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Abstract—This paper considers the design and dimensioning of
translucent optical networks based on the concept of optical trans-
parent islands. In systems with dispersion compensation, amplified
spontaneous emission (ASE) noise becomes a dominant physical-
layer impairment in constraining the maximal transparent reach
limit of a lightpath. Taking this dominant impairment into account,
an efficient transparent island division algorithm is proposed to
divide a large transport network into a few optical transparent is-
lands and to minimize the total number of opaque island-border
nodes. Optimization models for translucent network dimensioning
are presented to maximize served traffic demand given certain net-
work capacity and to minimize the required wavelength capacity
given a certain traffic demand matrix. Simulation studies show
that the proposed transparent island division approach and net-
work-dimensioning optimization models require only 25% opaque
nodes to overcome the constraint of transparent reach limit and
achieve performance as good as that of a more expensive 100%
opaque network.

Index Terms—ASE noise, opaque network, translucent network,
transparent island, transparent network.

. INTRODUCTION

PTICAL systems are subject to various physical-layer
O impairments [1] [3], including attenuation, chromatic
dispersion, ampli ed spontaneous emission (ASE) noise,
crosstalk at optical cross-connect (OXC) nodes [4], [5], polar-
ization mode dispersion (PMD) [6], [7], and nonlinear effects
such as four wave mixing (FWM) [8], self-phase modulation
(SPM) and cross-phase modulation (XPM) [9]. These effects
all limit the (optically) transparent reach of a lightpath in an
optical transport network [1], [2]. To overcome such a limit,
translucent optical networks are envisioned as one of the most
practical solutions [10] [14]. A translucent optical network
allows lightpaths to optically bypass many of the network nodes
and only uses OEO 3R regenerators sparsely when needed to
improve optical signal quality.
This paper concentrates on a type of translucent optical net-
work based on the concept of optically transparent islands [15]
that divides a large optical transport network into several small
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Fig. 1. Example of translucent optical network based on the concept of trans-
parent islands.

optically transparent subnetworks (i.e., transparent islands),
and deploys 3R regenerators on the border of the transparent
islands. Dividing a large transport network into several small
subnetworks can simplify network control and management
[15]. Moreover, it also matches the concept of operator domain,
which allows the optical network equipments from different
vendors to be independently deployed in different transparent
islands.

Fig. 1 illustrates an example of a translucent optical network
that is made up of three transparent islands. The nodes on
the border of transparent islands, e.g., nodes A, B, and C, are
called island border nodes, which can be either fully opaque
(electronic) switch nodes or translucent switch nodes partially
equipped with 3R regenerators. Within each of the transparent
islands, lightpath optical transparency is assured. Any node
pair in the same island can always reach one another without
requiring any intermediate 3R signal regeneration. In contrast,
the lightpaths between the node pairs that are in different
transparent islands (e.g., lightpath between nodes S and D)
are always regenerated when they traverse the boundary of
the islands (e.g., nodes A and B). Segments (S to A), (A to
B), and (B to D) are all called transparent segment, which is
de ned as a segment between two neighboring opaque nodes.
In addition, under this con guration wavelength conversion can
readily be applied at the opaque border nodes (e.g., nodes A
and B) due to ease of realizing wavelength conversion through
an OEO conversion process. On the other hand, no wavelength
conversion is allowed on a transparent segment. An identical
wavelength must be used on all the links of the transparent
segment. For example, in Fig. 1 the used wavelengths on links
(B, E) and (E, D) must be the same since the two links belong
to a common transparent segment.

Previous investigations on the island-based translucent op-
tical networks have mainly been based on high-level physical-
layer constraints, i.e., a value of maximal transparent reach limit
or hop count [16]. Such simpli ed high-level constraints may
not be suf cient to accurately re ect the real impairment status
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of a lightpath in an optical transport network. Thus, to be more
practical, it is important to take the detailed physical-layer im-
pairments into consideration. This is referred to as cross-layer
optical network design. Recently increasing interest in the cross-
layer design and operation of the optical transport networks has
arisen. For example, the effects of optical switch crosstalk and
ASE noise were evaluated in [4], [5] when provisioning dy-
namical lightpath services. Polarization mode dispersion [6],
[7] and nonlinear effects such as FWM [8], SPM and XPM [9]
were also considered when designing and operating an optical
transport network. However, most of these previous literatures
have mainly concentrated on a transparent optical network. For
a translucent optical network, which is also subject to optical
signal degradation due to the physical-layer impairments, it is
also important to implement the cross-layer design and opera-
tion [11], [17]. This paper develops a generic cross-layer design
framework that incorporates the detailed physical-layer impair-
ments when designing and dimensioning a translucent optical
network.

