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SUMMARY  We propose an efficient network upgrade and expansion
method that can make the most of the next generation channel resources to
accommodate further increases in traffic. Semi-flexible grid configuration
and two cost metrics are introduced to establish a regularity in frequency
assignment and minimize disturbance in the upgrade process; both reduce
the fragmentation in frequency assignment and the number of fibers nec-
essary. Various investigations of different configurations elucidate that the
number of fibers necessary is reduced about 10-15% for any combination
of upgrade scenario, channel frequency bandwidth, and topology adopted.
key words: semi-flexible grid, periodic network upgrade, fragment mitiga-
tion

1. Introduction

Due to the rapid takeup of high-resolution video stream-
ing including 4K/8K television and cloud-based services,
Internet traffic is still increasing exponentially. Current op-
tical networks generally employ 10/40/100 Gbps channels,
and 400 Gbps/1 Tbps [1], [2] and 64 G+ baud rate channels
will be widely deployed in the near future. The conven-
tional 10/40/100 Gbps channels are aligned on fixed grids
with 50/100 GHz spacing. As wider frequency bandwidths
(> 50 GHz) are needed for next-generation 400+Gbps chan-
nels, future optical networks must introduce the ITU-T flex-
ible grid with 12.5 GHz bandwidth assignment granularity
[3], [4]. As flexible-grid-ready LCOS (liquid crystal on sili-
con) based WSSs (wavelength selective switches) have been
widely deployed, the deployment of such broader capacity
channels is now in progress. However, even though these
next-generation channels improve the spectrum utilization
efficiency, the fiber capacity is now approaching the theo-
retical limit [5]. As a result, the installation of new optical
fibers in each network, which is an extremely costly opera-
tion, is inevitable, and thus, we are obliged to pursue further
increases in the spectrum utilization efficiency to minimize
this installation.

The non-uniform frequency bandwidth assignment ex-
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pected of next-generation channels will cause severe fre-
quency fragmentation; unused frequency fragments are gen-
erated over the band, which degrades the spectrum utiliza-
tion efficiency of flexible grid optical networks. There are
many network design and control issues in flexible grid net-
works; for example a survey [6] summarizes the problems
and provides the evaluation of complexities. Typical goals
of these studies include minimization of the number of fibers
necessary to accommodate given paths or the path-blocking
probability subject to given channel configuration and traf-
fic intensity. While flexible frequency bandwidth assign-
ment can cause fragmentation, it does offer the possibility of
manipulating channel frequency bandwidth by the introduc-
tion of distance-adaptive modulation [7]. By using signal
regenerators at appropriate nodes, channel bandwidths can
be further squeezed [8]. So far, entropy-based metrics for
fragmentation evaluation have been proposed and studied
[9], [10]. For dynamic path operation scenarios, we cannot
optimize the routes and spectra of all paths simultaneously;
the room for spectrum assignment optimization is limited
and severe fragmentation is inevitable. Re-optimization of
routing and spectrum assignment through bridge-and-role or
make-before-break operations was proposed for fragmenta-
tion mitigation [11], [12]. Traffic carried by the optical paths
causing fragmentation is moved to newly established paths
and the old paths are then torn down. Dynamic and simulta-
neous tuning of carrier frequencies at each pair of transpon-
der and receiver [13], [14] can mitigate the fragmentation
[15] without using additional transponders/receivers for the
make-before-break operations. A simple but effective way to
suppress the fragmentation is to concentrate paths with the
same frequency bandwidth to a dedicated frequency block.
Our early study on a static design for flexible grid networks
with distance-adaptive modulation [16] successfully reduced
the fragmentation. The method focuses on accommodating
optical paths with the largest frequency bandwidths so that
these paths are regularly aligned in the frequency domain and
frequency gaps between paths are minimized. It repeats this
operation until the smallest bandwidth paths are accommo-
dated. The other study [17] divides the available frequency
range into several ranges, each of which is dedicated to paths
with the same frequency bandwidths. The use of multiple
regular grids [18]-[20] has been shown to be effective; each
is dedicated to paths of the same frequency bandwidth and
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the bandwidth gives the corresponding grid spacing. Paths
are forced to be aligned on the grids and the fragmentation
is well suppressed in both static and dynamic scenarios.

Network operations will need to be continued across
several channel generations, where the traffic growth ratio
will still exceed the fiber capacity enhancement. Thus, itera-
tively upgrading current channels to higher bit rate ones that
occupy larger frequency bandwidths, in addition to new fiber
installations, will be mandatory. During such an upgrade,
the wavelength/spectrum resources assigned to channels that
are not being upgraded must be fixed to avoid any service dis-
ruption, and thus, the optimal frequency/wavelength assign-
ment will divert from the current one after several channel-
upgrades. As a result, severe frequency fragmentation can
develop. We need fragmentation mitigation that is effective
not only for a snapshot, but also over the network’s lifetime.

