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Abstract In this paper we consider link and path asymmetry in IP over WDM 
transport networks. While transport networks are traditionally symme
tric the carried Internet traffic is very asymmetric involving a potential 
for major network cost reductions. We determine where asymmetry can 
be introduced and indicate necessary protocol adaptations. We raise in
vestigation issues in asymmetry which need to be pursued in future. 

1. INTRODUCTION 

Measurements in the Internet show a highly asymmetric characteristic 
of the traffic flow [1, 2]. One of the reasons for this is that a large portion 
originates from servers connected to the Internet, which tend to involve 
much more generated traffic (information supply) than received traffic 
(requests, etc.) With the currently emerging Internet applications, it is 
expected that this characteristic will remain for the future. 

Today in transport networks traffic is carried over symmetric links with 
protocols like SDH/SONET or point-to-point Gigabit Ethernet which 
in turn are operated over WDM networks. Therefore one transmission 
direction is underutilized by the asymmetric Internet traffic. Since optical 
line port equipment (in particular the lasers) is still a big cost factor, 
cost reductions are expected when introducing asymmetric links in the 
network. 
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Furthermore in transport networks routing is done symmetrically, e.g. 
a bidirectional path traverses the same nodes for both directions. This 
can result in inefficient usage of the network resources. 

In the following we classify the different possibilities for link and path 
asymmetry. We discuss realizations of asymmetry in IP over WDM net
works and indicate necessary protocol adaptations. In conclusion we raise 
the investigation issues in asymmetry which need to be pursued in future. 

2. ASYMMETRY IN IP OVER WDM 
NETWORKS 

We consider links and paths on both the IP layer and the WDM layer. 
Paths on the WDM layer represent (virtual) links seen by the IP layer. 
Dealing with future high traffic volumes in transport networks we do not 
consider multiplexing oflayers between IP and WDM (which can provide 
links and paths by themselves). 

There are both unidirectional (simplex) or bidirectional (in this con
text full-duplex) links and paths possible. On the WDM layer paths are 
also called lightpaths [3]. Link (path) symmetry means that a bidirec
tional link (path) has the same characteristic in each direction. Then 
asymmetry can occur in different fashions: 

• IP and WDM layer: Two nodes communicate in one direction only 
(unidirectionality) . 

• IP and WDM layer: Different nodes are traversed by the two uni
directional paths for each direction which together provide a bidi
rectional connectivity between two nodes (path asymmetry). 

• WDM layer: On a segment the wavelengths of a bidirectional light
path are different for each direction (wavelength asymmetry). 

• IP layer: The bandwidth capacity is different between each directi
on of a bidirectional link (bandwidth asymmetry). Thus unidirec
tionality is a special case of bandwidth asymmetry. 

• WDM layer: The number oflightpaths provided to an endpoint pair 
on the IP layer differs between both directions. This translates to 
bandwidth asymmetry seen by the IP layer. 

Asymmetry also occurs with multicasting and protection schemes (e.g. 
one sided protection switching), which is not covered here. 

From the network management point of view asymmetry introduces 
more effort in network configuration and in the administration of network 
data. Therefore for each of these different possibilities the efficiency gain 
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has to be weighted against the increase of network management comple
xity. 

3. UNIDIRECTIONALITY 
In IP networks to make two routers adjacent a bidirectional link 

connecting them is required. The support for unidirectional links has 
been motivated by IP over broadcast satellite networks and is equally 
applicable in high bandwidth IP over WDM networks. A mechanism to 
emulate bidirectional connectivity over a unidirectional link at the link 
layer is proposed in [4], and can be used as illustrated in figure 1. 

default links 
emulated link lightpath links 

.. long distance path 

Figure 1: A unidirectional link with a tunnel as proposed in [41. 

The bidirectional default connections are provided from router 2 to 
routers 1 and 3. If there is a high traffic demand from router 1 to 3 
but not from router 3 to 1, it becomes desirable that a unidirectional 
(virtual) link is established between them (short-cut). As the IP layer 
needs to see a bidirectional link, by the extension in [4] a unidirectional 
tunnel is established from router 3 to 1 operated over the default links 
and router 2. 

In comparison to a bidirectional link, a sending unit at router 3 was 
saved, e.g. a Packet over SDH/SONET (POS) interface not equipped 
with a laser. 

