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ABSTRACT Wide-area optical networks face significant transmission challenges due to the relentless
growth of bandwidth demands experienced nowadays. Network operators must consider the relationship
between modulation format and maximum reach for each connection request due to the accumulation of
physical layer impairments in optical fiber links, to guarantee a minimum quality of service (QoS) and
quality of transmission (QoT) to all connection requests. In this work, we present a BER-adaptive solution
to solve the routing, modulation format, and spectrum assignment (RMLSA) problem for wide-area elastic
optical networks. Our main goal is to maximize successful connection requests in wide-area networks while
choosing modulation formats with the highest efficiency possible. Consequently, our technique uses an
adaptive bit-error-rate (BER) threshold to achieve communication with the best QoT in the most efficient
manner, using the strictest BER value and the modulation format with the smallest bandwidth possible.
Additionally, the proposed algorithm relies on 3R regeneration devices to enable long-distances communi-
cations if transparent communication cannot be achieved. We assessed our method through simulations for
various network conditions, such as the number of regenerators per node, traffic load per user, and BER
threshold values. In a scenario without regenerators, the BER-Adaptive algorithm performs similarly to the
most relaxed fixed BER threshold studied in blocking probability. However, it ensures a higher QoT to most
of the connection requests. The proposed algorithm thrives with the use of regenerators, showing the best
performance among the studied solutions, enabling long-distance communications with a high QoT and low
blocking probability.

INDEX TERMS Elastic optical networks, routing, modulation level, spectrum allocation, bit error rate,
quality of service.

I. INTRODUCTION

The bandwidth demand over telecommunication networks
has increased explosively over time, with average increases
of approximately 30% per year [1]. So far, optical network
infrastructures have been able to support the increasing traffic
demands. However, several studies have anticipated a poten-
tial ““capacity crunch” on current networks [2], [3], arising
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from the limits imposed by Kerr non-linearity. Therefore,
a potential inability to support future traffic demands will be
reached shortly.

One course of action to overcome this problem is to man-
age the installed network infrastructure efficiently [4], [5].
Nowadays, signals are multiplexed and transmitted using
different carrier frequencies/wavelengths within a pre-
established grid (50 or 100 GHz separation per channel) [6].
To satisfy the growth in traffic demand, Internet Service
Providers are increasing the user bit-rates within this fixed
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transmission grid, relying on complex modulation formats,
higher symbol rates, or both [4].

To overcome this scenario, a new architecture was pro-
posed during the last decade called “Elastic Optical Net-
works” (EON) [1], [7]. EON assign the frequency spectrum
to different users based on their bandwidth requirements.
The spectrum is divided into subsections of 12.5 GHz called
“frequency slot units” (FSUs), which can be grouped flexibly
to provide sufficient spectrum for each user according to
their needs. This way, flexible operation may minimize idle
bandwidth and serve a greater number of users, compared to
a fixed grid.

One of the main tasks operators of EON must solve is to
assign a path and a portion of the spectrum to each connection
request. This problem is known as the “routing and spec-
trum assignment” (RSA) problem. In wide-area networks,
such as continental networks, the problem becomes more
complex, since the relationship between modulation format
and a maximum reach for each connection request must be
considered. This problem is known as the “routing, modu-
lation level, and spectrum assignment” (RMLSA) problem.
Then, for a given transmission request, the RMLSA problem
consists on finding a path, a modulation format suitable for
the path length, and a portion of the optical spectrum on
the path (measured as the number of FSUs) [8]-[16]. The
connections are only achievable if an acceptable quality of
transmission (QoT) is obtained after transmission consider-
ing the physical layer impairments (PLI) accumulated during
propagation. In optical fiber links, amplified spontaneous
emission (ASE) noise and non-linear distortions accumulate
over distance and, in practice, cannot be entirely compensated
for. RMLSA solutions must ensure both an acceptable block-
ing probability, that measures the chance that a given user
may not transmit due to a lack of resources, and a minimum
QoT for each user request. Thus, a given transmission request
succeeds if enough resources are available on the selected
path, and the QoT threshold is not exceeded; else, the request
is rejected.

Standard approaches to solve the RMLSA problem estab-
lish end-to-end all-optical communication (i.e., transparent)
between source-destination node pairs [10]-[17]. However,
the accumulation of PLI limits the generation of transparent
connections in wide-area elastic optical networks. Several
users may not achieve transparent communication through
long distances despite the modulation format chosen. There-
fore, the use of 3R (Re-amplification, Re-shaping, and Re-
timing) regeneration in wide-area elastic optical networks
cannot be avoided. Besides, due to the relentless growth of
bandwidth demands, some communications must use highly
efficient modulation formats to avoid excessive use of fre-
quency slots. However, these modulation formats have low
noise tolerance, strengthening the need to consider regenera-
tion devices on the RMLSA approaches.