By careful link design, the effects of most of the physical
impairments can be reduced or eliminated [1]. The most funda-
mental impairment was the accumulation of ASE noise which
cannot be eliminated in the optical domain [18]. For this reason,
our paper will only focus on ASE-limited transport networks
to avoid unnecessary complexity.l By employing the standard
model for ASE-noise accumulation, the maximal transparent
reach limit is determined for each lightpath. Subject to the
transparent reach limit, we develop a method to minimize the
total number of transparent islands and the total number of
required opaque (3R-enabled) OXC nodes on the boundary of
the transparent islands. Based on the transparent island divi-
sion, we develop optimization models to dimension translucent
optical networks. We show that by using the proposed trans-
parent island division approach and the network dimensioning
models, a cheaper translucent optical network can be designed,
which performs as well as an opaque network though requiring
only a few opaque nodes on the island borders.

The rest of the paper is organized as follows. In Section II,
we brie y introduce a standard model used to estimate the ac-
cumulated ASE noise on a lightpath and compute the Q-factor
of the lightpath. Based on the model, in Section Il we pro-
pose an ef cient algorithm that divides a large optical transport
network into several smaller transparent islands. To dimension
the translucent optical network, Section VI presents optimiza-
tion models that maximize served traf ¢ demand given certain
network capacity and minimize the required number of wave-
lengths for a certain traf ¢ demand matrix. Simulation studies
and performance analyses are carried out in Section V.

Il. ASE-NOISE-LIMITED PHYSICAL-LAYER IMPAIRMENT

To estimate accumulated ASE noise on a lightpath, consider
Fig. 2, which shows a transparent lightpath traversing multiple
optical cross-connect (OXC) nodes in an optical transport net-
work. The lightpath starts from a laser transmitter and is added

INote that considering ASE noise as the only impairment factor may under-
estimate the overall impact from all the physical-layer impairments. Therefore,
this paper gives an upper bound on network design and dimensioning perfor-
mance.
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Fig. 2. A transparent lightpath in an optical transport network.

to the optical network at an OXC add port. It then further tra-
verses multiple intermediate OXC nodes and EDFAs, and  nally
reaches its destination, where it is dropped at an OXC drop port
to an optical receiver.

On each ber link, EDFAs are deployed to compensate for
the ber loss and the loss of OXC components. Before and after
each OXC node, a pre- and post-ampli er pair are deployed (see
the middle OXC node in Fig. 2). On each ber link, in-line op-
tical ampli ers are deployed in the middle. Speci cally, the fol-
lowing principles are applied for the in-line optical ampli ers
deployment. As shown in Fig. 2, if the length of a ber link be-
tween two neighbouring OXC nodes is [ km and the maximal
allowed ampli cation span distance is s km (e.g., 80 km), then
the number of in-line EDFASs required is the truncated integer
|{/s]. These in-line ampli ers are uniformly distributed on the

ber link, which can be mapped to an actual ampli cation span
distance of I/(|l/s] + 1) km.

The accumulated ASE noise when a lightpath passes an
EDFA is given by [1]

P°. =P:

ase ase

G+ 2n.,(G — 1)hy; B, Q)
where P:__ is the unpolarized power level of the accumulated
ASE noise before a lightpath enters an EDFA, P2, is the power
level of the accumulated ASE noise after a lightpath transverses
an EDFA, n), is the ASE noise factor, h is Plank s constant, v; is
the optical signal frequency, B, is receiver s optical bandwidth,
and G is the gain of the optical ampli er.

The Q-factor is widely used as an effective criterion to
measure optical signal quality. To estimate the Q-factor of an
end-to-end lightpath, we assume an IM/DD (Intensity Modu-
lation/Direct Detection) system using OOK (On-Off Keying)
with equal probabilities of 0 s and 1 s. At the receiver, the
desired signal and the accumulated ASE noise beat against
each other and consequently there are several major additive
Gaussian noise components in the photocurrent, including
thermal noise, shot noise, and signal-spontaneous beat noise.
The noise variances on the receiver photocurrent and the
Q-factor of an end-to-end lightpath have been derived in [1],
[4]. The Q-factor is given by

