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Abstract Network blocking performance due to wavelength continuity constraint
in a well-connected all-optical network can be efficiently reduced by utilizing
wavelength converters. Nevertheless, the introduction of high bit rate optical services with strict tolerance to signal quality would have a serious impact on the
overall network performance since in this circumstance, a request can be blocked
due to unacceptable signal quality of potential routes. Chromatic dispersion tolerance, for example, is reduced by the square of the bit rate. By extending the typical
application of parametric wavelength converter in solving a wavelength continuity
problem, this paper aims to enhance chromatic dispersion management through an
improved wavelength conversion algorithm. Consequently, significant improvement
in network performance has been demonstrated through reduction in the dispersion
effect when the proposed engineering rule is included in the conversion process.
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1 Introduction
The deployment of wavelength converters in all-optical networks is mainly to relax
the requirement of having a common wavelength at all links in between source and
destination nodes [1]. With the recent development that foresees all-optical
networking as the future solution, a number of all-optical wavelength conversion
technologies have emerged. Amongst all, parametric wavelength conversion (PWC)
technology is highly attractive due to the following features: strict transparency to
protocols, formats and bit rates, multichannel operation and ultra-fast conversion
speed [2]. These qualities have been proven in several publications where in [3]
for instance, up to 103 return-to-zero (RZ) channels at 10-Gb/s per channel are
simultaneously converted. Meanwhile, work by Jansen et al. [4] successfully
demonstrated the conversion of optical channels that comprises mixed bit rate and
formats [13 9 43-Gb/s non-return-to-zero (NRZ), 6 9 10-Gb/s NRZ and 43-Gb/s
optical duobinary (ODB)].
A simplified assumption in wavelength converted all-optical networks is the
unlimited conversion capability at each wavelength converter. In practice, this is not
the case as the physical layer effect on the wavelength assignment should be taken
into consideration [1, 5]. The physical layer effect may reduce the wavelength
converter capability to switch incoming traffic to only a limited number of outgoing
wavelengths. The wavelength converter is then subject to a limited conversion
range. In the case of PWC, the conversion range is primarily determined by the
choice of pump wavelength and guard band spacing [6].
In general, there are two approaches of PWC: Four Wave Mixing (FWM) and
Difference Frequency Generation (DFG) where they are mainly based on third and
second order nonlinear processes, respectively. The optimal choice that results in
the maximum number of converted wavelengths is in the middle of the grid [6]. As
the pump location moves to the edges, the number of simultaneously converted
wavelengths is reduced. This worsens with the need to allocate a guard band during
conversion since wavelengths within the guard band are not allowed to be involved
during conversion, neither as input nor output wavelengths. A guard band is
required in order to suppress the strong crosstalk signals around pump wavelengths.
However, the requirement in DFG is significantly more relaxed than FWM. For
instance, the allocated guard bands for simultaneous conversion of wavelengths
with 100-GHz spacing are 4 nm using DFG [4] and 12.8 nm using FWM [7]. This
corresponds to a vast difference of 8.8 nm or 1.1 THz.
However, as the trend in bit rate increments prevails, physical layer impairments
(PLI) become more prevalent and blocking occurs not necessarily due to lack
of wavelength resources but also reduced tolerances to PLI. Bit rate upgrades from
10- to 40-Gb/s, using NRZ for instance, experience tolerance reductions by a factor
of 16 times in chromatic dispersion (CD) and 4 times in optical-signal-to-noise-ratio
(OSNR) [8]. Note that while the physical layer effects mentioned in the previous
two paragraphs limit the conversion range, the PLI that originate from the
transmission line e.g. fiber and multiplexer directly affect the received signal
quality. If the amount is too high to be tolerated, the bit error rate (BER) would then
exceed the minimum threshold level and thus the connection request will be blocked
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by the control plane during the resource allocation process. In response, a significant
amount of RWA algorithms that deal with PLI have been reported [9–11] where it is
known as the Impairment-aware RWA or IRWA.
Another way to overcome the limitation to PLI is to place regenerators when the
BER rate exceeds the minimum threshold level. The downside of this is that the
transition to an electronic signal, prior to reproducing the optical signal, will break
down the optical transparency of the network and becomes a translucent network.
Kuipers et al. [12] claimed that the use of regenerators to overcome the PLI effect is
too costly and proposed an IRWA algorithm of sparsely deployed regenerators in a
translucent network to solve the problem. Meanwhile, the work by Tordera et al.
[13] focuses more on the efficient placement of 3R regenerators in order to increase
the efficiency of the existing IRWA algorithm in a translucent network. Note that
3R regeneration is still a huge issue in all-optical networks as ideally opticalelectronic-optical (OEO) regeneration would not be deployed while the search for a
practical all-optical regenerator is still ongoing.
Apart from solving the wavelength continuity problem, PWC, through spectral
inversion, has the potential to solve some target impairments such as nonlinear
effects and chromatic dispersion. It was initially proposed as an alternative to the
in-line conventional dispersion compensating fiber (DCF) where CD due to the 2nd
order coefficient, b2 is compensated using spectrally-inverting PWC [4]. This
approach simplifies the transmission line as it eliminates the need for DCF at every
amplifier site. Near symmetrical PWC locations between source and destination
nodes are required for adequate compensation. While it is very attractive for pointto-point transmission, difficulty arises when considering mesh dynamic networking
due to the inflexibility of fixed PWC placements. Moreover, CD due to the 3rd order
CD coefficient, b3 has not been addressed through spectral inversion. Recently,
wide range and tunable dispersion compensation that includes b3, was proposed
using PWC and dispersive fibers [14]. Compared to the proposal in Jansen et al. [4],
this concept is applicable to the following various circumstances: conversion with or
without spectral inversion and whether the dispersive fibers are lumped or
distributed. Furthermore, the PWC location requirement is as arbitrary as possible,
subject to the right input and output wavelength match.
To our knowledge, the majority of IRWA publications in fully transparent alloptical networks do not consider wavelength conversion [10]. Thus, the wavelength
assignment constraints are mainly due to wavelength continuity and optical signal
quality. The few who consider wavelength conversion in their work would utilize
translucent networks with a costly OEO process [15]. In these publications, ideal
wavelength conversion is assumed with unlimited conversion capability and the
physical layer limitation during the conversion process is not considered.
The novelty of this paper is the utilization of a DFG-based wavelength converter
in IRWA to improve network performance due to dispersion limitation without
going through an expensive regeneration process. We propose a scheme using
tunable parametric conversion to manipulate the wavelength dependence of CD
during resource allocation. Basically, it demonstrates how the concept in [14] can be
applied in mesh all-optical networks with reconfigurable paths. The network can
then be very scalable that supports future services. Significant blocking
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improvements have been demonstrated when administered on an engineering rule to
reduce the CD effect.
Recently, the proposed concept and its initial result have been reported in Zulkifli
et al. [16], however, some practical scenarios in a wavelength converted network
were not considered. This paper extends the work in Zulkifli et al. [16] by taking
into account the following circumstances: (1) a limited wavelength conversion
range where only a subset of outgoing wavelengths are available for the incoming
input wavelength, and (2) sparse PWC placement where only certain nodes in the
topology are equipped with a wavelength conversion facility. Furthermore,
additional comparisons between two algorithms that perform PWC node selection
along a chosen path are included.