In this context, different RMLSA algorithms approaches
have been proposed in the literature using 3R regenera-
tion. In [18], the authors present an RMLSA scheme using
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regenerators that minimizes the network energy consump-
tion and reduces the blocking probability of the users.
They achieve these goals ensuring a predefined BER thresh-
old, calculated using a physical layer model that includes
both ASE noise and non-linear phenomena [19]. In [20],
the authors consider energy efficiency parameters in the
resource assignment procedures but only use ASE noise in
the physical layer with a fixed BER threshold value of 10~°.
Authors of [21] present an adaptive routing algorithm using
a cost function to choose the path and regeneration nodes,
considering link usage metrics and penalizing the use of
regenerators. Nevertheless, the computation overhead of an
adaptive routing strategy is significantly higher than the fixed
or fixed-alternate solutions.

RMLSA algorithms considering 3R regeneration devices
use regenerators assignment policies to choose in which node
along the user path the 3R regeneration is going to take place.
Authors of [22], [23] formulate two regenerator assignment
policies denoted as FLR (First Longest Reach Regenerator)
and FNS (First Narrowest Spectrum Regenerator). The first
one establishes the longest reach transparent segment-first,
regenerating as far away from the source node as possi-
ble. The second one also establishes the longest transpar-
ent segment, but with the most efficient modulation format.
In [24], [25] the authors propose CIRA (Circuit Invigorating
Regenerator Assignment), which is a variation of FLR, estab-
lishing a connection based on the spectrum availability on the
candidate route and the detrimental effect due to PLI..

The described solutions of the RMLSA problem rely on
a predefined BER threshold to establish or reject a given
communication request. The BER thresholds define if a trans-
mission has an acceptable quality, and, at the same time,
they determine the maximum reach for a modulation format
- bit rate pair. Accordingly, an optical connection request
can be accepted or rejected depending on this parameter.
In general, for wide-area optical networks, a permissive
BER threshold leads to a low rate of blocking transmission
requests due to optical reach, and a strict BER threshold
decreases the capability to achieve long-distance communi-
cations. Notwithstanding, both BER threshold criteria allow
for successful transmissions, but with different signal quality
which may be corrected at the receiver to some extent. One
of the primary goals in optical communications is to suc-
cessfully accomplish transmission requests. Consequently,
a fixed BER threshold value may not be enough to maximize
communications in wide-area networks.

In this work, we propose a BER-adaptive RMLSA
algorithm to manage wide-area elastic optical networks
efficiently. The main motivation is to enable long distance
transmissions with a high QoT using an spectrally efficient
modulation format. This is achieved customizing the BER
thresholds in an adaptive manner, and using one regenerator
device per connection request, if necessary. For each connec-
tion request the algorithm prioritizes to reach the destination
with the best BER possible, and secondly, it chooses the most
efficient modulation level in terms of capacity demanded.
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FIGURE 1. BER-Adaptive RMLSA flow chart.

In this way, we maximize the transmission acceptance rate,
while using the minimum amount of FSUs, and with the best
(most strict/lowest) BER value possible.

The remainder of this paper is structured as follows:
Section II presents our proposal to solve the RMLSA prob-
lem. In Section III, we display the physical layer model and
network simulation tools used to assess the performance of
the proposed algorithm. Next, Section IV contains numerical
examples of the proposed algorithm. Finally, we provide
some conclusions and remarks in Section V.

Il. BER-ADAPTIVE RMLSA STRATEGY

In this section, the used network and traffic models and the
associated assumptions are presented. Then, the definitions
used within the algorithms are described, and finally, the pro-
posed algorithm to solve the RMLSA problem is presented.

A. NETWORK AND TRAFFIC MODEL

The graph G = (N, ) represents the network topology,
where N is the set of network nodes, and £ is the set of unidi-
rectional links (the arcs in G). The set of users X’ is composed
by all the source-destination pairs (s, d) with communication
between them.

We use an ON-OFF model to represent the traffic between
a given source-destination pair. Consider user (s, d). During
any of its ON periods, with average length 7oy (5 4), the source
transmits at a constant rate. During an OFF period, with
average length toFF (s 4, the source refrains from transmitting
data.