The physical distance between routers 1 and 3 can become very long 
requiring expensive regenerators to refresh the signal. A bidirectional link 
needs regenerators for each direction. In comparison, the unidirectional 
constellation needs only half of the regenerators of a bidirectional link, 
since the return link is provided over an existing path. 

In this sense unidirectionality generally requires less resources in the 
WDM network than bidirectionality. This also holds for networks with 
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nodes having partial wavelength conversion. Reducing the number of 
lightpaths in effect reduces the number of potentially needed converters. 

Therefore with unidirectional links the costs introduced by regenera
tors and wavelength converters can be kept at minimum. 

One important question is the allocation of the IP routing weights. 
Referring again to figure 1, we can provide an asymmetric setting of 
W2 ::; WI + W4 to let the traffic flow over the short-cut and W6 > W3 + W5 

to reduce the tunneling effort. As these weights can have an impact on 
network-wide routing, this technique has to be considered when alloca
ting the weights in the whole network (see also section 5). 

We note here that establishing undirectionallightpaths should be pos
sible even in WDM networks operating with automated lightpath set-up, 
e.g. provided by a MPLS control plane (so-called MP-XS [5]). Paths in 
MPLS are by definition unidirectional. There are proposals for the exten
sion of MPLS to directly set up bidirectional paths in optical networks [6), 
mainly to avoid contention problems. These extensions can coexist with 
unidirectional path set-up. 

4. PATH AND WAVELENGTH ASYMMETRY 
Firstly we consider wavelength asymmetry in bidirectional paths. Fi

gure 2 depicts the situation of a four node star network [3J. Assume that 
the nodes are optical cross-connects without wavelength converters in
terconnected by a bidirectional fiber pair and sources can choose from 
two wavelengths in the system. 
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Figure 2: A star network with (a) wavelength symmetry and (b) with 
wavelength asymmetry of paths. 

A full mesh demand of one bidirectional path between the nodes 1, 2 
and 3 should be provided. With wavelength symmetry in figure 2 (a) only 
2 out of 3 bidirectional paths can be provided, whereas the asymmetric 
assignment in figure 2 (b) can provide for the full demand. 
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Since wavelength selection seems not to be a crucial point for the rou
ting process [7], wavelength asymmetry can become feasible for WDM 
networks. For example in MP.AS the wavelength assignment on a link is 
likely to be done by the signaling protocol for each direction indepen
dently. 

Another example is the converterless WDM bidirectional line-switched 
ring using two fibers (BLSR/ 2) [3] which also requires wavelength asym
metry. Such a BLSR/ 2 consists of two counterrotating (and unidirectio
nal) rings. One half of the wavelengths is used for working traffic, and 
the other half for protection. To avoid wavelength converters, two com
plementary sets of wavelengths are assigned to both rings. The working 
wavelengths of one ring are the protection wavelengths of the other. As 
bidirectional paths are routed symmetrically on the ring, different wave
lengths are needed for each direction. 

Path asymmetry, however, is highly controversial, because it makes 
routing information more unmanageable. Path asymmetry in WDM net
works comes to front when introducing partial wavelength conversion in 
the network. Figure 3 (a) depicts the situation of a grid-like network 
with four nodes and existing lightpaths. Assume that the nodes are op
tical cross-connects each having a single wavelength converter available. 
The cross-connects are interconnected again by bidirectional fiber pairs 
and sources can select one of two wavelengths in the system. 

. . ' .... . , 
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new bidirectional 
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-A, 
....... 

wavelength 
converter 

Figure 3: (a) A network with existing light paths. (b) A new bidirectio
nallightpath demand routed asymmetrically. 
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Consider the following scenario. A new bidirectional light path bet
ween nodes 0 and 2 has to be provided without changing the existing 
lightpaths. This can only be done by an asymmetric path as depicted in 
figure 3 (b). 

For WDM networks with partial wavelength conversion asymmetric 
paths introduce a further degree of freedom which results in efficient 
network utilization. Thus it becomes an investigation issue what can be 
gained from path asymmetry in WDM networks. 

On the IP layer nodes are operated with distributed routing protocols 
like OSPF, which relies on routing weights assigned to links. On one 
hand different weight assignments for both directions of each link in a 
network do not necessarily result in path asymmetry. 

