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Abstract: Realizing dynamics in the optical layer is becoming more important for efficient
optical communication networks such as protection switching in the optical domain or re-
configuring the optical layer to meet traffic fluctuations. This paper experimentally investi-
gates gain offset changes under dynamic optical switching using feedforward-controlled
wavelength-division-multiplexing (WDM) automatic gain control erbium-doped fiber am-
plifiers (EDFAs). Realistic optical switching scenarios are emulated by resolving dynamic
routing and wavelength assignment problems. The experimental results demonstrate
that channel intensity changes with optical switching and that the intensity changes ac-
cumulate as the number of cascaded EDFAs increases. Considering a gain model in
wavelength assignment can successfully reduce the channel intensity changes by up to
0.7 dB after five cascaded EDFAs. Effects of gain spectral hole burning on the intensity
changes are also discussed.

Index Terms: Optical communications, fiber optics systems.

1. Introduction
Agile and reconfigurable wavelength-division-multiplexing (WDM) optical communication network
systems are becoming more important for achieving low cost and energy efficiency, such as pro-
tection switching in optical domain or reconfiguring the optical layer to meet traffic fluctuations
[1]–[3]. In these systems, optical or wavelength channel paths are dynamically established or de-
leted according to traffic demands. Such dynamic optical-switching operations change the alloca-
tions of wavelengths, as well as the total optical power in each optical link. Consequently, the
input conditions of optical amplifiers on the link are dynamically changed; and thus suppressing
gain changes in optical amplifiers due to the input changes is one of the most essential technolo-
gies enabling such dynamic and agile optical path switching network systems. To maintain a
constant gain for arbitrary input wavelength conditions, the use of automatic gain control (AGC)
erbium-doped fiber amplifiers (EDFAs) is needed.
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However, even with a perfect implementation of fast electronic gain control, WDM AGC EDFAs
still suffer from two kinds of gain changes under dynamic optical switching. The first gain change
is an optical surge resulting from the intrinsic transient response of EDFAs such as overshoot
and undershoot [4]–[6]. To suppress such gain transients, various promising technologies have
been proposed and experimentally demonstrated [7]–[14]. We have also shown that a fast elec-
trical feed-forward control can significantly reduce fast gain transients without oscillatory re-
sponses under a condition of cascading EDFAs. Furthermore, we have demonstrated that a fast
variable optical attenuator (VOA) can help suppress accumulated transients [15], [16].

The second gain change is a gain offset that originates from gain spectrum ripples and a de-
pendence of the gain flatness on input wavelength allocations caused by the gain spectral hole
burning (GSHB) effect due to homogeneous and inhomogeneous gain saturation [6], [17], [18],
[22]–[25]. Although gain offset has been commonly recognized as a significant phenomenon, de-
tailed experimental investigations on its behavior under a condition of dynamic optical switching
have not been reported to date. So far, gain offsets have been addressed on a case-by-case ba-
sis because optical paths have been operated statically rather than dynamically. Comprehensive
investigations of gain offsets during dynamic optical switching and methods of suppression must
be developed to realize dynamic optical switching and efficient optical communication systems.

In this paper, we experimentally investigate the gain offsets under a condition of dynamic opti-
cal switching. To emulate practical wavelength-switching scenarios, we resolve routing and
wavelength assignment (RWA) problems with randomly generated dynamic wavelength de-
mands, and we examine five different policies of wavelength assignment. Gain offset behaviors
are experimentally investigated with the obtained wavelength-switching scenarios. Experimental
results show that the assignment policy considering a gain model can reduce the effect of the
gain offsets by 5–15% (0.3–0.7 dB) after five cascaded EDFAs. This paper extends our previ-
ous work in [19] by providing additional experimental results and discussions about the effects
of GSHB and presenting comprehensive formulations of the RWA. The rest of the paper is or-
ganized as follows. Section 2 briefly explains the principle of the gain offset in AGC EDFAs.
Section 3 describes the characteristics of a feedforward-controlled AGC EDFA used in our ex-
periments and presents a simple model of the gain behavior. Though the gain model does not
take into account the GSHB effect, the effect is experimentally evaluated in Section 3. Section 4
describes the dynamic RWA algorithm and the assignment results as the obtained switching
scenarios. Section 5 demonstrates the experiments of evaluating the EDFA offsets with dynamic
optical switching. Following the conclusion in Section 6, detailed formulations used in the
dynamic RWA are provided in the Appendix.