2RP,;,

©= oo+ 01 @)
where o is the noise variance on the receiver photocurrent when
a 0 isreceived, oy is the noise variance on the receiver pho-
tocurrent when a 1 is received, P,  is optical signal power,
and R is receiver responsivity. To ensure a bit error rate (BER)
of 1072, which is often required by today s telecommunica-
tions networks, the @-factor of an end-to-end lightpath must be
no smaller than 7.0 [1].
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I1l. TRANSPARENT ISLAND DIVISION

Based on the above analytical model for the physical-layer
impairments, we can determine whether an end-to-end trans-
parent lightpath can meet the Q-factor requirement highlighted
in the previous section. If satis ed, then a direct lightpath can
be established between a node pair; otherwise, not. Subject to
this constraint, we further propose an approach to divide a large
optical transport network into several transparent islands, which
ensures a direct transparent lightpath to be established between
any pair of nodes within each of the islands. The algorithm is ex-
tended from the island-division algorithm in [16]. Fig. 3 shows
the owchart of the proposed algorithm.

In Step 1, based on the simple cycle search algorithm in [19],
the division algorithm lists out all the faces? of a planar net-
work graph and stores them in a list L. In Step 2, the algorithm
retrieves a face f from the face list L and adds the face to an
empty island I. Next, based on the current island, the algorithm
examines the neighboring faces of the island one by one.

In Step 3, the algorithm merges a neighboring face to the
island to form a new island. Then it calculates the Q-factor for
each shortest lightpath between each of the node pairs within the
new island. The algorithm veri es whether the Q-factors of all
the lightpaths can meet a certain threshold value (e.g., @ > 7.0).
If so, the algorithm moves to Step 4a to remove the tested face
f from the initial face list L and con rms its mergence with the
island 1. Otherwise, Step 4b is executed to remove the examined
face f from the island I.

After a face is examined, the next step is to see if there are
any unexamined neighboring faces based on the updated island.
If that is true, the algorithm goes back to Step 3 to repeat the
previous steps. Otherwise, the algorithm outputs a found trans-
parent island I in Step 5, after which the algorithm examines
whether the face list L is empty. If true, the algorithm is termi-
nated and all the divided transparent islands are found. Other-
wise, the algorithm goes back to Step 2 to repeat the previous
process.

Note that the proposed division algorithm is valid for a planar
network. For a non-planar one, modi cations are required to
remove some links from the graph to convert it into a planar one.
Then based on the new graph, the proposed division algorithm
is executed to divide the network. Once the network is divided,
the removed links can be added back to the network.

IV. DEMAND SERVING AND CAPACITY DIMENSIONING

Based on the transparent island division approach described
above, we can obtain a translucent optical network made up
of several transparent islands. We can also determine the node
locations, at which the opaque switches should be deployed.
These locations are just the nodes overlaid by neighbouring
transparent islands. They can provide the capabilities of 3R re-
generation and wavelength conversion. We next develop optimal

2For example, in Fig. 1 a triangle (B-C-E) and a square (C-E-D-F) are two
faces.
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Fig. 3. Flowchart of the transparent island division algorithm.

planning and dimensioning models to maximally serve traf ¢
demand given certain network link capacity and to minimize
the required wavelength capacity to fully serve a certain de-
mand matrix.3 Due to their integer linear programming (ILP)
nature, both of the optimization problems belong to the cate-
gory of NP-completeness.

A. Maximizing Served Traffic Demand

Given certain network capacity, we always wish to maximally
serve traf ¢ demand. In this section, we present the optimization
model for this purpose. We rst de ne the sets, parameters, and
variables of the optimization model as follows.

Sets:
L is the set of network links.

D is the set of demand requests (in channel capacity) be-
tween all the node pairs.

3For the optimization models, the following assumption is made. Except for
the island border nodes, all the other nodes in the network are assumed to have
no wavelength conversion or 3R regeneration capabilities. Thus, the constraint
of wavelength continuity must be assured for any lightpath segment within a
transparent island.
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P is the eligible path (or route) set for the demand re-
quest between node pair » € D. Note that a path is eli-
gible only if each transparent segment on the path can
meet the @Q-factor requirement. Here the transparent
segment is de ned as a route segment between two
neighbouring opaque switch nodes on a lightpath.

S™P is the set of transparent segments on path p of demand
r. For example, in Fig. 1 the set of transparent segment
of the lightpath include the segments of (Sto A), (A to

B), and (B to D).

W s the set of available wavelengths on each ber link.
We assume that each link has the same number of
wavelengths.

Parameters:

d, is the number of traf ¢ demand units between node
pair r. Here the demand unit is an end-to-end lightpath
channel.