In this paper, we propose a channel speed upgrade and
network expansion strategy that adopts the semi-flexible grid
[19], [20]. This grid uses a dedicated unique grid for each
channel capacity; the regularity given by the channel align-
ment has been proven to efficiently reduce the spectrum frag-
mentation in both static network design and dynamic network
control scenarios. With novel metrics for channel frequency
assignment defined on the grid, the developed scheme was
found to substantially relax the complexity inevitable with
flexible grid systems and mitigate the fragmentation that
occurs during channel capacity upgrades. Numerical evalu-
ations under several network conditions, including different
channel bandwidth configurations, network topologies and
so on, confirmed that the number of fragments and the num-
ber of fibers in a network can be greatly reduced as compared
with the conventional flexible grid approach.

A preliminary version of this paper was presented at
an international conference [21]. This paper includes more
detailed evaluations on several real topologies with differ-
ent channel bandwidth configurations and insight into the
strategy for periodic network expansion scenarios such as
channel-frequency-bandwidth assignment and path detour-
ing strategies. It will be shown that the frequency bandwidth
of future optical channels should be always minimized as it
attains higher frequency utilization efficiency.

2. Preliminaries

2.1 Regular Channel Capacity Upgrade and Network
Bandwidth Expansion

We assume fully transparent optical networks, which do not
adopt wavelength conversion and regeneration. The fre-
quency assignment follows the flexible grid standardized
by ITU-T [4]; the channel center frequency is on a grid
with interval of 6.25 GHz and the frequency bandwidth is
an integral multiple of 12.5 GHz. Hereafter, the 12.5 GHz
width frequency assignment unit is called a frequency slot.
Throughout this paper, we regard the words path and channel
interchangeable; channel will be used when we focus just on
the frequency assignment on a link and path is used when we
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consider routing and frequency slot assignment. The modu-
lation format is uniquely selected for each channel bitrate; no
distance-adaptive modulation/bit-rate selection is assumed.
This is because the distance-adaptive modulation format se-
lection necessitates the adaptation to highest possible symbol
rate and modulation format among selectable configurations
and the distance-adaptive bit-rate selection often obliges to
use user-network interfaces in lower bit-rate modes. More-
over, the impact of distance-adaptive modulation/bit-rate se-
lection strongly depends on the size of networks and will
make the performance analysis complicated and difficult.
Thus, we omit the distance-adaptive modulation format se-
lection in this paper, and hence, frequency bandwidths occu-
pied by the same bitrate channels are uniform. Each optical
path occupies the same contiguous frequency slot set from
the source to destination nodes.

Periodic network upgrade (ex. every 3—6 months) and
the network bandwidth expansion problem are handled in this
paper. Some existing channels are replaced with new larger
capacity ones or new ones are added at each upgrade. New
channels are accommodated by vacant wavelength spaces in
a fiber as much as possible, and new fibers will be installed
for those channels that could not be accommodated by the va-
cant spaces. During the expansion, existing active channels
must be kept untouched to avoid service disruption. New
channels generally occupy broader frequency bandwidths,
and hence, severe fragmentation can occur in each fiber. The
following discussion is valid for any combination of channel
frequency bandwidths; however, we assume that channels
of different capacities need different frequency bandwidths
to highlight the impact of fragmentation. Moreover, three
channel capacities of 100G/400G/1 Tbps are selected not
only for notational simplicity, but also they well represent
upgrades to channels of different frequency bandwidths. Ta-
ble 1 shows the number of slots required for these channel
capacities. The numbers of slots in Pattern #1, 4/7/15, are
mutually co-prime numbers, and could give the worst frag-
mentation. On the other hand, Pattern #3 is introduced to test
if using the multiple slot number structure is advantageous
in reducing fragmentation. Pattern #2 stands for an inter-
mediate scenario. Various sets of channel capacities were
tested to confirm the effectiveness of the proposed scheme.

Figure 1(a) shows an example of the fragmentation
caused by non-uniformity in the channel frequency band-
width under Pattern #1. Four 400 Gbps channels are up-
graded to 1Tbps ones where two of these are replaced at
a time. When C and D are upgraded at the next timing
to 1Tbps channels, a gap is created between C and A that
cannot accommodate a 1Tbps channel. On the other hand,
Fig. 1(b) shows the upgrade of four channels under Pattern

Table 1  Number of slots necessary for all channels.
100Gbps 400Gbps 1Tbps
Pattern #1 | 4 7[22.23] 15 [24]
Pattern #2 | 4 7[22.23] 16
Pattern #3 4 8 16
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Fig.1  Channel capacity upgrade and fragmentation.

#3. No fragmentation occurs in this case. This simple exam-
ple shows that, without an efficient channel upgrade strategy,
severe fragmentation could occur, especially when the num-
bers of slots necessary for a new channel and that for an
existing channel are co-prime numbers.

The aim of this paper is to find a channel capacity up-
grade and network bandwidth expansion strategy that max-
imizes fiber frequency utilization efficiency over the net-
work’s lifetime: the strategy should be effective regardless
of which channel capacity combinations are used.