The used technology determines the constant transmission
rate during the ON periods, but to simplify the presentation,
the rate was set to unity. Consequently, the traffic load of a
user (s, d), denoted by o(s,4), is given by:

TON (5,d)
0Gs.d) = ’ . (M
oD ION (s,d) + OFF (5,d)
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resources allocated — |[+~——
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In this work we consider the case where the load is equal
for all users, the so called homogeneous situation.

B. BER-ADAPTIVE RMLSA ALGORITHM

The main steps of our BER-Adaptive RMLSA solution are
illustrated in Figure 1 and explained on the pseudo-code
presented in Algorithm 1. The definitions required for the
explanation of the algorithm are presented in the following
list:

e B; 4 is the bit-rate required by the connection between
sand d;

o The set BERy = {BER),....BERS,...BER} is
composed of the BER threshold considered to establish
optical connections. The elements are ordered from most
strict BER to the most relaxed one. The cardinality of
this setis £;

o Theset B = {B',B* ...B",...BY} is composed of the
transmission rates available at the flexible transponders.
The parameter B* denotes the u-th bit-rate available on
the set;

e The set M = {MI,MZ, MY, ...MJ} contains the
J modulation formats available on the flexible transpon-
ders. The element M/ denotes the j-th modulation format
on the set;

e The set Psqy = P;,d’Piw'- Pvd,. P } is
composed of the K candidate paths between the
nodes s and d. The P* 5.4 €lement denotes the k-th short-
est route. These paths can be pre-computed using any
method available in the literature (for instance, [26]);

o The set Lgq = {L!, L2, ... LY, ... LK,
posed of the path lengths of the user (s, d), in kilometers
(km), in which Lk d is the length of the k-th route of a
user (s, d) (P¥ )

« Let C be the link capacity in terms of FSUs.

o The matrix FSU(A, D) is composed by the elements
FSU [m, b], and stores the number of FSUs required

is com-
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for a modulation format m and a transmission rate b,
Vme AC Mandb e D C B.

o The procedure FM(Ls, g4, Bs,a, BER},) computes a list
of modulation formats with an optical reach equal or
higher than L, 4, considering the bit-rate By 4, and the
BER threshold BER;).

The proposed algorithm works as follows: Upon receiving
a connection request between nodes s and d, with a bit-rate
of By 4, the algorithm searches for the available capacity to
transmit in the candidate paths using the most strict BER
threshold first (line 1). The first inner loop (line 2 to 7)
attempts to allocate a transparent connection in one of the K
different paths in the set Ps 4. If a transparent connection is
not allocated, then the second loop (lines 8 to 13) follows an
identical process but using one regeneration device per path.
If a connection request could not be assigned in any loop,
then the algorithm repeats the process considering the next
BER threshold on the list.

Algorithm 1 BER-Adaptive RMLSA Algorithm
Require: s, d, Bgq, BERm, Ls.a, Psa, K, C.
1: for {ec ZT :e < E} do

22 for{keZ":k<K}do

3 riny = Stage_A(LY ;, Bs.a, BERG,, P% ;. C)
4: if rtng = successful then

5: return resources allocated

6: end if

7:  end for

8 for{keZ":k<K}do

9: ring = Stage_B(L¥ ;. B 4. BERS,, P% ;. C)
10 if rtnp = successful then

11: return resources allocated

12: end if

13:  end for

14: end for

15: return reject request

Lines 3 and 9 show the two sub-procedures Stage A
and Stage_B, which are explained in detail next.

Stage A: In this stage, the feasibility of establishing a
transparent connection is evaluated considering a given BER
threshold value BER;;,. In this stage the modulation format
that requires the lowest number of FSUs, and has an optical
reach greater than or equal to the length of the selected path is
chosen. Subsequently, the spectrum assignment (SA) proce-
dure is executed. The SA problem has been widely covered in
the literature [1], [27]. Among them, First-Fit is currently the
most popular method, due to its good performance in terms
of blocking probability with low computational complexity.
As a consequence, First-Fit (denoted as FF) was used to
allocate the FSUs, saving its return state in rtn variable. The
FF procedure must comply with the known continuity and
contiguity constraints. The continuity constraint states that
the FSUs assigned to one connection must be maintained
along the entire origin-destination path. On the other hand,
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the contiguity constraint states that, if the user bandwidth
requirements must be satisfied with more than one FSU, they
must be contiguous in the spectrum.

Symbolically we evaluate this stage by writing Stage_A(),
displayed as a pseudo-code in Algorithm 2.