2 Mathematical Models of Accumulated CD in Wavelength Converted
Networks
DDC using dispersive fibers can be implemented either in a lumped or distributed
fashion. This work focuses on the latter scenario where the dispersive fibers
involved are Single Mode Fiber (SMF) and DCF. These fibers are chosen as they are
the most common types of transmission and DCFs, respectively. Nevertheless, the
DDC concept is still applicable for different types of fibers such as the Non ZeroDispersion Shifted Fiber (NZ-DSF).
The developed mathematical model is constructed by assuming a uniform
transmission line across the studied topology that is made up of multiple
Normalized Section (NS) units. One NS consists of DCF modules before and after
the SMF and erbium-doped fiber amplifiers (EDFAs). Figure 1 shows a transmission line that comprises NS units with PWC in the middle. Two conversion models
are considered: with and without spectral inversion. The two dispersive media in
this model, i.e. SMF and DCF, have opposite signs of dispersion and slope
parameters. At the reference frequency of 193.1 THz, the total dispersion from SMF
and DCF modules per NS is close to zero. LDCF is the total length of LDCF1 and
LDCF2 . Let N1 and N2 be the number of NS units before and after going through the
PWC. x is the signal carrier frequency that is the PWC input. As the CD is a linear
effect, the system temporal delay, right before the PWC, is obtained by multiplying
a unit NS temporal delay by factor N1, as shown in (1). b(x)SMF
and b(x)SMF
are the
2
3