2.2 Semi-Flexible Grid Optical Path Network

Figure 2 shows examples of channel frequency allocations
for 100G/400G/1 Tbps channels on: (a) 100 GHz spacing
ITU-T fixed grid, (b) flexible grid, and (c) semi-flexible grid
[19], [20]. Channel frequency bandwidths are set to Pattern
#1 in Table 1. The semi-flexible grid network uses the same
frequency slot granularity as flexible grid networks, but each
set of same bitrate channels employs a fixed frequency grid
that is fixed specifically to the channel bitrate (and modu-
lation format), and one edge of the grid (the far most left
grid in Fig.2(c)) for each channel speed is anchored at a
specific frequency. Please note that this scheme differs from
existing mixed line rate systems where a single fixed grid
accommodates different line rate channels (for example, us-
ing 50 or 100 GHz spacing). The bitrate specific frequency
slot width (frequency grid) enables us to use cost-effective
tunable lasers and tunable filters (needed for non-coherent
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detection), the same as those used for fixed grid systems
[8]. Extensive numerical experiments on various network
topologies under dynamic path control scenarios with vari-
ous sets of channel bandwidth distributions have elucidated
that the semi-flexible grid network scheme almost matches
the path accommodation performance of flexible grid net-
works [19], [20].

3. Proposed Channel Capacity Upgrade and Network
Expansion Method

In order to realize better fiber frequency utilization through-
out network lifetime, the fragmentation must be suppressed
during and after each upgrade (e.g. from 100G to 400G).
The suppression after finishing the upgrade to new higher
bitrate channels can be achieved by the semi-flexible grid
introduced in Sect. 2.2 as it always enforces the alignment of
channels. Thus the point is how to suppress the fragmenta-
tion during each upgrade where different channel capacities
will coexist in the network.

Here we concentrate same bitrate channels into spe-

cific frequency ranges. In each range, channels of the same
frequency bandwidth (i.e. same bitrate/capacity) will be reg-
ularly aligned and densely accommodated on the semi-flex
grid. Moreover, given the set of bitrate specific grids, how
many higher bitrate channels will be blocked by a newly
installed channel is estimated. Considering these require-
ments, the following two metrics are defined for adding new
channels. The first metric minimizes unused slots by group-
ing the same bandwidth channels and allocating them to-
gether as much as possible. The second mitigates the block-
ing created by future channel installations.
(1) Target frequency: for each channel capacity, select one
target frequency. In the routing and frequency slot assign-
ment process for a path, the frequency gap between the target
frequency and the selected channel center frequency is used
as a cost for the assignment.
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A 100Gbps channel blocks one 400Gbps and one 1Tbps.
Anchor Frequency

bps Frequency

=

(i]ll) 187.5GHz spacing grid for 1ThpsFreauency

A 100Gbps channel blocks two 400Gbps and one 1Tbps.

Fig.3  Blocking of next-generation channels by current channels; 4/7/15
slots for 100G/400G/1 Tbps channels (Pattern #1).

Our preliminary study [19], [20] on semi-flexible grid
networks selected the target frequency according to the ex-
istence ratio of the channel capacity in the network; the
available frequency band (ex. C band and C&L-band) is
divided into several blocks so that the block widths are pro-
portional to the existence ratio. Both edge frequencies of
the frequency band (ex. C band and C&L-band) are selected
for the target frequencies of channels, which correspond to
edge blocks. For the remaining blocks, their center frequen-
cies are used as the target frequencies of the corresponding
channels. This scheme works well for dynamic path op-
eration scenarios where optical paths are frequently setup
and torn down, since it offers fast convergence in channel
capacity distribution to the corresponding frequency blocks.
However, Sect. 2.1 posits the network expansion character-
ized by incremental optical path upgrades. The capacity
distribution of paths to be newly established will not match
that of existing paths, which were established according to
prior distributions. Therefore, we need a different target fre-
quency selection strategy that can accelerate the convergence
of capacity distribution for the network.

This paper proposes an alternating target frequency se-

lection scheme such that the two edge frequencies are se-
lected in turn. In actual network upgrades, up to 2-3 gen-
erations of channels will coexist in a network; dominant,
growing, and declining generations. Based on this assump-
tion, the target frequency of the first generation channel is
set to one of the edges of the frequency band, the target fre-
quency of the second generation channel is set to the other
edge, the third generation is set to the first frequency, and the
fourth generation is set to the second frequency alternately.
At each upgrade timing, declining generation channels are
replaced by growing generation channels as a common target
frequency is assigned to both generations.
(2) Future channel blocking: in the slot assignment process
for a new path, the number of channels potentially blocked
by future generations in new path installations is estimated
and taken to be a cost (See Fig. 3).

We assume that channel generations/capacities are la-
beled ¢ = 1,2,3... (ex. ¢ = 1: first generation chan-
nels). Let the set of grid frequencies and the bandwidths
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for channel capacity ¢ be G. = {g(.1),&(c,2) ---} and b,
respectively. Then the number of next generation channels
blocked by accommodating a ¢ th generation channel in g ,,

will be given by #{gic+1.0l (gem — % &em + %) and

b be
(g(c+1,k) - =51, g h) + 75

stands for the closed interval from a to b and # is the cardi-
nality of the given set. We adopt the weighted sum of the
number of blocked channels of next and future generations
(i.e.c+1,c+2,...)as ametric for frequency assignment and
call it future channel blocking. In the following, the number
of frequency slots necessary for a channel of that genera-
tion is commonly used for weighting. However, the other
schemes that use more general weighting can be applied.
The proposed design and expansion algorithm for semi-
flexible grid networks with the above metrics is shown below.