2. Principle of the Gain Offset
AGC EDFAs dynamically adjust the pump power to maintain a constant gain by monitoring total
input and output powers. For a single-channel input, an AGC EDFA can achieve a constant tar-
get gain GT for any wavelength with a feedback control. However, because of residual gain rip-
ples, the gain offset can occur in WDM input conditions, as shown in Fig. 1. In Fig. 1(a), all of
the WDM channels are input to the EDFA and the target gain GT is achieved on average. In
Fig. 1(b), only three channels are input and the target gain GT is also achieved on average

Fig. 1. Principle of gain offset in AGC WDM EDFA. (a) WDM input. (b) Three channels input with a
corresponding gain spectrum.
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since the AGC adjusts the pump power with a feedback control. However, according to the gain
spectrum for WDM input, the three channels experience smaller gain than other channels. As a
result, the three channels experience larger gain in the condition of the three channels input
[see Fig. 1(b)] than in that of WDM input [see Fig. 1(a)]. This offset originates from the residual
gain ripples due to imperfections in the gain equalizing (GEQ) filter.

A simple mathematical expression of this gain behavior is given as

ĝð�iÞ ¼ gð�iÞ þ
Pn

j¼1 GT � gð�jÞ
� �

n
(1)

where ĝð�iÞ represents the gain experienced by the wavelength �i 2 f�1; . . . ; �ng when a wave-
length set f�1; . . . ; �ng is input to the EDFA, and gð�iÞ represents the gain experienced by the
wavelength �i when all of the WDM channels are input to the EDFA. In addition to imperfections
in the GEQ filter, the GSHB causes further gain errors because it changes the gain curve ac-
cording to the input wavelength conditions. In (1), for simplicity, the GSHB effect is not
considered.

3. Gain Offset in a WDM AGC EDFA With a Fast Electrical
Feedforward Control

3.1. Characteristics of the EDFA Used in this Paper
Fig. 2 shows the features of the WDM AGC EDFA used in this paper. The configuration is

shown in Fig. 2(a). The EDFA employs single-stage 980-nm forward pumping. A fast electrical
feedforward control and a relatively slow feedback control are implemented to suppress the in-
stantaneous gain transients and to avoid oscillatory responses at the same time [15]. The gain,
noise figure, input optical power range, operation wavelength range, and gain flatness are spec-
ified as ≥ 20 dB, ≤ 7 dB, −23 to −4 dBm, 1530 to 1560 nm, and ≤ ±1 dB, respectively. The
EDFA has a GEQ filter to flatten the gain spectrum. The gain characteristics are illustrated in
Fig. 2(b). The gain curve for WDM input indicates that the residual gain ripple of this EDFA is
approximately 0.6 dB. In the gain curve for single-channel input, the gain for 1530–1540 nm
wavelengths is decreased by approximately 0.7 dB. The EDFA is mainly controlled with feedfor-
ward and the pump power is determined based on the input optical power rather than the output
optical power. Hence the pump power does not increase enough to compensate for the GSHB
effect for the input wavelength range of 1530 to 1540 nm. The fast variable optical attenuator
(VOA) at the output side enhances the suppression of the instantaneous transients caused by
fast optical switching [15], [20]. The fast VOA does not affect the gain-offset characteristics.
The noise figure of ≤ 7 dB is in a common range for commercially available WDM EDFAs and
the degradation of the noise figure or OSNR due to the optical couplers for power monitoring, the
fiber delay line, and the VOA is marginal. The delay caused by the fiber delay line for adjusting
the timing is negligible for the use of long-haul transmission.

Fig. 2. Features of the WDM AGC EDFA with fast electrical feed-forward control used in this paper.
(a) Configuration of the EDFA [7], [27] and (b) gain curves of the EDFA for WDM input and single-
wavelength input.
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3.2. Gain Modeling
As shown in Fig. 2(b), the feedforward-controlled AGC EDFA used here does not achieve a

constant target gain for single wavelength input, unlike the feedback-controlled AGC EDFAs
that were explained in Section 2. According to this difference, we modify (1) to express our
EDFA as

ĝð�iÞ ¼ gð�iÞ þ
Pn

j¼1 gSð�jÞ � gð�jÞ
� �

n
(2)

where gSð�jÞ represents the gain experienced by the wavelength �j when only �j is input to the
EDFA. We use gSð�jÞ instead of GT , which represents the gain curve for single-wavelength
input in feedback-controlled AGC EDFAs as well as the target gain. In (2), we assume that
the gain spectrum is not modified by the input wavelength change, as shown in Fig. 3. The
gain spectrum is indeed modified according to the input wavelength conditions because of
wavelength-dependent saturation or GSHB. Despite this, we will show that a wavelength-
assignment policy based on this simple model without considering the GSHB effect can reduce
the effects of the gain offsets under a condition of dynamic wavelength switching. This model
can be easily modified for other EDFAs.