PWC
(w or w/o SI)

LSMF
LDCF1

LDCF2

LSMF
LDCF1

x N1

LDCF2

x N2

Fig. 1 Transmission line with PWC in the middle. The PWC could perform conversion with or without
spectral inversion
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second and third order dispersion coefficients of SMF, respectively where similar
nomenclature applies for the DCF.
After going through the PWC, dx in (1) is inverted to -dx in the conversion
involving spectral inversion and does not change its sign in the conversion without
spectral inversion. As a result, the term b2 changes its sign while b3 stays. Thus, the
plus signs in (2) are for conversion without spectral inversion while the minus signs
are for conversion with spectral inversion.
dtN1 ¼ ðb2 ðxÞSMF LSMF dx þ b2 ðxÞDCF LDCF dx
1
1
þ b3 ðxÞSMF LSMF dx2 þ b3 ðxÞDCF LDCF dx2 ÞN1
2
2

ð1Þ

dtNPWC
¼ ðb2 ðxÞSMF LSMF dx  b2 ðxÞDCF LDCF dx
1
ð2Þ
1
1
þ b3 ðxÞSMF LSMF dx2 þ b3 ðxÞDCF LDCF dx2 ÞN1
2
2
The temporal delay after going through the PWC and N2 NS units is shown in (3)
 SMF
 bðxÞ
 SMF
and bðxÞ
are the converted frequency, and its corresponding
where x;
2
3
SMF second and third order dispersion coefficients, respectively. Similar nomenclature applies for DCF fibre.
dtNPWC
¼ ðb2 ðxÞSMF LSMF dx  b2 ðxÞDCF LDCF dx
1 þN2
1
1
þ b3 ðxÞSMF LSMF dx2 þ b3 ðxÞDCF LDCF dx2 ÞN1
2
2
ð3Þ
 SMF LSMF dx þ b2 ðxÞ
 DCF LDCF dx
þ ðb2 ðxÞ
1
1
 SMF LSMF dx2 þ b3 ðxÞ
 DCF LDCF dx2 ÞN2
þ b3 ðxÞ
2
2
Next, the dispersion with respect to dx is obtained by differentiating
dtPWC
N_1?N_2 over dx, as depicted in (4).
dN1 þN2 ¼ dtNPWC
=dx
1 þN2
¼ ðb2 ðxÞSMF LSMF  b2 ðxÞDCF LDCF
þ b3 ðxÞSMF LSMF dx þ b3 ðxÞDCF LDCF dxÞN1
SMF


þ ðb2 ðxÞ

þ b3 ðxÞ

SMF


LSMF þ b2 ðxÞ

DCF


LSMF dx þ b3 ðxÞ

ð4Þ

LDCF

DCF

LDCF dxÞN2

In order to be consistent with the widely applied convention in defining
dispersion parameters with reference to wavelength, (4) is transformed in function
of dk, D and S by substituting (5)–(7) into it. Finally, the total dispersion in the
presence of PWC with unit ps/nm, is shown in (8). The plus signs are for conversion
without spectral inversion while the minus signs are for conversion with spectral
inversion. k; 
k; dk and d
k are input and output wavelengths, and their corresponding
wavelength shifts from the reference wavelength. The reference wavelength is at
1552.52 nm with equivalent frequency at 193.1 THz.
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2pc
Þ
k2
Ds dx
dx
¼ b2
D¼
DxL dk
dk
2pc
¼ 2 b2
k




dD
2pc 2
4pc
¼
b3 þ
S¼
b2
dk
k2
k3
dx ¼ dkð

ð5Þ

ð6Þ

ð7Þ

DðN1 þ N2 Þ  N1 ðDðkref ÞSMF LSMF  Dðkref ÞDCF LDCF Þ
þ N1 dkðSðkref ÞSMF LSMF þ Sðkref ÞDCF LDCF Þ
þ N2 ðDðkref ÞSMF LSMF  Dðkref ÞDCF LDCF Þ