) do overlap}, where [a,b]

(Semi-flexible Grid Network Design and Periodic Network
Expansion)

Step 0. Parameter Setup

Define allowable hop count increment h_slug>0 for detours
(i.e. hop slug) from the shortest hop route. Use the k-shortest
algorithm to find a route candidate set R(s,d) for each node
pair (s,d) that satisfies the hop slug limitation. Select target
frequencies for all channel capacities/generations alternately.
Step 1. Initial network design

For a given set of initial path connection requests, sort the
requests in descending order of hop counts from shortest
routes between source and destinations. If there are multiple
requests with the same hop counts, sort these requests in
descending order of their number of slots. If there are multi-
ple paths whose order cannot not determined, set their order
randomly. For each request with a source and destination
node pair (s,d), find all vacant grid positions for the request
on all routes in R(s,d). Among the vacant grid positions,
select the one minimizing the future channel blocking met-
ric. If multiple positions minimize the metric, the difference
to corresponding target frequency is used for the selection.
If multiple positions on different routes minimize the differ-
ence, select the one on the shorter route. Establish the path
for the request on the selected route with the grid position.
Repeat until all paths are established.

Step 2. Network expansion

At each scheduled expansion timing, install upgraded paths
according to given upgrade requests. Establish new paths
according to path addition requests. Finally, tear down old
paths for all upgrade requests. Go back to Step 1.

Remark.

i. The hop slug parameter, h_slug in Step 0, was introduced
to control path detours. Detouring may contribute to re-
ducing the number of fibers when the path is established;
however, the penalty caused by the use of a longer route will
generally degrade the network resource utilization efficiency
in later expansion timings. We have verified the impact of
different hop slug values and our result implies that h_slug
= (0 will be the best for almost all cases.

ii. Step.2 of the above algorithm establishes new paths and
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then existing paths to be upgraded are removed so that ser-
vice disruption will be avoided in any case. If a path is filled
with low priority services which accept disruption, the path
could be torn down at first and the released frequency slots
can be occupied by new paths.

4. Numerical Experiments
4.1 Simulation Setup

We assume that the available frequency range is the C-band
(4,400 GHz wide) holding 352 frequency slots (12.5 GHz).
The channel capacities and numbers of slots in Table 1 are
assumed. Physical network topologies tested were 5 X 5
regular mesh network, USNET [25], Cost266 Pan-European
network [26], and Japanese 25 node network [27]. Their
numbers of nodes and bidirectional links are (25,40), (26,51),
(25,43), and (24,43), respectively (See Fig.4). The hop slug
parameter is set to h_slug=0.

The traffic growth ratio is set to +30%/year. Green-field
design is conducted to find initial networks and then 40 up-
grades are done, once every 3 months over 10 years (or 40
times); the final traffic volume increase is 1.3'9=13.8 times.
The number of each capacity/generation channels in a net-
work is determined to match the traffic volume and the ratio
at each expansion timing. Two different upgrade scenarios
are assumed (see Figs. 5(a) and 5(b)); the first one represents
slow upgrade and the second one fast upgrade. These are
used to investigate whether the difference in upgrade speed
affects fragmentation. The benchmarking alternative is the
conventional flexible grid network approach using first-fit
routing; the frequency slot assignment method also adopts
the target frequency metric. All results in this section are the
averages of 10 trials.

4.2 Simulation Results

1) Evaluation of impact by proposed metrics

For the proposed method, four variants are assumed to verify
the impact of metrics; with semi-flexible grid (S), with semi-
flexible grid and target frequency (S&T), with semi-flexible
grid and weighting by potential channel blocking (S&W),
and with all three metrics (S&T&W). The difference between
proposed (S) and conventional is only the grids adopted;
semi-flexible and flexible ones. The assumed numbers of
necessary frequency slots for 100G/400G/1Tbps channels
are 4/7/15; i.e. Pattern #1.

Figures 6 and 7 show the variations in necessary number
of fibers in networks normalized by those necessary for the
conventional alternatives for the 5 X 5 regular mesh and US-
NET. The semi-flexible grid successfully reduces the number
of fibers necessary over the lifetime, especially when one bi-
trate channel is dominant. The weighting considering poten-
tial channel blocking also suppresses the number of fibers;
this effect becomes clear in situations where multiple differ-
ent bitrate channels coexist. This observation elucidates the
importance of optimization considering not only the current
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route and frequency slot assignment but also possible future
assignments. The impact of the target frequency is rather
limited, however some improvement is observed. For both
scenarios, proposed method with all metrics gives better re-
sults. For slow scenarios, about 10% fiber reduction at the
end of the period is observed. For fast scenarios, about 15%
fiber reduction at the end of the period is observed. Figure 8
shows the results for the proposed method with all metrics on
the four topologies. Almost the same results were obtained
regardless of topologies; this is because the number of nodes
in a network will be up to several tens due to the limita-
tion in transparent transmissible distance/hops and degrees
of nodes will be less than 10 for real topologies. Therefore,
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the proposed method would be valid for different types of
core networks.

