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Abstract Optical transport network operators typically follow a pay-as-you-grow strategy for their net-
work deployment. We propose a proactive multi-period planning approach based on heuristic network
planning, supporting this deployment strategy while enabling efficient network utilization through next-
generation technology. We report 60% less provisioned lightpaths. ©2023 The Author(s)

Introduction

As fifth-generation (5G) mobile communica-
tion systems are being rolled out extensively,
standardization and definition efforts for sixth-
generation (6G) communication are already un-
derway. Consequently, exponential growth in data
traffic demands is challenging optical transport
network (OTN) operators in the coming years[1].

Recent developments in optical communica-
tion hardware allow for improved resource effi-
ciency in optical networks. These include high-
baud rate, modulation rate-adaptive bandwidth-
variable transceivers (BVTs)[2], multi-wavelength
transponders[3] and multi-band systems[4]. These
technologies are promising to meet future de-
mands, but their impact on network planning
must be carefully evaluated. Multi-band sys-
tems have been studied extensively in a net-
work planning context[5]–[7] showing their poten-
tial to increase capacity without the need for ad-
ditional fibers in the network. The impact of prob-
abilistically shaped quadrature amplitude modu-
lation (PS QAM)-capable next-generation BVTs
has also been investigated. A trade-off between
spectral blockage and minimizing the number of
transponders in mesh networks when consider-
ing high-baud rate transponders[8] has been iden-
tified and the potential for increased network ca-
pacity when exploiting rate-adaptive BVTs has
been demonstrated[9]. Multi-wavelength sources
(MWS) are using optical frequency combs to pro-
vide several lines with a single laser. Although
MWSs introduce a trade-off by lowering the trans-
mitted optical signal-to-noise ratio (OSNRTX), po-
tential cost-savings due to a reduced number of
lasers have been shown[10].

While operators of data centers for hyper-scale

computing may fill large parts of the spectrum at
the time of commissioning the network, OTN op-
erators usually follow a pay-as-you-grow strategy,
i.e., to maximize their annual revenues, only the
equipment needed to provision the requested traf-
fic in the first planning year is acquired, including
the optical line system. The purchase of addi-
tional transponders to account for traffic growth
is delayed until required. To enable this strat-
egy, per-period (incremental) planning has been
investigated in a multi-layer context[11], propos-
ing an integer linear programming (ILP) formula-
tion. The joint planning for multiple periods has
also been studied[12], proposing a mixed ILP for-
mulation for cost-efficient multi-period planning.
As ILP solutions are too computationally complex
for large networks, multi-period planning has also
been studied using heuristics, proposing an incre-
mental approach while provisioning the maximum
data rate configuration for each lightpath (LP)[6].

We propose a proactive multi-period approach
to enable OTN operators’ pay-as-you-grow de-
ployment strategy. The approach retains the flex-
ibility to react to uncertainty in traffic growth while
adding a forward-looking aspect by planning for
the final period’s estimated traffic in an initial plan-
ning step. This approach facilitates the utilization
of next-generation optical communications hard-
ware. We show substantial savings of over 60%
in the number of deployed LPs and 12% of lasers
in the considered planning horizon on a national
network topology compared to common incre-
mental approaches.

Multi-period Optical Network Planning
We use heuristics to solve the problem of rout-
ing, configuration, and spectrum assignment
(RCSA)[6]. A traffic model, based on the num-



ber of internet exchange points and the popula-
tion at each node[6] is considered. A traffic de-
mand is defined as the aggregate requested traf-
fic (ART) between a source and destination node
in the network. For a set of traffic demands, we
first sort them in descending order by the short-
est path length between the source and desti-
nation node. Then, for each demand, we con-
sider the k=3-shortest paths. LPs are placed iter-
atively until the requested data rate is met. Two
configuration selection methods are considered:
Just enough: In case multiple LPs are required to
meet the demand, the highest-data rate configu-
ration is selected from a set of configurations that
are feasible according to SNR requirements. In
case a single LP is sufficient to fulfill the (remain-
ing) requested data rate, the configuration with
the lowest bandwidth, that fulfills the data rate
requirement, is selected. Highest : The highest-
data rate configuration of all feasible configura-
tions is selected. Both schemes are followed by
the assignment of a spectrum slot to the LPs us-
ing first-fit assignment, i.e., the first free slot with
sufficient bandwidth is chosen. In case no free
spectrum slot is found the LP placement proce-
dure is continued on the next-shortest path. If the
provisioned data rate on the 3-shortest-paths is
below the requested one, the demand is consid-
ered underprovisioned[6]. In case at least three
LPs are required to fulfill a demand, placement
of a 4-line fixed free spectral range (FSR), i.e.,
spacing between the lines, MWS is considered.
The MWS enables the use of a single laser for
transmitting four LPs, coming at the expense of
OSNRTX penalty compared to single-wavelength
transponders[10].

To guarantee service level agreements (SLAs)
LPs are provisioned according to the estimated
end-of-life performance, accounting for aging of
equipment and increased non-linear noise in the
filled spectrum. The Gaussian-noise model con-
sidering inter-channel stimulated Raman scatter-
ing (ISRS-GN)[13] is used to estimate the LPs
quality of transmission.