3.3. Experimental Evaluation of the Gain Model
Fig. 4 shows the experimental setup for evaluating the gain model in (2). Twelve wavelengths

are continuously input to the EDFA; we call these surviving channels. Four wavelengths are in-
termittingly input to the EDFA with a 1 � 2 optical switch to emulate an operation of dynamic
optical switching; we call these aggressive channels. The channel power was set to −23 dBm/

Fig. 3. Simple gain model expressed in (2).

Fig. 4. Experimental setup for evaluation of the gain model. The inset shows examples of measured
waveforms.
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ch; the total output power of EDFA is about +10 dBm when all aggressive channels are ON and
about +9dBm when all aggressive channels are OFF. Examples of measured waveforms shown
in the inset of Fig. 4 illustrate that the surviving channel suffers a gain change during the time
the aggressive channel is on. We measured the surviving channel gain changes for four wave-
length allocation patterns: (i) short, (ii) shorter center, (iii) longer center, and (iv) long, as shown
in Table 1.

Fig. 5 shows the measurement results (cross marks) and the corresponding calculated results
(circle marks) based on the gain model in (2). The vertical axis, the offset of a wavelength �, is

TABLE 1

Channel Allocations for Gain Model Evaluation

Fig. 5. Experimental results of gain model evaluation for the four wavelength allocations. (a) Short,
(b) shorter center, (c) longer center, and (d) long. Triangle marks under the horizontal axis show
the aggressive channel allocations.
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given by PAonð�Þ=PAoffð�Þ, where PAonð�Þ and PAoffð�Þ represent the EDFA output power or gain
of wavelength � during the time the aggressive channels are on and off, respectively. In Fig. 5,
the calculated results are in accordance with the measured results for wavelength channels
longer than 1540 nm. It is well known that the gain curve of an EDFA is drastically modified
near 1530 nm due to the GSHB effect [18]. In particular, for the wavelength allocation patterns
of (iii) longer center and (iv) long, the calculated results agree with the measured results for all
12 surviving channels including the channels shorter than 1540 nm. By contrast, for the wave-
length allocation patterns of (i) short and (ii) shorter center, which typically suffer from the large
GSHB effect, the gain changes for the surviving channels shorter than 1540 nm were much
larger when measured than when calculated. This discrepancy is considered to derive from the
gain spectrum changes because of the GSHB effect, which is not taken into account in the gain
model of (2). While we have evaluated various other wavelength allocations, numbers of wave-
lengths, and channel powers, similar trends as shown in Fig. 5 were observed. In particular, ex-
perimental results using single surviving channel and multiple aggressive channels, which is
one of the worst-case scenarios, were shown in [26].

4. Dynamic Routing and Wavelength Assignment
To generate practical wavelength-switching scenarios, we resolve RWA problems with randomly
generated dynamic wavelength demands. Fig. 6 shows a flowchart of the assignment. First, af-
ter the establishment demand set Dest and deletion demand set Ddel arrive, the wavelength re-
sources used by the deletion demands are released (deletion operation). Second, wavelength
resources are assigned to the establishment demands (establishment operation). Then the next
establishment/deletion demand sets arrive, and the deletion and establishment operations are
repeated.

In the establishment operation, we resolve optimum resource assignment problems formu-
lated based on link integer linear programming (ILP) [21]. The object function is set to minimize
the wavelength resources used to accommodate the given establishment demands. The follow-
ing five wavelength assignment policies are considered as long as the necessary wavelength
resources are not increased.

1. Long: Assign as long wavelengths in the range of operation wavelengths as possible.
2. Short: Assign as short wavelengths in the range of operation wavelengths as possible.
3. Center: Assign as center wavelengths in the range of operation wavelengths as possible.
4. Random: Assign wavelengths randomly.
5. MinDiff: Assign wavelengths as small difference between gSð�Þ and gð�Þ as possible.

The MinDiff policy considers the EDFA gain characteristics to suppress the effect of the gain off-
sets, while the calculation complexity is the same as the others because of the simple gain
model. The detailed formulations are provided in the Appendix.