2) Fragment mitigation by semi-flexible grid

The previous part showed that the semi-flexible grid offers
a substantial fiber number reduction. The reduction ratio is
maximized when 1Tbps channels are dominant. We show
how the fragmentation mitigation by the semi-flexible grid
contributes to this.
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Fig.8  Variation of numbers of fibers on all topologies.

Frequency slots that are not occupied by any channel
are classed as either usable or fragmented. Suppose there
are consecutive unused slots in the frequency domain. If the
number of the slots is sufficient to accommodate a 1Tbps
channel, all are classed usable. Other unused slots are called
fragmented. Some fragmented are still usable for 100G and
400G channels which occupy less number of slots. From
here we use the results using all metrics as the proposed
method (S&T&W). Pattern #1 of Table 1 is commonly used
in this part.

Figures 9 and 10 show the variations of fragmentations
on USNET where the results are normalized by the number of
frequency slots in fibers necessary for conventional method.
The fragmentations are well suppressed by the introduction
of the proposed method and the fragmentation suppression
contributes the reduction of fibers shown in Fig.7. More-
over, the ratio of usable slots for the proposed is rather high
than that for the conventional. Figure 11 shows, for USNET,
the relationship between the number of occupied slots and
that of fibers. A lower bound is derived by dividing the
number of occupied slots in all fibers by the number of slots
in a fiber. The proposed method keeps the gap to a lower
bound small throughout the network expansions; the gap is
almost constant for the slow upgrade case. Thus even if
we try to mitigate fragmentation at each network expansion
with some de-fragmentation technique, the room for fiber
number reduction is quite limited. On the other hand, the
conventional approach yields wide gaps for the first few ex-
pansions due to severe fragmentation as shown in Figs. 9(a)
and 10(b). These results elucidate that the proposed method
not only reduces the number of fibers but also encourages
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the efficient utilization of installed fibers.

3) Impact by slot pattern selection

In this part, we verify the difference in channel accommo-
dation efficiency among 3 slot patterns of 4/7/15, 4/7/16,
4/8/16; i.e. Patterns #1, #2, and #3 in Table 1. Figure 12
shows the variations in the number of fibers in networks
normalized by conventional alternatives in each slot pattern
on USNET. Figure 13 shows the numbers of fibers after all
expansions in all topologies were completed. By using the
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Fig.12  Variation in number of fibers normalized by corresponding con-
ventional on USNET.

proposed method for both scenarios, numbers of fibers are
well suppressed throughout all expansions for all slot pat-
terns and all topologies.

Figure 14 shows the ratios of the fiber numbers nor-
malized by the conventional alternative with Pattern #1. The
results show that Pattern #1 gives the minimum fiber number
for both conventional and proposed. The numbers of frag-
mented slots normalized by the conventional alternative with
Pattern #1 are shown in Fig. 15. Proposed schemes substan-
tially reduce the fragmentation for all patterns. Pattern #3
gives the minimum fragmentation both for conventional and
proposed; however, this channel accommodation efficiency
of the multiple slot number structure of Pattern #3 is not
advantageous in reducing the total fiber number. This result
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Fig.14  Variation in number of fibers normalized by conventional for
Pattern #1 on USNET.

indicates that it is better to set each channel to the minimum
number of slots rather than using the multiple slot number
structure.

All the results in Sect. 4.2 1)-3) prove that smooth up-
grade to future broad bandwidth channels is done incremen-
tally by the proposed method, regardless of the number of
frequency slots occupied by each future channel, scenario,
and topology.
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Fig.15  Variation in number of fragmented slots normalized by conven-
tional for Pattern #1 on USNET.

5. Conclusion

We introduced an efficient network upgrade and expansion
method that can make the most of the next generation channel
capacity and thus accommodate further increases in traffic.
While excessive fragments are generated in the conventional
flexible grid configuration during disruption-free upgrade
processes, our proposed combination of the semi-flexible
grid and two cost metrics establishes some regularity, min-
imizes disturbance in the upgrade process, and effectively
reduces the number of fragments and fibers. As a result
of extensive investigations such as two upgrade scenarios,
combination of number of slots, some topologies, etc., the
proposal attains good results in all situations, which confirms
the robustness of the proposed method. They also indicated
that even though the regular multiple slot number structure,
such as 50G/100G/200 GHz, will reduce the fragmentation
of frequency slot assignment, the frequency bandwidth of
future optical channels should be always minimized as it at-
tains higher frequency utilization efficiency regardless of the
penalty caused by the fragmentation.

Acknowledgments

This work is partly supported by NICT(1930201) and
JSPS(20H02150).

References

[1] H. Takara, K. Yonenaga, and M. Jinno, “Spectrally-efficient elastic
optical path networks toward 1 Tbps era,” Optical Fiber Communi-
cation Conference, paper OTh3B.3, 2012.


http://dx.doi.org/10.1364/ofc.2012.oth3b.3
http://dx.doi.org/10.1364/ofc.2012.oth3b.3
http://dx.doi.org/10.1364/ofc.2012.oth3b.3

1522

(2]

(3]

(4]

(31

(6]

(7]

(8]

(91

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

T. Tanaka, M. Nishihara, T. Takahara, W. Yan, L. Li, Z. Tao, M.
Matsuda, K. Takabayashi, and J. Rasmussen, “Experimental demon-
stration of 448-Gbps+ DMT transmission over 30-km SMF,” Optical
Fiber Communication Conference, paper M2L.5, 2014.