ð8Þ

þ N2 dk0 ðSðkref ÞSMF LSMF þ Sðkref ÞDCF LDCF Þ
Finally, through the insertion of SMF and DCF parameters described in Table 1
and after some manipulations, a simple formula is derived where (8) is now reduced
to (9). Again, the plus sign is for conversion without SI while the minus sign is for
conversion with SI.
DðN1 þ N2 Þ  N1 ð0:4 þ 2dkÞ þ N2 ð0:4 þ 2dkÞ

ð9Þ

Figure 2 shows dispersion maps of channel 1 utilizing k1 (dk = 11.34 nm) and
channel 2 utilizing k32 (dk = -13.55 nm), and when k1 is converted to k32 using
(9) and numerical dispersion probe in VPITM. Total distance is 400 km and a PWC
is inserted after 200 km. Note that the accumulated dispersions for k1 and k32
without conversion are around ±200 ps/nm. However, net dispersion of approximately -18 ps/nm is obtained at the receiver when k1 is converted to k32. Excellent
agreement between VPITM and the derived analytical modeling justifies the use of
(9) as an engineering rule to exploit DDC in the resource allocation algorithms. A
similar trend is obtained when k32 is converted to k1.
Table 1 Physical layer parameters
Parameters

Value

Parameters

Ref. Frequency (THz)

193.1

CD Thresholds (± ps/nm):

SMF: length (km)

50

10-Gb/s NRZ

Attenuation (dB/km)

0.2

43-Gb/s ODB

150

D (ps/(nmkm))

17

43-Gb/s RZ-DQPSK

100

S (ps/(nm2km))

0.08

OSNR Thresholds (dB):

DCF: length (km)

9.44

10-Gb/s NRZ

Attenuation (dB/km)

0.6

43-Gb/s ODB

16

D (ps/(nmkm))

-90

43-Gb/s RZ-DQPSK

13

S (ps/(nm2km))

-0.21

123

Value

1000

15

J Netw Syst Manage
8.E+02

Residual Dispersion (ps/nm)

6.E+02

Ch. 1 to Ch. 32 (N)

Ch. 1 to Ch. 32 (Eq.2)

Ch. 1 (N)

Ch. 1 (Eq. 2)

Ch. 32 (N)

Ch. 32 (Eq. 2)

4.E+02
2.E+02

Ch 1

0.E+00

Ch 1
to Ch 32

-2.E+02
Ch 32

-4.E+02
-6.E+02
PWC

-8.E+02

NS
0

1

2

3

4

5

6

7

8

No.

Fig. 2 Numerical and theoretical dispersion maps

3 PWC-assisted Dynamic Dispersion Compensation Algorithms
The investigated resource allocation process involves three subproblems; routing,
wavelength assignment and DDC as depicted in Fig. 3. The deployed routing
algorithm, Distance Availability Cost (DAC) [17] is a variant of Djikstra’s
algorithm while the wavelength assignment is based on first fit approach. An
in-depth explanation on the final subproblem, DDC is provided in the following
paragraphs.
Based on (9), a strategic solution to find a wavelength converted route for DDC
depends on kin, kc and the PWC location. The total accumulated dispersion can be
reduced by pairing kin and kc with complementary CD characteristics. The selection
of a PWC and the suitability of kin and kc are subject to the following constraints:
(1) Let I, C, and W be the set of input, converted and offered wavelengths of a

Routing

• Path is found using a variant of Djikstra’s Algorithm
• Distance Availability Cost (DAC) emphasizes on path with short
distance and wavelength availability for load balancing

Wavelength
Assignment

• Wavelength is assigned using first fit (FF) technique, in the order
of ascending frequency
• If the candidate lightpathviolates signal quality requirement,
subsequent wavelength from the FF list is assessed

DDC

• If wavelength continuity is absent or the accumulated dispersion
exceeds the threshold value, the DDC algorithm is triggered
• A connection request is blocked if wavelength match is not found

Fig. 3 Process flow of the resource allocation algorithms
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PWC. Since I has to be filtered, any potential conversion whose kc is equal to any
wavelength in set I is prohibited. Therefore, the assignment must obey:
I 2 W;

C 2 W;

I\C ¼;

ð10Þ

and (2) Due to the limitation of the PWC device, both kin and kc should not be
within the guard band area of the pump wavelength, kp. If the system guard band,
Dgb is not nullified, the rules below apply
Dgb
2
Further strategies for DDC are described as follows:
jkp  kin j; jkp  kc j [

1.
2.
3.
4.

5.
6.
7.
8.
9.