&"° takes the value of one if the s transparent segment of
path p between node pair r traverses link 7; otherwise,
zero. For example, in Fig. 1 the transparent segment
from B to D traverses link (B, E), so its corresponding

parameter equals one.
Variables:

Cr is the number of served demand units between node
pair r, which is no greater than d,..

is the number of traf ¢ demand units that are served on
path p of demand 7.

frr

CP" takes the value of one if the s*" transparent segment
of path p of demand » uses wavelength w; otherwise,
zero. Because no wavelength conversion is allowed on
non-regeneration nodes, an identical wavelength is re-
quired on any transparent segment.

Based on the above sets, parameters, and variables, we
present the objective and constraints of the optimization model
as follows:

Objective : maximize

e )

reD
Subject to :
Cr = Z fr’p VT’ S D (4)
pePT
¢ <d, VreD ()
fr=3 gt Vsesr pePreD  (§)
weW

>

s€S™P peP T reD

(rps ¢PE <1V e Lwe W, (7)

2

The optimization objective is to maximize the total served de-
mand units among all the node pairs in the network. Constraint
(4) counts the total served demand units on each node pair 7.
Constraint (5) ensures that the served demand units never ex-
ceeds the maximal required demand units d,.. Constraint (6) says
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that each path segment should carry the same amount of demand
as that of the whole path. Constraint (7) ensures that any wave-
length on a ber link can only be used by a single transparent
segment.

Because the distances between different source and destina-
tion node pairs are different, sometimes simply using the sum
of demand units d,. as a unique objective of the optimization
can cause unfairness among the node pairs that have different
end-to-end distances. Generally, it is easier to serve demand re-
quests between a node pair whose source and destination nodes
are closer to each other. Thus, for better fairness, a distance-
weighted optimization model can also be developed to assign a
higher weight for a demand whose source and destination nodes
are farther away from each other. For this extension, an addition
weight parameter is de ned:

Iy is the physical distance between source and destina-
tion nodes of a demand request . Here the physical
distance is found based on shortest path routing.

Based on the above new parameter, the objective function can
be rede ned to include the distance weight as

Objective : maximize

Z lr * Cr (8)

réD

subject to the same constraints from (4) to (7).

B. Minimizing Wavelength Count and Capacity

Alternatively, given traf ¢ demand requests (in end-to-end
channels) between node pairs, we wish to minimize the number
of wavelengths and the total wavelength capacity in the whole
network required to serve all the requests, so as to reduce net-
work design costs. This section presents the optimization model
for this purpose. Additional variables are required as follows:

takes the value of one if wavelength w on link 4 is used,
otherwise, zero.

Oi

w

U,  takes the value of one if wavelength w is used on any
one of the links in the network; otherwise, zero.

The objective and constraints of the optimization model are
as follows:

Objective : minimize

S U+a Y 0 ©

weW i€L,weW
Subject to :

d, = Z " VYreD (10)
pEPT
fr=3grt VsesPpePlreD  (11)
weW

(ops PP =08 Vie LweW (12)

>

s€S™P pePT reD

U, >0! VieLweW.

w

(13)

The objective is to minimize the maximal wavelength count
on the ber links as well as the total wavelength capacity in the
whole network. In (9) « is a weight factor. By using a small
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Fig. 4. Test network: 24-node 43-link US backbone network.

TABLE |
SYSTEM PARAMETERS USED IN THE SIMULATION STUDIES

Parameter || Value

Channel data rate 10 Gb/s
Receiver’s electronic bandwidth (Be) 7TGHz
Receiver’s optical bandwidth (B,) 50 GHz
Receiver’s responsivity (R) 0.95 Amp/W
Receiver’s thermal noise current (/;1) 3.8 x 10712 Amp/ VHz
OXC demux/mux insertion loss [21] 2dB

OXC optical switch insertion loss [22] 5dB

EDFA spontaneous factor (nsp) 1.41

Frequency of central wavelength (v;) 1.94 x 10 Hz
Fiber loss factor (o) 0.25 dB/km
Maximal amplification span distance 80 km

Q-factor threshold 7.0

Amplified signal power after EDFA (Psy) || 0 dBm

a (i.e., 10~?), the maximal wavelength count on the ber links
is a primary objective to minimize, and the total wavelength ca-
pacity in the whole network is a secondary objective. Constraint
(10) ensures that all the demand requests between node pairs
must be served. Constraint (11) is the same as Constraint (6).
Constraint (12) nds the utilization state of each wavelength on
each network link. Constraint (13) nds whether wavelength w
is used on any link in the network.

