L L L 
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It is assumed that routing of lightpaths are non permanents and without wavelength 
conversion 

Algoriths to provide efficient wavelength assignmet  (Theorems) 

1. Considering W(N,L) the number of wavelengths needed to support online lightpath 
requests with a load L in networks constisting of N nodes with no conversion. Under 
these considerations: W(N,L)  L + W(N/2, L) when N is a power of 2 

2. In a line network with N nodes, online lightpath requests with a load L can be supported 
using at most L log2N wavelengths with no wavelength conversion  

3. In a ring with N nodes, all online lightpath requests with load L can be supported using 
at most L log2N + L wavelengths with no wavelength conversion 

4. In a ring network with N nodes, all online permanent lightpath requests with a load L 
can be supported: 

a. At most 2L wavelengths witth no wavelength conversion 

b. With at most max(0,L-d) + L waavelenghts with a degree-d (d2) limited 
wavelength conversion  

Online Routing and Wavelength in Rings 
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Bounds on number of s required in rings to support different 
traffic models as a function of maximum load 

Conversion degree Lower bound on W Upper bound on W 

Offline traffic model 

No conversion 2L - 1  2L - 1  

Fixed conversion L + 1  L + 1  

Conversion  2 L L 

Online traffic model with no lightpath terminations 

No conversion 3L 3L 

Fixed conversion L 3L 

Full conversion L L 

Online traffic model with no lightpath terminations 

No conversion 0.5 L log2N L log2N + L 

Full conversion L L 

(N nodes, L wavelengths, d degree) 

Source: pp 483, Optical Networks, Rajiv Ramaswami, 
Ed. Morgan Kaufmann (2002) 
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