We employed a 3 � 3 regular mesh network topology where each link has one duplex fiber.
The number of wavelengths per fiber was set to 16. The wavelength allocation was set to be
equally spaced on the ITU-T grid from 1533.465 nm to 1557.363 nm. Wavelength conversions
were not considered. We generated two traffic patterns: a light traffic pattern and a heavy traffic
pattern, as shown in Figs. 7 and 8. The horizontal axis represents the number of iterations
where one iteration means a set of operations consisting of an arrival of demand sets, a deletion
operation, and an establishment operation as shown in Fig. 6. A demand set Dest is generated

Fig. 6. Flowchart of our RWA for dynamic demands.
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for each iteration. Traffic demands for each iteration (that is, elements of Dest) were set to be
uniformly distributed among node pairs and generated between each node pair following a
Poisson distribution. The connection holding time was set to follow a negative exponential
distribution.

We used IBM ILOG CPLEX Optimization Studio 12.3 to solve the ILP. Fig. 9 shows the exam-
ples of the obtained wavelength path establishment/deletion sequences on a link for the two
traffic patterns with the Random policy and the MinDiff policy. In the assignments, blocking
(call loss) did not occur since the wavelength resources are enough to accommodate all of the
demands. Using these results, we experimentally examine the wavelength dependence of the
effects of the EDFA gain offsets, as described in the next section.

Fig. 7. Number of establishment and deletion demands in the entire network during each iteration.
(a) Light traffic and (b) heavy traffic.

Fig. 8. Average link utilization of (a) light traffic pattern and (b) heavy traffic pattern.

Fig. 9. Example results of wavelength establishment and deletion sequences on a link. (a) and (b)
correspond to the Random policy with the heavy and light traffic pattern, respectively. (c) and (d)
correspond to the MinDiff policy with the heavy and light traffic pattern, respectively.
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5. Experimental Evaluation of the Gain Offset With Practical Wavelength
Selective Switching Scenarios

5.1. Experiments
The experimental setup to investigate the EDFA gain offsets under dynamic optical switching

is shown in Fig. 10. We used five WDM AGC EDFAs to examine a cascaded condition. The in-
put level of each wavelength channel to the EDFAs was set to −21 dBm/ch. The optical attenua-
tors (ATTs) between the EDFAs emulated either spans or node losses. We used 16 tunable
lasers. The wavelengths were set from 1533.465 nm to 1557.363 nm, equally spaced on the
ITU-T grid, the same as the wavelength allocation used in the RWA in Section 4. A wavelength
selective switch (WSS) was used for switching wavelengths and controlled according to the ob-
tained wavelength-switching scenarios. Control commands for switching wavelengths were sent
to the WSS with 1100 ms interval time. The average connection holding time in this experiment
is about several seconds, which is much shorter than that in practical optical communication
networks. However, the time of several seconds is much longer than the response time of
EDFA and is enough long for evaluating EDFA offset.

5.2. Results and Discussion
Some of the obtained waveforms are shown in Fig. 11. The vertical axis of each figure is in-

tensity normalized by the maximum measured intensity during the whole measurement time for

Fig. 10. Experimental setup for evaluating EDFA offset changes caused by dynamic wavelength
switching.

Fig. 11. Examples of measured waveforms with the heavy traffic pattern. (a) and (b) correspond to
the Random policy after five EDFAs with Ch. 1 (1533.465 nm) and Ch. 8 (1544.526 nm), respec-
tively. (c) and (d) correspond to the MinDiff policy after five EDFAs with Ch. 1 and Ch. 8, respec-
tively. (e) and (f) correspond to the MinDiff policy after one EDFA with Ch. 1 and Ch. 8, respectively.
The dashed line represents the calculated waveform based on the gain model in (2).
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each wavelength channel. Channel intensity changes are observed with dynamic switching of
other wavelength channels because of the gain offsets. The waveforms (a) and (b) correspond
to the Random policy after five EDFAs with Ch. 1 (1533.465 nm) and Ch. 8 (1544.526 nm), re-
spectively. The fluctuations of the normalized intensity in (a) and (b) range from 0.52 to 1 and
from 0.64 to 1, respectively. The waveforms (c) to (f) correspond to the MinDiff policy; (c) and
(d) are after five EDFAs, while (e) and (f) are after one EDFA; (c) and (e) are wavelength Ch. 1
while (d) and (f) are wavelength Ch. 8. The fluctuations of the normalized intensity in (c), (d),
(e), and (f) range from 0.69 to 1, from 0.81 to 1, from 0.89 to 1, and from 0.92 to 1, respectively.
The waveforms after five EDFAs [(c) and (d)] experience larger intensity changes than those
after one EDFA [(e) and (f)].