V. SIMULATIONS AND RESULTS

A. Test Network and System Parameters

Based on the models of the physical-layer ASE impairment
effects, and the models of optimal network capacity planning
and dimensioning, we have conducted simulation studies based
on a 24-node 43-link US backbone network [20] shown in Fig. 4.
The number shown by each link inthe gure indicates the phys-
ical length of the link in km.

The physical-layer parameters are given in Table 1. Speci -
cally, each lightpath is assumed to be at 10 Gb/s. The maximal
ampli cation span is set to be 80 km and the optical signal power
on each channel is ampli ed to 0 dBm after each ampli er. The
threshold Q-factor is set to be 7.0. Only if an end-to-end light-
path has a -factor greater than the threshold, can it be directly
established between the node pair.
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Opaque Q Transparent

Fig. 5. The transparent island division of the test network.

B. Transparent Island Division

Based on the above parameters, we computed lightpath
Q-factors and applied the transparent-island division approach
to divide the whole network into four transparent islands as
shown in Fig. 5, in which the highlighted nodes are opaque
island-border nodes. Based on this translucent optical network,
we carried out network planning and dimensioning by using
the optimization models in Section V. The optimization results
are given and analyzed next.

C. Maximizing Served Demand

For the study of maximal served demand, the following
simulation conditions are assumed. First, each network link is
assumed to have a pair of bi-directional bers, and in each ber
40 wavelengths are transmitted.4 Second, between each pair
of nodes, the maximal demand units (i.e., required end-to-end
wavelength channels) are randomly selected within a range
from one unit to four units with a total of 564 end-to-end
demand units in the whole network. Finally, the following
rules are employed to nd eligible path (or route) sets for the
demand requests between node pairs. We use the K-shortest
path routing algorithms (based on physical length) to nd a set
of candidate routes for each node pair. Then we examine each
of the routes to see if they can meet the physical-layer )-factor
constraint on each of its transparent segments. Any routes that
cannot satisfy the @Q-factor constraint are removed from the
K -shortest route set. The remaining routes (after the removal)
just make up the eligible route set for the demand maximization
model. The routes are used to serve traf ¢ demand.

Fig. 6 shows the total served demand for different numbers
(from K = 1to K = 4) of candidate routes between each
node pair. Speci cally, Fig. 6(a) shows the results of the total
number of served demand units for the unweighted case, and
Fig. 6(b) shows the results of the total served weighted-demand
for the distance-weighted case. Three special network scenarios
are compared. The rst scenario is the transparent network,
which assumes that all the switch nodes are optical transparent

41t is also possible to consider some speci ¢ network capacity scenarios with
uneven network link capacity.

5 -shortest path routing algorithm nds a set of
a pair of nodes in a network graph.

shortest routes between
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Fig. 6. Maximal served demand under (a) unweighted case and (b) distance-
weighted case.

ones without any 3R regeneration or wavelength conversion ca-
pability. The second scenario is the translucent optical network
based on the concept of transparent island, whose island divi-
sion is shown in Fig. 6. The last scenario is the opaque network,
which assumes that all the switch nodes are fully electronic,
having 3R regeneration and full wavelength conversion capa-
bility.

Under the assumed end-to-end wavelength channel de-
mand, the following observations can be made. First, with
an increasing number of candidate routes K, the total served
demand increases. This is not surprising as a larger number of
candidate routes provide better opportunity and exibility to
serve more traf ¢ demand. From K = 1to K = 2, there are a
9% increase of served demand in Fig. 6(a) and a 12% increase
in Fig. 6(b), respectively. However, the increase is found to be
subject to a saturation trend. From K = 2to K = 4 or even
a larger K, there is almost no increase of served demand in
Fig. 6(a) and only a 2.4% increase in Fig. 6(b). This implies
that although a larger number of candidate routes can provide
better exibility and more opportunities for demand serving, for
simplicity a threshold number of candidate routes are suf cient
to achieve a good performance, close to the best.

Second, the comparison between the three networks, namely,
transparent, translucent, and opaque networks, shows that both
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Fig. 7. Minimum number of required wavelengths and total wavelength ca-
pacity in the whole network. The translucent network gives identical results to
the opaque network.

of the translucent and opaque networks demonstrate better per-
formance than that of the transparent network. There is up to
21.3% and 58.7% performance improvement for the cases of
unweighted demand and distance-weighted demand as shown
in Fig. 6(a) and Fig. 6(b), respectively. More importantly, the
translucent network can serve exactly the same amount of traf ¢
demand as that of the opaque network though the former re-
quires a much smaller number of opaque nodes on the bound-
aries of transparent islands. This therefore shows that the is-
land-based translucent optical network is an ef cient solution
for eliminating the transparent reach constraint due to the phys-
ical-layer impairments and can provide suf cient wavelength
conversion exibility to perform as well as a more expensive
opaque network.