M. Jinno, H. Takara, B. Kozicki, Y. Tsukishima, Y. Sone, and S. Mat-
suoka, “Spectrum-efficient and scalable elastic optical path network:
Architecture, benefits, and enabling technologies,” IEEE Commun.
Mag., vol.47, no.11, pp.66-73, 2009.

ITU-T Recommendations, G694.1, 2012.

A.D. Ellis, J. Zhao, and D. Cotter, “Approaching the non-linear
Shannon limit,” IEEE J. Lightwave Technol., vol.28, no.4, pp.423—
433, 2010.

F.S. Abkenar and A.G. Rahbar, “Study and analysis of routing and
spectrum allocation (RSA) and routing, modulation and spectrum
allocation (RMSA) algorithms in elastic optical networks (EONs),”
Elsevier Optical Switching and Networking, vol.23, pp.5-39, 2017.
M. Jinno, K. Yonenaga, H. Takara, K. Shibahara, S. Yamanaka, T.
Ono, T. Kawai, M. Tomizawa, and Y. Miyamoto, “Demonstration of
translucent elastic optical network based on virtualized elastic regen-
erator,” National Fiber Optic Engineers Conference, paper PDP5B.6,
2012.

A. Morea and T. Zami, “Optimized regenerator placement in elastic
optical networks,” European Conference and Exhibition on Optical
Communication, paper Th.1.A, 2017.

X. Wang, Q. Zhang, I. Kim, P. Palacharla, and M. Sekiya, “Utilization
entropy for assessing resource fragmentation in optical networks,”
Optical Fiber Communication Conference, paper OTh1A.2, 2012.
P. Wright, M.C. Parker, and A. Lord, “Simulation results of Shan-
non entropy based flexgrid routing and spectrum assignment on a
real network topology,” European Conf. and Exhibition on Optical
Communication, paper We.2.E.4., 2012.

T. Takagi, H. Hasegawa, K. Sato, Y. Sone, A. Hirano, and M. Jinno,
“Disruption minimized spectrum defragmentation in elastic opti-
cal path networks that adopt distance adaptive modulation,” Euro-
pean Conference and Exhibition on Optical Communication, paper
Mo.2.K.3, 2011.

A. Patel, P. Ji, J. Jue, and T. Wang, “Defragmentation of trans-parent
flexible optical WDM (FWDM) networks,” Optical Fiber Commu-
nication Conference, paper OTul8, 2011.

Y. Aoki, X. Wang, P. Palacharla, K. Sone, S. Oda, T. Hoshida,
M. Sekiya, and J.C. Rasmussen, “Dynamic and flexible photonic
node architecture with shared universal transceivers supporting hit-
less defragmentation,” European Conf. and Exhibition on Optical
Communication, paper We-3, 2013.

F. Cugini, F. Paolucci, G. Meloni, G. Berrettini, M. Secondini, F.
Fresi, N. Sambo, L. Poti, and P. Castoldi, “Push-pull defragmentation
without traffic disruption in flexible grid optical networks,” IEEE J.
Lightwave Technol., vol.31, no.1, pp.125-133, 2013.

S. Ba, B.C. Chatterjee, S. Okamoto, N. Yamanaka, A. Fumagalli,
and E. OKki, “Route partitioning scheme for elastic optical networks
with hitless defragmentation,” IEEE/OSA J. Opt. Commun. Netw.,
vol.8, no.6, pp.356-370, 2016.

T. Takagi, H. Hasegawa, K. Sato, T. Tanaka, B. Kozicki, Y. Sone, and
M. Jinno, “Algorithms for maximizing spectrum efficiency in elastic
optical path networks that adopt distance adaptive modulation,” Eu-
ropean Conference and Exhibition on Optical Communication, paper
We.8.D.5, 2010.

R. Scaraficci and N. da Fonseca, “Alternative routing and zone-based
spectrum assignment algorithm for flexgrid optical networks,” Inter-
national Conference on Communications, paper ONS-02-1, 2014.
T. Zami, “Interest of the MIXGRID setup for elastic spectral effi-
ciency,” European Conference and Exhibition on Optical Communi-
cation, paper P.5, 2013.

Z. Shen, H. Hasegawa, K. Sato, T. Tanaka, and A. Hirano, “A novel
semi-flexible grid optical path network that utilizes aligned frequency
slot arrangement,” European Conference and Exhibition on Optical
Communication, paper We.2.E.2, 2013.

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

IEICE TRANS. COMMUN., VOL.E104-B, NO.12 DECEMBER 2021

Z. Shen, H. Hasegawa, K. Sato, T. Tanaka, and A. Hirano, “A novel
elastic optical path network that utilizes bitrate-specific anchored fre-
quency slot arrangement,” OSA Opt. Express vol.22, no.3, pp.3169—
3179,2014.

H. Hasegawa, T. Yasuda, Y. Mori, and K. Sato, “Fragmentation-
minimized transponder upgrading employing channel bandwidth
aligned slot allocation in flexible grid optical networks,” Optical
Fiber Communications Conference, paper M3J.6, 2018.