To evaluate the results in a statistical way, we counted the appearance frequency of the nor-
malized intensity in each waveform with measurement intervals of 100 ms. Fig. 12 shows histo-
grams of the normalized intensity for the case of the light traffic pattern with the Random policy.
The spreads of the histograms represent the deviations of normalized channel intensity. Fig. 12
clearly shows that the channel intensity deviations after five EDFAs are larger than those after
one EDFA, that is, the influence of the gain offsets accumulates.

The waveform of (c) in Fig. 11 suffers from slightly larger intensity deviations than that of (d).
In addition, the calculated waveform is more in accordance with the measured waveform of
Ch. 8 [(f) in Fig. 11] than of Ch.1 [(e) in Fig. 11]. Fig. 13 shows the normalized channel intensity
distribution vs. wavelength channels observed with the light traffic pattern after five EDFAs. Re-
garding the MinDiff policy shown in Fig. 13(a), wavelength channels 1 and 2 experience larger
intensity deviations than other channels. This occurs because the short wavelength channels
have small differences between the gain for single-channel input ½gSð�Þ� and the gain for WDM
input ½gð�Þ�; however, the gain offset the channel actually experiences can be large as implied

Fig. 12. Histograms of the normalized intensity of the light traffic pattern with the Random policy.
(a) After one EDFA and (b) after five EDFAs.

Fig. 13. Maximum, average, and minimum normalized channel intensity according to wavelength
channels with the light traffic pattern after five EDFAs using (a) MinDiff policy and (b) Random
policy.
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in Fig. 5. This discrepancy is caused by the fact that the gain model does not take into account
the gain spectrum change because of the GSHB effect.

Fig. 14 shows the cumulative distributions of the observed intensity deviations. The five solid
lines in each graph show the five wavelength assignment policies after five EDFAs, respectively.
The two dashed lines in each graph show the Random policy and the MinDiff policy after one
EDFA. The MinDiff policy offers the smallest deviations among the five policies. In addition, the
MinDiff policy provides almost the same performance between the light traffic pattern (a) and
the heavy traffic pattern (b), while the other policies have larger deviations in the light traffic pat-
tern than in the heavy traffic pattern. Large gain changes tend to occur with large changes of
EDFA input. The amount of the EDFA input change can be determined with the proportion of
the number of newly established/deleted channels to that of the existing channels. Accordingly,
the heavy traffic pattern experience relatively smaller changes of EDFA input than the light traf-
fic pattern. So, the light traffic pattern generally suffers from larger gain changes, as shown in
Fig. 14. However, since we have higher flexibility of wavelength assignment with the light traffic
pattern than with the heavy traffic pattern, the MinDiff policy can eliminate the gain change on
the light traffic pattern by considering the EDFA gain characteristics compared to the other
policies.

The deviations after five EDFAs are 10–15% larger than those after one EDFA. The differ-
ence between the Random and the MinDiff policy is also larger after five EDFAs than after one
EDFA. The MinDiff policy can reduce the gain deviations by 5 to 15%, namely, 0.3–0.7 dB, after
cascading five EDFAs compared with the other policies. The reduction effect will become more
significant as the number of cascaded EDFAs increases. It is not easy to determine the allow-
able range for the gain deviation; since it depends on the design of entire network systems.
However, to operate agile and dynamic optical switching networks, a large gain change which
occurs even less frequently should be avoided and the average gain deviation would need to be
suppressed as much as possible.

Here we would like to note that the statistical graphs of Figs. 12–14 consider only the time
when the wavelength channel is on. In other words, two types of period are excluded: 1) when

Fig. 14. Cumulative distributions of measured intensity deviations for (a) light traffic pattern and
(b) heavy traffic pattern. The right-hand side graphs enlarge the vertical axes.
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the wavelength channel is off and 2) during the transition of the optical switch when the wave-
length channels between on and off. In the experiments, instantaneous transients were not ob-
served since the switch speed of the WSS is much slower than the EDF response, and the
EDFA we used here can effectively suppress the transients as evaluated in [16].