D. Minimizing Wavelength Count and Capacity

Studies were also performed to minimize the required link
wavelength count and total wavelength capacity in the whole
network. Under the same traf ¢ demand matrix as before, the
minimum number of wavelengths required to serve all the de-
mand units was optimized as a primary objective and minimum
total wavelength capacity as a secondary objective. The results
are depicted in Fig. 7. It is found that for all the cases, with an
increasing number of candidate routes K, the required number
of wavelengths decreases. Speci cally, from K = 1to K =4
the required wavelength count almost reduces to a half. How-
ever, the result saturates as the number of candidate routes be-
comes large. From K = 3 to K = 4 there are only three wave-
lengths less, compared to 56 wavelengths reduced from K = 1
to K = 3. In addition, as a secondary objective it is found that
the total wavelength capacity in the whole network does not
change much with an increasing number of candidate routes K.

Finally, the comparison between the translucent and opaque
networks shows that the translucent optical network can achieve
exactly the same performance as that of the opaque network.
This again veri es the effectiveness of employing only a limited
number of opaque nodes (or few transparent islands) to elimi-
nate the transparent reach constraint due to the physical-layer
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TABLE 11
MAXIMUM SERVED END-TO-END DEMAND AND MINIMUM REQUIRED WAVELENGTH CAPACITY

Network Number of Maximum served demand Minimum wavelengths
scenario opaque nodes || Unweighted Weighted Wavelengths | Total capacity
Transparent 0 385 827150 - -
1-node translucent 2 443 1129400 138 1867
2-node translucent 6 467 1316500 65 1747
Full-node translucent 11 467 1320300 65 1719
Opaque 24 467 1320350 65 1709

Fig. 8. Opaque border node locations: (a) with one opaque border node shared
by any neighboring transparent islands, and (b) with two opaque border nodes
shared by any neighboring transparent islands.

impairments and to provide suf cient wavelength conversion
exibility.

E. Reduced Number of Opaque Border Nodes

To design an even cheaper translucent optical network, it
may not be necessary to deploy opaque switches for all the
island-border nodes. Rather, it can be more ef cient to deploy
opaque nodes only for the fewer key border nodes. Here the
key border nodes can be intuitively selected as central ones that
have higher nodal degrees (i.e., links to other nodes). To eval-
uate how the reduction of the number of opaque border nodes
can affect the network performance, we have also conducted
another set of simulation studies as follows.

First, we order all the opaque border nodes shown in Fig. 5
based on their nodal degrees from the lowest to the highest.
Then starting from the  rst border node, one by one we examine
whether the opaque border node canbe degraded or converted
to a transparent one. The rule for the conversion is as follows:

we rst convert the opaque node into a transparent one. Then ex-
amine whether any two neighboring islands in the network can
still be guaranteed to share at least a certain number of opaque
border nodes. If true, we accept the conversion; otherwise, we
reverse the conversion. For example in Fig. 5, if the minimum
required number of shared opaque nodes is two, then we may
convert node 10 into a transparent one, which still assures the
condition of two-opaque-node-sharing between any two neigh-
boring islands.

The above node conversion process can generate new sets
of opaque border nodes. Fig. 8(a) shows the scenario where at
least one opaque border node is shared by any two neighbouring
transparent islands. We call it 1-node translucent. Under this
scenario, only two opaque nodes are required at nodes (9, 16),
respectively. Similarly, Fig. 8(b) shows the scenario where at
least two opaque border nodes are shared by any two neigh-
bouring transparent islands. To assure this, six opaque nodes are
required at nodes (6, 9, 11, 13, 16, 17), respectively. We call it

2-node translucent. Finally, the scenario that requires all the
island-border nodes to be deployed as opaque ones is shown in
Fig. 5. We call it full-node translucent.