ð11Þ

Get a route, R = 0, 1, 2, …,d where 0 is the source node index and d is the
destination node index,
Locate node r; r 2 ðRÞ that has the highest number of available PWCs to
balance wavelength utilisation across all links,
Get the first wavelength from ascending frequency order, kin that satisfies (10)
and (11) and has the continuity from 0 to r,
By looking at the occupied PWCs at node r before the unoccupied ones, get
PWC k, 1 B k B K and kc that has the continuity from r to d. This is for the
purpose of multiwavelength conversion and simultaneously allowing a more
flexible future DDC at the unoccupied PWCs since pumps in the latter are still
unconfigured,
Upon knowing r, kin and kc, calculate end-to-end CD and OSNR [17]. Establish
connection if the OSNR and CD threshold requirements are fulfilled,
If current wavelength does not satisfy the requirements, repeat steps three to
five using subsequent wavelengths,
If DDC cannot be solved using occupied PWCs, use an unoccupied PWC at
node r and repeat steps three to six,
If DDC on current node r fails, repeat two to seven using another node and
finally,
A connection is blocked if the right wavelength match and PWC node cannot be
found.

Apart from the priority rule for the node with the highest number of available
PWCs (in step 2), we also compare another rule for choosing a PWC node i.e. node
with symmetric distance between source and destination. Specifically, the terms
introduced to represent the former and the latter are MOST and SYMM, respectively.
The algorithm is performed by assuming a Wavelength Selective Cross Connect
(WSXC) architecture with shared per node PWCs as shown in Fig. 4 is deployed. A
pool of PWCs can be accessed by all input ports where multi-wavelength
conversion is performed in a PWC provided that all its input wavelengths share a
common pump. With the aid from Fig. 4 to illustrate the process; k1 from input fibre
InFN is an existing wavelength converted lightpath that uses PWC1 for wavelength
conversion. A new request that arrives from node S to D on kW, fibre InFN is subject
to excessive end-to-end CD. However, using the same pump in PWC1, dispersion
can be reduced, which results in kW to be converted to kW0 .
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Demultiplexer

Multiplexer

λ1
InF1

λ1,,, λ2.. λW

λ1,,, λ2.. λ W

λ2

OutF1

λW

InFN

λ1,,, λ2.. λ W

λ1,,, λ2.. λ W

OutFN

Space
Switch
Matrix

λ1’, λ W’

1

λ1, λW

Parametric
Wavelength Converter

k

Fig. 4 Wavelength selective cross connect (WSXC) architecture with shared per node parametric
wavelength converters

4 Numerical Studies and Discussions
Discrete event simulations were conducted using a 17-node mesh German topology
with offered wavelengths, W = 32. The transmission frequency ranges from 191.6 to
194.7 THz with 100 GHz channel spacing. Due to the slope mismatch between SMF
and DCF, the compensation ratio varies from 97 to 102%. Even though slopematching DCF are available nowadays, it is important to note that the early DCF
generation with non-ideal properties was the key element for widespread
deployment of 10-Gb/s systems [18]. Figure 5 shows the German topology that
has an average node degree of 3.06. Exponential distribution is assumed for the
holding time, whereas the arrival distribution follows the Poisson process. The
number of PWC per connection request is limited to only one. Furthermore, in order
to relax the filtering requirement, the maximum number of wavelengths that could
undergo conversion simultaneously is four.
The transmission line used in this work is depicted in Fig. 1 where the parameters
involved are shown in Table 1. Three types of optical services are assumed; 10-Gb/s
NRZ, 43-Gb/s ODB and 43-Gb/s return-to-zero differential quadrature phase shift
keying (RZ-DQPSK) to reflect format and bit-rate transparency. Connection
requests are uniformly distributed among the services. The corresponding OSNR
and CD thresholds are shown in Table 1. FEC at BER of 4 9 10-4 and 2 9 10-3
are assumed for 43-Gb/s RZ-DQPSK and ODB, respectively, to enhance OSNR
reach.
With low per channel input power, i.e. -5 dBm and maximum distance of
1600 km, simulation results showed that the system mainly worked in the linear
regime that lead to the assumption of negligible nonlinear effects. In addition, fiber
pﬃﬃﬃ
with a very low PMD (0:05 ps/ km) was utilized such that its effect is disregarded.
Linear crosstalk effects are not included assuming high quality filters and spectrally
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Fig. 5 17-node German topology