6. Conclusion
The gain offset of a WDM AGC EDFA with fast electrical feedforward control has been experi-
mentally investigated under a condition of dynamic optical switching. Practical wavelength
switching scenarios were generated by resolving dynamic RWA problems with two traffic pat-
terns (a light and a heavy traffic pattern), and five wavelength assignment policies are examined:
1. Long, 2. Short, 3. Center, 4. Random, and 5. MinDiff. Dynamic changes of optical channel in-
tensities were observed with dynamic wavelength switching because of the EDFA offset. Larger
intensity deviations were observed after five EDFAs than after one EDFA; the effects of the
EDFA offset accumulated. Larger intensity deviations were observed in the cases of the light traf-
fic pattern than the heavy traffic pattern. The MinDiff policy, which considers a simple gain model,
could provide the smallest channel intensity deviations among the five assignment policies.
Since the gain model did not take into account the gain spectrum change caused by the GSHB,
larger intensity deviations were observed for shorter wavelengths than for long wavelengths with
the MinDiff policy. Even so, the MinDiff policy could successfully reduce the gain offsets by
5–15%, namely 0.3–0.7 dB, compared with the other policies, after five cascaded EDFAs. Be-
cause of its simple gain model, the MinDiff policy did not increase the computation complexity
or computing time relative to the other policies. Future work may evaluate effects of dynamic op-
tical channel intensity changes on system performances such as bit error rate or optical signal
to noise ratio and clarify allowable ranges of the intensity changes to achieve a certain system
performance.

Appendix
The detailed formulation of the establishment operation in the dynamic RWA used in Section 4
is described below. We formulated the problem by modifying the link ILP formulation shown in [21]
to apply dynamic demands.

1) Notations and network parameters:
V Set of all nodes.
E Set of all fibers.
L Set of all wavelengths in a fiber.
Dest Set of all demands for establishment paths at an iteration.
sk Source node of a demand k 2 Dest.
dk Destination node of a demand k 2 Dest.
A�
vi Set of fibers input to the node vi 2 V .

Aþ
vi Set of fibers output from the node vi 2 V .

W� Weight for the wavelength �, which is determined depending on the wavelength
assignment policies that are described below.

O�
e Indicator for the wavelength resource utilization:

1 if the wavelength � 2 L in the fiber e 2 E has been utilized by other demands
in previous iterations; 0 otherwise.

2) Decision variables:
x�
k ;e 1 if the wavelength � 2 L in the fiber e 2 E is assigned to accommodate the

demand k 2 Dest; 0 otherwise.
3) Objective

minimizing
X
�2L

X
k2Dest

X
e2E

x�
k ;e þ

X
e2E

we: (3)
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4) Constraints: X
e2Aþ

vi

x�
k ;e ¼

X
e2A�

vi

x�
k ;e 8 k 2 Dest; 8 vi 2 V=fsk ; dkg; 8� 2 L (4)

X
�2L

X
e2Aþ

sk

x�
k ;e ¼ 1 8 k 2 Dest (5)

X
�2L

X
e2A�

sk

x�
k ;e ¼ 0 8 k 2 Dest (6)

X
�2L

X
e2A�

dk

x�
k ;e ¼ 1 8 k 2 Dest (7)

X
�2L

X
e2Aþ

dk

x�
k ;e ¼ 0 8 k 2 Dest (8)

X
k2Dest

x�
k ;e � 1�O�

e 8 e 2 E ; 8� 2 L (9)

we � W�x�
k ;e 8 e 2 E ; 8� 2 L ; 8 k 2 Dest: (10)

Constraints (4)–(8) correspond to the flow conservation constraints. Equation (4) also corre-
sponds to the wavelength continuity constraints. Constraint (9) represents the wavelength clash
constraints. Constraint (10) reflects the wavelength assignment policies; we represents a weight
value of a fiber e, which is the maximum weight of the wavelength used in the fiber e.

The value of W� is determined according to the wavelength assignment policies. The range of
W� is limited to [0,0.1) to avoid the use of extra wavelength resources as a result of applying
the wavelength assignment policies. W� is given as follows:

1: Long : W� > W�þ1 8�; �þ 1 2 L (11)

2: Short : W� G W�þ1 8�; �þ 1 2 L (12)

3: Center :
W� > W�þ1 8�; �þ 1 2 L; � � �c

W� G W�þ1 8�; �þ 1 2 L; � � �c

�
(13)

4: Random : W� is randomly determined at each iteration:

5: MinDiff : W� ¼ � gsð�Þ � gð�Þj j: (14)

�c in (13) represents the center wavelength. gsð�Þ and gð�Þ in (14) are the measured values. �
is an constant coefficient to ensure that W� G 0:1.
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