Based on the opaque node placements in Fig. 8, simulations
were conducted to obtain maximal served traf ¢ demand and
minimum required wavelength counts and capacity, which are
compared with the results of the other three scenarios, namely,
transparent, full-node translucent and opaque networks. The
traf ¢ demand matrix and wavelength capacity for the simula-
tions are the same as before. For each node pair, upto K = 4
candidate routes are allowed to serve traf ¢ demand. The results
are shown in Table 11.6

We can see that although the scenarios of 2-node translu-
cent and full-node translucent require much smaller numbers
of opaque nodes than for the opaque scenario, they achieve
almost the same performance as that of the opaque scenario
in both maximal served demand and required wavelength ca-
pacity. Speci cally, only around 25% of the opaque nodes (i.e.,
the 2-node translucent case) are required to achieve almost
the same performance as that of a fully opaque network. In addi-
tion, comparing the cases of 2-node translucent and full-node
translucent, although the former requires only a half number of
opaque border nodes of the latter, there is virtually no perfor-
mance degradation. This thus veri es the previous conjecture

6Note for the transparent network scenario, because it is impossible to serve
all traf ¢ demand no matter how much wavelength capacity is allocated (owing
to the physical-layer transparent reach limit), there are no results provided for
the minimum required wavelength count and capacity in the table.
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that it is not necessary to deploy opaque switches for each is-
land-border node, but selectively deploy opaque nodes on some
central border nodes.

Also, if we further reduce the number of opaque border nodes
from six to two, i.e., to the scenario of 1-node translucent,
although the performance is degraded, the degradation is still
small for the maximum served demand. There is only 5.2% de-
crease under the unweighted case and 14.4% decrease under the
distance-weighted case, compared to the opaque network. How-
ever, compared to the transparent network, two opaque border
nodes (i.e., nodes 9 and 16) can bring signi cant performance
improvement. There is 15% more served demand under the un-
weighted case and 36.5% more served demand under the dis-
tance-weighted case. In addition, although the 1-node translu-
cent scenario requires a larger wavelength count than the other
translucent network scenarios and the opaque network scenario,
it is still ef cient to require only 9% more total wavelength ca-
pacity than that of the opaque network.

V1. CONCLUSION

We have presented an optimization design approach for
translucent optical networks based on the concept of trans-
parent islands when ASE noise is the dominant impairment. A
transparent-island division approach was proposed to divide a
large transport network into several small optically transparent
islands and to determine the locations of opaque border nodes.
Optimal network planning and dimensioning models were
developed for the translucent networks to maximize served
traf ¢ demands and to minimize the required wavelength count.
Simulation studies indicated that the proposed transparent is-
land division approach and network dimensioning optimization
models can ef ciently design a cheaper translucent optical
network, which requires only about 25% opaque nodes, but can
perform as well as an opaque network.

REFERENCES

[1] R. Ramaswami and K. Sivarajan, Optical Networks: A Practical Per-
spective, 2nd ed. San Mateo, CA: Morgan Kaufmann, 2002.

[2] J. Strand, A. L. Chiu, and R. Tkach, Issues for routing in the optical
layer, IEEE Commun. Mag., vol. 39, no. 2, pp. 81 87, Feb. 2001.

[3] M. Gagnaire, Physical impairments inall-optical networks, presented
at the OFC/NFOEC 2008, paper OWAL.

[4] T. Deng, S. Subramanian, and J. Xu, Crosstalk-aware wavelength as-
signment in dynamic wavelength-routed optical networks, in Proc. 1st
Int. Conf. Broadband Networks (BROADNETS), 2004.

[5] J. He, M. Brandt-Pearce, and S. Subramaniam, QoS-aware wave-
length assignment with BER and latency guarantees for crosstalk
limited networks, in Proc. ICC 2007, pp. 2336 2341.

[6] M. Ali, Impactof polarization-mode dispersion on the design of wave-
length-routed networks, IEEE Photon. Technol. Lett., vol. 13, no. 5,
pp. 720 722, May 2002.

[7] H. Bulow, J. Dubovan, and R. Herschel, Outage dynamics of 40 Gb/s
optical paths routed over PMD-impaired ber links, presented at the
OFC/NFOEC 2008, paper OWA3.

[8] I. E. Fonseca et al., Algorithms for FWM-aware routing and wave-
length assignment, in Proc. SBMO/IEEE MTT-S IMOC 2003, pp.
707 712.

[9] F. Leplimgardetal., Determination of the impact of a quality of trans-
mission estimator margin on the dimensioning of an optical network,
presented at the OFC/NFOEC 2008, paper OWAG6.

[10] B. Ramamurthy et al., Transparent vs. opaque vs. translucent wave-
length-routed optical networks, in Proc. OFC’99, vol. 1, pp. 59 61.