efficient 40-Gb/s optical services. The spectrally efficient services are obtained
through the use of advanced modulation formats, i.e. ODB and RZ-DQPSK. As for
the effect from crosstalk that originates from the PWC itself, it is considered
insignificant by abiding to the guard band spacing, that sets it to be at 4 nm around
the pump wavelength for 100 GHz channel spacing, using DFG-based PWC.
Finally, in order to assess the effectiveness of the proposed algorithms, a tunable
dispersion compensator (TDC) was not deployed at the end receiver. As a result, a
software-based solution at the network layer is provided that could avoid costly
devices.
4.1 The Influence of Node Selection Rules
Initial study involves simulation in the ideal network environment where physical
layer impairments are ignored. Therefore, blocking in this scenario is solely
attributed to a lack of wavelength resources. Figure 6 shows blocking probability
versus network load using DAC-FF for German network topology for scenarios with
and without PWC. Two priority rules are compared: the node with the best
symmetric property (SYMM) and the node with the most available PWCs (MOST).
In this scenario, the offered PWCs are not limited but we record the maximum
number of PWCs that are used per node.
It can be seen that with PWC, the blocking performance is improved quite
effectively where the load equals to 270 Erlangs, more than half magnitude blocking
decrements are obtained with SYMM and MOST. MOST node priority rules
demonstrate better blocking performance than SYMM. The improved load at 1%
target blocking probability for instance, is approaching the maximum value, 300
Erlangs. The higher performance using MOST can be explained from Fig. 7 that
shows the distribution of the total number of PWCs per node.
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Fig. 6 Blocking probability versus distance
15
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9

10 11 12 13 14 15 16 17

Topological Node
Fig. 7 Total no. of PWCs per node

By prioritizing PWC near the centre between the source and destination, the initial
expectation was that SYMM would have an optimum performance since it has a higher
possibility of allocating pumps around the centre of the wavelength grid. Thus, a PWC
will be able to convert more wavelengths. However, the drawback of this approach is
that certain nodes might be used much more frequently than the others. As a result, the
wavelength resource of links that use these frequently accessed nodes will be exhausted
faster and cause blocking in a wavelength converted network. When nodes with more
PWCs are given priority such as in MOST, a more balanced PWC usage across the nodes
can be achieved and blocking can be further reduced.
4.2 The Advantage of Dynamic Dispersion Compensation
This section demonstrates the advantage of DDC through comparisons between
results in the previous ideal network scenario with PWC, and the realistic network
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Network Load (Erlangs)
Fig. 8 Blocking probability versus network loads for scenarios with unlimited PWCs per node

environments that includes PLI. We mainly focus on the effectiveness in reducing
CD blocking, since the OSNR-limited reach of 40-Gb/s services have been extended
using FEC. Here, MOST is used since it performs better than SYMM. Similar to the
previous section, the number of PWCs per node are not limited.
Figure 8 shows the blocking probability performance vs. network loads of three
network scenarios: ideal with PWC, realistic with PWC and, realistic with PWC but
without DDC. Different from the previous section, this section studies the
advantages when wavelength conversion is used for DDC, apart from its existing
role in solving wavelength continuity constraint. It can be seen that the benefit of
using PWC in the ideal scenario with PWC is largely undermined in the dispersionlimited environment as in the realistic environment, wavelength resource blocking
is almost negligible when compared to CD-induced blocking. The former blocking
is almost negligible since the number of available wavelengths is abundant, as a
result of high blocking due to the CD. This is evident from our record that shows
that overall, only nine PWCs are used in the realistic scenario (with PWC without
DDC) instead of 69 PWCs in the ideal scenario, at a network load of 300 Erlangs.
However, with the deployment of DDC, a blocking probability is significantly
reduced where at a 1% target blocking probability, a 94% load improvement is
experienced when compared to the scenario without DDC. Reducing the probability
exactly to the ideal performance is difficult to achieve even when there is no limit on
k if the offered wavelengths are limited, since DDC relies on wavelength resources.
This finding will be better illustrated in the subsequent section that discusses the
effect of limited PWC numbers.
4.3 The Effects of Limited PWCs per Node and Sparse PWC Placement
We further investigated network blocking performance under a limited number of
offered PWCs per node where k was reduced until one. Figure 9 shows blocking
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Fig. 9 Blocking probability versus network loads for scenarios with limited PWCs per node. k = 1, 2, 3,
4, 5, 10 and 20