0. Gerstel, M. Jinno, A. Lord, and S.J.B. Yoo, “Elastic optical net-
working: A new dawn for the optical layer?,” IEEE Commun. Mag.,
vol.50, no.2, pp.s12-s20, 2012.

Optical Internetworking Forum, Technology options for 400G im-
plementation, OIF-Tech-Options-400G01.0, 2015.

F. Fresi, “Self-adaptation technique for bandwidth-variable transpon-
ders,” Photonics in Switching, paper THIII2.3, 2015.

A. Nag and M. Tornatore, “Optical network design with mixed line
rates,” Optical Switching and Networking, vol.6, no.4, pp.227-234,
2009.

R. Inkret, A. Kuchar, and B. Mikac, Advanced Infrastructure for
Photonic Networks — Extended Final Report of COST266 Action.
Zagerab, Crotia: Faculty of Electrical Engineering and Computing,
University of Zagreb, 2003.

T. Sakano, Y. Tsukishima, H. Hasegawa, T. Tsuritani, Y. Hirota, S.
Arakawa, and H. Tode, “A study on a photonic network model based
on the regional characteristics of Japan,” IEICE Technical Report,
PN2013-01, 2013 (in Japanese).

Hiroshi Hasegawa received his B.E., M.E.,
and D.E. degrees, all in electrical and electronic
engineering, from Tokyo Institute of Technology
in 1995, 1997, and 2000, respectively. He is cur-
rently a Professor at the Graduate School of En-
gineering of Nagoya University where he was an
Associate Professor from 2005 to 2019. Before
joining Nagoya University, he was an Assistant
Professor at Tokyo Institute of Technology from
2000 to 2005. His current research interests in-
clude network/node architectures, devices, and

design and control of photonic networks, multidimensional digital signal
processing, and time-frequency analysis. Dr. Hasegawa is a senior member
of IEICE and a member of IEEE.

Takuma Yasuda  received the B.E. and M.E.
degrees from Nagoya University in 2016 and
2018, respectively. His research interest includes
optical network, especially photonic network ar-
chitecture and network design.


http://dx.doi.org/10.1364/ofc.2014.m2i.5
http://dx.doi.org/10.1364/ofc.2014.m2i.5
http://dx.doi.org/10.1364/ofc.2014.m2i.5
http://dx.doi.org/10.1364/ofc.2014.m2i.5
http://dx.doi.org/10.1109/mcom.2009.5307468
http://dx.doi.org/10.1109/mcom.2009.5307468
http://dx.doi.org/10.1109/mcom.2009.5307468
http://dx.doi.org/10.1109/mcom.2009.5307468
http://dx.doi.org/10.1109/jlt.2009.2030693
http://dx.doi.org/10.1109/jlt.2009.2030693
http://dx.doi.org/10.1109/jlt.2009.2030693
http://dx.doi.org/10.1016/j.osn.2016.08.003
http://dx.doi.org/10.1016/j.osn.2016.08.003
http://dx.doi.org/10.1016/j.osn.2016.08.003
http://dx.doi.org/10.1016/j.osn.2016.08.003
http://dx.doi.org/10.1364/nfoec.2012.pdp5b.6
http://dx.doi.org/10.1364/nfoec.2012.pdp5b.6
http://dx.doi.org/10.1364/nfoec.2012.pdp5b.6
http://dx.doi.org/10.1364/nfoec.2012.pdp5b.6
http://dx.doi.org/10.1364/nfoec.2012.pdp5b.6
http://dx.doi.org/10.1109/ecoc.2017.8346030
http://dx.doi.org/10.1109/ecoc.2017.8346030
http://dx.doi.org/10.1109/ecoc.2017.8346030
http://dx.doi.org/10.1364/ofc.2012.oth1a.2
http://dx.doi.org/10.1364/ofc.2012.oth1a.2
http://dx.doi.org/10.1364/ofc.2012.oth1a.2
http://dx.doi.org/10.1049/cp.2013.1428
http://dx.doi.org/10.1049/cp.2013.1428
http://dx.doi.org/10.1049/cp.2013.1428
http://dx.doi.org/10.1049/cp.2013.1428
http://dx.doi.org/10.1364/ecoc.2011.mo.2.k.3
http://dx.doi.org/10.1364/ecoc.2011.mo.2.k.3
http://dx.doi.org/10.1364/ecoc.2011.mo.2.k.3
http://dx.doi.org/10.1364/ecoc.2011.mo.2.k.3
http://dx.doi.org/10.1364/ecoc.2011.mo.2.k.3
http://dx.doi.org/10.1364/ofc.2011.otui8
http://dx.doi.org/10.1364/ofc.2011.otui8
http://dx.doi.org/10.1364/ofc.2011.otui8
http://dx.doi.org/10.1364/eceoc.2012.we.3.d.2
http://dx.doi.org/10.1364/eceoc.2012.we.3.d.2
http://dx.doi.org/10.1364/eceoc.2012.we.3.d.2
http://dx.doi.org/10.1364/eceoc.2012.we.3.d.2
http://dx.doi.org/10.1364/eceoc.2012.we.3.d.2
http://dx.doi.org/10.1109/jlt.2012.2225600
http://dx.doi.org/10.1109/jlt.2012.2225600
http://dx.doi.org/10.1109/jlt.2012.2225600
http://dx.doi.org/10.1109/jlt.2012.2225600
http://dx.doi.org/10.1364/jocn.8.000356
http://dx.doi.org/10.1364/jocn.8.000356
http://dx.doi.org/10.1364/jocn.8.000356
http://dx.doi.org/10.1364/jocn.8.000356
http://dx.doi.org/10.1109/ecoc.2010.5621146
http://dx.doi.org/10.1109/ecoc.2010.5621146
http://dx.doi.org/10.1109/ecoc.2010.5621146
http://dx.doi.org/10.1109/ecoc.2010.5621146
http://dx.doi.org/10.1109/ecoc.2010.5621146
http://dx.doi.org/10.1109/icc.2014.6883829
http://dx.doi.org/10.1109/icc.2014.6883829
http://dx.doi.org/10.1109/icc.2014.6883829
http://dx.doi.org/10.1049/cp.2013.1643
http://dx.doi.org/10.1049/cp.2013.1643
http://dx.doi.org/10.1049/cp.2013.1643
http://dx.doi.org/10.1049/cp.2013.1426
http://dx.doi.org/10.1049/cp.2013.1426
http://dx.doi.org/10.1049/cp.2013.1426
http://dx.doi.org/10.1049/cp.2013.1426
http://dx.doi.org/10.1364/oe.22.003169
http://dx.doi.org/10.1364/oe.22.003169
http://dx.doi.org/10.1364/oe.22.003169
http://dx.doi.org/10.1364/oe.22.003169
http://dx.doi.org/10.1364/ofc.2018.m3j.6
http://dx.doi.org/10.1364/ofc.2018.m3j.6
http://dx.doi.org/10.1364/ofc.2018.m3j.6
http://dx.doi.org/10.1364/ofc.2018.m3j.6
http://dx.doi.org/10.1109/mcom.2012.6146481
http://dx.doi.org/10.1109/mcom.2012.6146481
http://dx.doi.org/10.1109/mcom.2012.6146481
http://dx.doi.org/10.1109/ps.2015.7328985
http://dx.doi.org/10.1109/ps.2015.7328985
http://dx.doi.org/10.1016/j.osn.2009.08.010
http://dx.doi.org/10.1016/j.osn.2009.08.010
http://dx.doi.org/10.1016/j.osn.2009.08.010