1441

[11] G.ShenandR.S. Tucker, Translucent optical networks
ward, IEEE Commun. Mag., pp. 48 54, Feb. 2007.

[12] G.Shenetal., Sparse placement of electronic switching nodes for low
blocking in translucent optical networks, OSA J. Opt. Netw., vol. 1, no.
12, pp. 424 441, Dec. 2002.

[13] G. Shen and W. D. Grover, Segment-based approaches to survivable
translucent network design under various ultra long haul system reach,
OSA J. Opt. Netw., vol. 3, no. 1, pp. 1 24, Jan. 2004.

[14] X. Yang and B. Ramamurthy, Sparse regeneration in translucent
wavelength-routed optical networks: Architecture, network design
and wavelength routing, Photon. Netw. Commun., vol. 10, no. 1, pp.
39 53, Jan. 2005.

[15] A. Saleh, Island of transparency An emerging reality in multiwave-
length optical networking, in Proc. IEEE/LEOS Summer Topical
Meeting on Broadband Optical Networks and Tech., Jul. 1998, p. 36.

[16] E. Karasan and M. Arisoylu, Design of translucent optical networks:
Partitioning and restoration, Photon. Netw. Commun., vol. 8, no. 2, pp.
209 221, Feb. 2004.

[17] S. Pachnicke, T. Paschenda, and P. M. Krummrich, Physical impair-
ments based regenerator placement and routing in translucent optical
networks, presented at the OFC/NFOEC 2008, paper OWA2.

[18] M. Wu and W. I. Way, Fiber nonlinearity limitations in ultra-dense
WDM systems, J. Lightw. Technol., vol. 22, no. 6, pp. 1483 1498,
Jun. 2004.

[19] G. Shen and W. D. Grover, Extending the p-Cycle concept to path-
segment protection for span and node failure recovery, IEEE J. Sel.
Areas Commun., vol. 21, no. 8, pp. 1306 1319, Oct. 2003.

[20] Y. Huang, J. P. Heritage, and B. Mukherjee, Connection provisioning
with transmission impairment consideration in optical WDM networks
with high-speed channels, J. Lightw. Technol., vol. 23, no. 3, pp.
982 993, Mar. 2005.

[21] Data Sheet of 100 GHz-40ch Athermal AWG Module (Gaussian type).
FITEL, PS701.

[22] Data Sheet of DiamondWave PXC. Calient Networks.

the way for-

Gangxiang Shen (S 98 M 99) received the B.Eng.
degree from Zhejiang University, China, and the
M.Sc. degree from Nanyang Technological Uni-
versity, Singapore. He received the Ph.D. degree
from the Department of Electrical and Computer
Engineering, University of Alberta, Edmonton,
Alberta, Canada, in January 2006.
He is an Australian Postdoctoral Fellow (APD) and
ARC Research Fellow with ARC Special Research
Center for Ultra-Broadband Information Networks,
Department of Electrical Engineering, University of
Melbourne, Victoria, Australia. His research interests are in network surviv-
ability, optical networks, and wireless networks. He has authored or coauthored
more than 30 peer-reviewed technical papers.
Dr. Shen is a recipient of the 1zaak Walton Killam Memorial Scholarship of
University of Alberta and the Canadian NSERC Industrial R&D Fellowship.
His personal URL is http://www.buildref.com/home/.

Wayne V. Sorin (S78 M 80 SM 98 F 01) re-

ceived the Ph.D. degree in electrical engineering

from Stanford University, Stanford, CA, in 1986.

He then spent over 14 years as a scientist in the

area of ber optics at Hewlett-Packard/Agilent

Laboratories. In the year 2000, he joined the start-up

company Novera Optics where he worked in the

area of acousto-optic interactions within optical

bers and then on WDM passive optical networks.

Later, he joined the University of Melbourne as a

Senior Research Fellow. He is an inventor on 78

U.S. patents and an author on over 65 journal and conference papers. He

was a contributing author for the textbook Fiber Optic Test and Measurement

(Prentice Hall, 1997) and has spent four years on the part-time faculty of San
Jose State University.

Dr. Sorin has been an Associate Editor for the IEEE Photonics Technology
Letters and has served a three-year term on the Board of Governors for the IEEE
Lasers and Electro-Optics Society (LEOS). He was also the General Co-Chair
for the Optical Fiber Communications conference (OFC) 2002.

Authorized licensed use limited to: Ciena Corp. Downloaded on June 1, 2009 at 11:20 from IEEE Xplore. Restrictions apply.