We propose a ”Proactive” multi-period planning
approach as shown in Fig. 1. The presented
RCSA using the Just enough configuration se-
lection plans the network for the expected traffic
in the last considered planning period. To ac-
count for uncertainty in traffic growth an overhead
(OH) should be considered on top of the traffic
estimate. After this initial planning step, we now
consider the traffic demands of the first planning
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Fig. 1: Multi-period planning flow considering the approaches
”Proactive”, ”Incremental” and ”Incremental Max”.

period and iterate through all demands and their
associated LPs. As soon as LPs data rate meets
the demand’s requested data rate all additional
with the demand associated LPs will be consid-
ered inactive. We call this function ”Deactivate
overprovisioned LPs”. Now, for each planning pe-
riod, the previously described RCSA is employed
in the per-period planning stage. The RCSA con-
siders the activation of inactive LPs before LP
placement. This approach retains the capability
to react to traffic growth uncertainty as additional
LPs can be provisioned in the per-period planning
stage, in case the actual demand surpasses the
estimation considered in the initial planning stage.
In each period, only active LPs are required to be
provisioned, thereby enabling the operators’ pre-
ferred pay-as-you-grow deployment strategy. The
”Proactive” approach will be compared to the per-
period planning approaches ”Incremental”, using
the RCSA with Just enough configuration selec-
tion, and ”Incremental Max” considering Highest
configuration selection (Fig. 1).
Network Planning Study
We assume links in the network consist of 80 km
standard single-mode fiber spans followed by an
erbium-doped fiber amplifier in the C- and L-band
compensating for the attenuation. Per band atten-
uation and amplifier noise figure values are con-
sidered[6], as well as frequency-dependent op-
timized launch powers[7]. We assume a used
bandwidth of 5 THz in each band, with 400 spec-
trum slots of 12.5 GHz and a guard band of
500 GHz in between.

The three multi-period planning approaches of
”Proactive”, ”Incremental” and ”Incremental Max”
are evaluated in terms of provisioned traffic, num-
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Fig. 2: Planning results on Nobel-Germany. (a) Provisioned traffic, (b) provisioned LPs, (c) saved lasers by using MWSs
(transmitter side only), (d) bandwidth distribution of deployed configurations in the final planning period.

ber of required LPs, and number of saved lasers
through the use of MWSs. The considered next-
generation rate-adaptive BVTs are assumed to
be PS QAM-capable. BVT configurations are as-
sumed to range between 37.5 GHz and 150 GHz
slot bandwidth in steps of 12.5 GHz. There-
fore, 10 symbol rate options are considered and
the relevant modulation rates are chosen accord-
ing to a configuration pre-selection algorithm[9].
The considered 4-line Fixed-FSR MWSs are as-
sumed to have a 1 dB OSNRTX penalty[10]. The
traffic growth of demands is modeled as inde-
pendent Gaussian random variables with a mean
increase of 25% and a standard deviation of
10%[6]. For the ”Proactive” approach an overhead
of 25% is considered for the initial planning step.
The results of 30 realizations of the random traf-
fic growth are presented on the Nobel-Germany
topology[14].

Fig. 2 (a) shows the provisioned traffic of the
different approaches, scaled to the mean aggre-
gate requested traffic (ART). ”Incremental Max”
is placing almost exclusively LPs with 150 GHz
bandwidth. This leads to large overprovisioning
and the L-band being deployed already in the first
period. For the ”Incremental” approach, the pro-
visioned traffic closely follows the ART with min-
imal overprovisioning while the provisioned traf-
fic for ”Proactive” stays in between the two ”In-
cremental” approaches. For 10% of the sam-
ples of the randomized traffic growth, the ”In-
cremental Max” approach leads to minor under-
provisioning[6] of around 1%. Both ”Proactive”
and ”Incremental” approaches provision all de-
mands for all samples. On average, for ”Proac-
tive” the L-band provisioning is postponed to the
7th period with ”Proactive” and almost the 9th pe-

riod with ”Incremental”. This is due to the trade-
off between minimizing the number of required
transponders using high-baud rate configurations
and spectral blockage also reported in previous
work[8],[10]. Increased deployment of high-baud
rate configurations and MWSs with ”Proactive”
leads to a higher spectral utilization than for ”In-
cremental” in the earlier periods. Over 60% more
LPs are provisioned with ”Incremental” in the last
period, as shown in Fig. 2 (b). Although the
lowest number of LPs is required for ”Incremen-
tal Max”, with ”Proactive” a significant number of
lasers, up to an average of 50 in the last period,
are saved through the deployment of MWSs while
both ”Incremental” approaches save less than 20
lasers on average (Fig. 2 (c)). For the last plan-
ning period, in the ”Incremental” approach most
LPs are deployed with the minimum bandwidth
of 37.5 GHz while ”Incremental Max” almost ex-
clusively deploys 150 GHz LPs (Fig. 2 (d)). For
”Proactive”, most LPs are deployed with 150 GHz,
yet all bandwidth options are utilized, thereby
achieving a trade-off between spectral efficiency
and minimizing the number of LPs and lasers.

Conclusions
We present a proactive multi-period planning ap-
proach, that enables OTN operators’ strategy of
pay-as-you-grow network deployment. The ap-
proach supports the utilization of next-generation
optical communications technology with up to
60% fewer required LPs and significant savings
of 12% in the number of lasers compared to con-
ventional approaches.
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