HASEGAWA et al.: FRAGMENTATION-MINIMIZED PERIODIC NETWORK-BANDWIDTH EXPANSION EMPLOYING ALIGNED CHANNEL SLOT ALLOCATION

Yojiro Mori  received the Ph.D. degree in en-

gineering from the University of Tokyo, Japan, in

2013. He is currently an Associate Professor at

the Department of Communication and Informa-

tion Engineering of Nagoya University. Before

joining the university, he was a Research Fellow

of the Japan Society for the Promotion of Sci-

ence from 2011 to 2012. In 2013, he joined the

\ ‘ Department of Electrical Engineering and Com-

‘ puter Science at Nagoya University. His current

research interests include digital coherent tech-

nologies and optoelectronic devices for photonic networks. Dr. Mori is a
member of IEICE and a member of IEEE.

Ken-ichi Sato received his B.S., M.S., and
Ph.D. degrees in electronics engineering from
the University of Tokyo, in 1976, 1978, and
1986, respectively. He is a Professor Emeritus
at the Graduate School of Engineering, Nagoya
University, an NTT R&D Fellow, and currently
with the Electronics and Photonics Research In-
stitute, National Institute of Advanced Industrial
Science and Technologies (AIST). Before join-
ing the university in April 2004, he was an Ex-
ecutive Manager of the Photonic Transport Net-
work Laboratory at NTT. His most significant achievements lie in two of
the important transport network technology developments. One is ATM
(Asynchronous Transfer Mode) network technology, which includes the
invention of the Virtual Path concept. The other is photonic network tech-
nology, which includes the invention of the optical path concept and various
networking and system technologies. He has authored/co-authored more
than 500 research publications in international journals and conferences.
He holds 50 granted patents and more than 100 pending patents. His
contributions extend to coediting the IEEE Journal on Selected Areas in
Communications (four special issues) and the Journal of Lightwave Tech-
nology (three special issues); organizing several workshops and conference
technical sessions; serving on numerous committees of international con-
ferences including OFC 2016 General Chair and OFC 2014 Program Chair;
authoring and coauthoring 15 books. Prof. Sato is a Fellow of the Institute of
Electronics, Information and Communication Engineers (IEICE) of Japan
and a Fellow of the IEEE. He served as the president of the IEICE during
2016-2017. He received the Young Engineer Award in 1984, the Excellent
Paper Award in 1991, the Achievement Award in 2000, and the Distin-
guished Achievement and Contributions Award in 2011 from the IEICE
of Japan, and the Best Paper Awards in 2007 and 2008 from the IEICE
Communications Society. He was also the recipient of the Distinguished
Achievement Award of the Ministry of Education, Science and Culture in
2002, and the Medal of Honor with Purple Ribbon from Japan’s Cabinet
Office in 2014.

1523