On the other hand even when assigning equal weights for both direc
tions of every link in the network we can obtain path asymmetry when 
there is more than one shortest path between two nodes. Depending on 
the implementation of the routing protocol, the nodes can choose diffe
rent paths for the two directions of a connectivity, since the paths are 
evaluated as equally "shortest." This last issue has been avoided so far by 
dimensioning the routing weights such that unique shortest paths exist 
between the node pairs [8, 9]. 

In networks with IP as a connectionless protocol packets can take an 
arbitrary route, but in IP backbones the network service operators have 
dimensioned the routing weights in such a way to obtain predictability 
of the traffic flow. Thus it becomes an issue how to assign the weights 
such that IP path symmetry including unidirectional and parallel links 
(see below) is achieved and traffic flow predictability is still assured. 

5. BANDWIDTH ASYMMETRY 
Firstly we consider the case where the bandwidths are different in the 

two directions of a bidirectional lightpath. We assume that line ports 
become more expensive with growing bitrate. For POS point-to-point 
systems there is no reason against having an asymmetric bandwidth al
location as long as bidirectional communication for IP is possible. The 
POS protocol specification, however, has to be modified slightly for this. 

Consider a point-to-point transmission with traffic of 10 Gb/s in one 
and 2.5 Gb/s in the other direction which should be operated with POS 
as link layer (asymmetry ratio of 4:1). With today's equipment two STM-
64 ports are needed where one direction is utilized by 25% only. Assume 
half of the cost of the two ports to provide for each direction of the 
link. Assume furthermore that the cost of a STM-N system doubles as N 
quadruplicates. Then an asymmetric 10 Gb/st-2.5 Gb/s..!. system would 
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be 75% of the costs of the symmetric STM-64 system. Thus again we 
obtain cost reductions for these links. 

An important bandwidth asymmetry also occurs when two routers 
are connected bidirectionally by lightpaths, but with a different number 
of lightpaths for each direction [2], see figure 4. The advantage of this 
configuration is again that we can economize on sending and regenerating 
equipment. 

physical links 

Figure 4: Bandwidth asymmetry by different lightpath allocations for 
each direction and a tunnel as in [4]. 

There are three possibilities to handle this case at the interface 
WDM/IP: 

1 The link layer provides a virtual interface (with asymmetric band
width) and performs inverse multiplexing to split the data on the 
lightpaths. A major problem becomes chromatic dispersion causing 
that the signals on the lightpaths experience different delays. Thus 
synchronization on the receiver side becomes too difficult. 

2 The mechanism in [4] again provides a solution. Referring to figu
re 4 there is one "physical" and two emulated bidirectional links 
between router 1 and 2. Thus the IP layer sees the parallel links 
and uses them simultaneously if at router 1 the weights are equal 
(at router 2: W2 < W3.) 

3 Another possibility is that the IP layer sees the parallel links pro
vided by the mechanism in [4] and distributes the traffic depending 
on some classification, e.g. flow classification or QoS class. Thus a 
router with traffic engineering capabilities is required. 

For the possibility 2 again the setting of the weights in the whole 
network becomes an issue. Moreover as chromatic dispersion is present, 
packets on one lightpath can overtake packets on other lightpaths. If these 
packets belong to the same TCP flow, the performance is reduced, since 
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the packets are not in order [10]. This issue has been addressed in [11], 
where solutions are presented to evenly distribute flows on parallel links 
(which occur to be equal-weight paths). 

6. CONCLUSIONS 

For IP over WDM networks we made the classification of asymmetry 
in unidirectionality, path asymmetry, wavelength asymmetry and band
width asymmetry. We presented different realizations to provide asym
metry in these networks on a link and path basis. 

We have shown where investment cost reductions are obtained when 
asymmetric links and paths are employed in the network. However, higher 
network management effort and partially also protocol changes are intro
duced. Therefore we propose further considerations to determine what 
kind of asymmetry can help to reduce the overall costs of a network. 
A quantitative analysis of the advantages of asymmetry is performed in 
future investigations. 

Unidirectional and parallel links are likely to be gradually employed 
in IP networks. The routing weight assignment problem has to be re
considered to allow for unidirectional links and multiple paths between 
router-pairs. 
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