probability vs. network loads for k ranges from 1 to 5, 10 and 20. Results show that
the best performance is obtained when k is equal to 20. Note that we have not
observed further improvement when k was increased beyond 20. A similar
achievement can be observed with a smaller k, 10. This observation is attributed to
the fact that DDC depends on limited resources, i.e. free wavelengths. Thus, after a
certain extent, increasing the PWC number or k will not affect the performance if
the offered wavelengths are limited.
When k is abundant i.e. k C 10, more than half the magnitude or higher blocking
improvements are observed for the whole load range, in comparison to the case
without DDC. Even though blocking occurs when low k values are considered, the
advantage of DDC is still evident.
In the previous scenarios, PWCs are assumed to be available at all nodes in the
topology. However, it is also very likely that some nodes are not equipped with
PWC, in particular, if gradual deployment is considered. This part studies the effect
of sparse PWC availability where PWCs are located only at certain nodes. In
particular, the DDC effectiveness is investigated for a range of sparse availabilities.
Since this will involve a large amount of information, a new metric, network
capacity (NC) will be used for better representation of the findings. NC is defined by
(12) where Cs is the capacity contributed by the sth service and the total number of
service types, M equals to three. Rs is the ratio of service s over M, and Bs is the bit
rate of service s in Gb/s, and LD is the load at 1%Pb. Rs in this case is equal to 1/3.
NC ¼

M
X

Cs ; Cs ¼ ð1  1%Pb ÞðRs Bs LDÞðGb=sÞ

ð12Þ

s¼1

Figure 10 shows network capacity improvements at a 1% target blocking
probability. The assumed k values are one, four, and 20 that represent scenarios with
scarce, moderate, and abundant number of PWCs per node. Sparse availability of 4,

123

J Netw Syst Manage

Capacity (Tb/s)

9
8
7
6
5
4
3
4

8

12 16 17

k=1

4

8

12 16 17

k=4

4

8

12 16 17

k = 20

Fig. 10 Network capacity improvements at 1% target blocking probability for k equals to 1, 4 and 20.
The assumed sparse PWC availabilities are 4, 8, 12 and 16 out of 17 nodes

8, 12, and 16 out of 17 nodes are considered for each k. Results using 17 nodes are
also included as benchmarks. Therefore, k equals to one and the sparse availability
of four corresponds to a scenario with four wavelength-convertible nodes where
only one PWC is deployed per node. Intuitively, the PWC placement will start from
the node with the highest node degree parameter. If there is more than one node with
a similar node degree, the priority is given to the node with the lowest index.
Therefore, the chosen four nodes with reference to the topology in Fig. 5 are nodes
4, 7, 10, and 11, for sparse availability equals to four.
The results show that the achievable capacity decreases gradually when the
number of wavelength convertible nodes is halved. Furthermore, the impacts are
negligible when the full availability of 17 nodes are compared with a sparse of 16
nodes. Overall, the capacity reductions, due to the effect of sparse availability for all
the considered k values, are between 3.2 and 7.5 %. The small reductions suggest
that DDC is still effective in the sparse wavelength conversion environment.
Interestingly, the findings are still consistent with major publication work in the
conventional wavelength converted all-optical network research field that found a
partial wavelength conversion facility whether sparse wavelength conversion or
limited number of wavelength converters is sufficient in improving network
performance [5].

5 Conclusions
This paper demonstrates the extension of parametric wavelength converters in
improving network blocking performance through DDC, in addition to its traditional
role in solving wavelength continuity problems. The choice of the PWC node
location can directly influence network performance where it can be seen that by
prioritizing the node with the highest PWC availability, better wavelength usage can
be achieved than the one that is located symmetrically in between the source and
destination. This happens as the former performs better load balancing around fiber
links than the latter. The achievable capacity by using the first strategy is around
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80% when the number of PWC per node, k is large i.e. 20. The DDC performance
has also been investigated under different scenarios: limited k and sparse PWC
locations, where in both cases it could still exhibit significant blocking probability
improvements. This trend is consistent with the typical consensus in the general
wavelength converted networks where partial wavelength conversion facility is
sufficient for network performance improvement that leads to a better utilization of
wavelength converters in an optical network.
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