Algorithm 2 Stage a

Require: L; g, Bs 4, BERp, Ps.a, C.
1. A= FM(Lsgq, Bs,a, BER)
2: if A # ) then
3:  n=min(FSU(A, {Bs.4}))

4:  rtn=FF(Psq4,n,C)

5:  if rtn = successful then
6: return successful

7: else

8: return Non-successful
9:  endif
10: else
11:  return Non-successful
12: end if

For a path P; 4, in line 1, the algorithm calculates the set
of the modulation formats .4 complying with the required
optical reach for transparent communication considering a
specific BER threshold value. If this set has at least one
element, then the modulation format requiring the lowest
number of FSUs is selected (line 3). Next, the spectrum allo-
cation algorithm (FF) is executed to find a set of contiguous
and continuous FSUs on the links belonging to the analyzed
path. If the FF algorithm finds a solution, then the process
returns successful (value of variable rtny in line 3 of Algo-
rithm 1), and the resources are reserved, and the connection
is established. Otherwise, the process returns Non successful.

Stage B: This stage is executed when it is not possible
to establish a transparent connection between node s and d
through any path in Ps 4 considering a specific value of BER
threshold. In this case, the algorithm divides the path into
2 sub-paths, with a regeneration device in the node between
them. To understand stage B, some additional definitions are
described as follows:

o Let N(P; 4) be the number of nodes in route P; 4.

o Let Q(N;) be the number of conversion/regeneration
devices available at the node N; of the path P; 4 in a given
time.

o Let S(Psy) = {S'Psa).....Si(Psa)...... ,
SN S’d)_z(Ps,d)} be the set of segments in path Py g4,
such that segment S "(Ps,d) originates at the source node
s of path P 4, and ends at the i-th node previous to node
d along the path. Figure 2 shows an example of a path
(P4p) consisting of 4 nodes between nodes A and D.
In this case, the set S(P4p) has two elements: segments
S'(Pap) and S*(Pap).

o Let  S(Pya)* = {S'Ps.a)*, ..., SUPsa)*,
...... , SN@Ps)=2(pg ;)*} be the set of segments in Py g
such that segment S i(PS,d)* starts at the i-th node previ-
ous to destination node d and ends at node d. Figure 2
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FIGURE 2. Set of segments associated with a 4-node path.

shows these segments for the 4-node path between nodes
A and D.

o Let L[S (P;4)] and L[S'(Ps 4)*] be the length, in km,
of segments S’ (Ps,q) and S "(Ps,d)*, respectively.

o Let  FM(L[S'(Ps.a)l, Bs.a» BERy) and  FM(L
[Si(PS,d)*), B 4, BERy] be the sets of modulation for-
mats in M that, along with the bit rate B; 4 € B, have
an optical reach equal to or higher than L[S i (Ps.4)] and
L[S ’.(Ps,d)*], respectively, considering a specific value
BER;;, by bit error rate.

Symbolically we call Stage B by writing Stage_B(), shown

as a pseudo-code in Algorithm 3.

Algorithm 3 Stage B

Require: L 4, Bs 4, BERw, Ps.a, C.
1: for {ieZ* :i < N(Pys4)—2} do
2. if Q(N;) # 0 then

3 A= FM(LIS'(Ps.a)), Bs.a, BER)
4 if A = ¢ then
5 return Non-successful
6: end if
7 n1 = min(FSU(A, {Bs.4}))
8 rtny = FF(S'(Ps.4), n1, C)
9: if rtny = successful then
10: A* = FM(LIS'(Ps.4)*], Bs.a, BERy;)
11: if A* = ¢ then
12: return Non-successful
13: end if
14: ny = min(FSU(A*, {B; 4}))
15: rtny = FF(Si(Psﬁd)*, ny, C)
16: if rtny = successful then
17: return successful
18: else
19: release resources
20: end if
21: end if
22 end if
23: end for

24: return Non-successful

In this stage, path Py 4 is divided into two segments (loop
in lines 1 to 23). If the node between both segments has gen-
erators available (line 2), then the algorithm tries to allocate
resources for the first segment (lines 3 to 8). If the allocation
is successful, then the resource assignment for the second

128022

segment is attempted (lines 9 to 15). It is assumed that the
regeneration device can convert the modulation format and
change the spectral position, using the First-Fit spectrum allo-
cation procedure. If the connection between s and d cannot
be established using these two segments, stage B re-starts
considering a different set of segments. This procedure is
repeated until the connection can be established (in this case,
the process return rtng = successful in line 9 of Algorithm 1)
or until all the segment combinations in the path have been
unsuccessfully attempted (rtnp = Non-successful on line 9
of Algorithm 1). The regenerator allocation policy used is
based on the First Longest Reach Regenerator (FLR) algo-
rithm [24].

C. COMPUTATIONAL COMPLEXITY

The total time complexity of the BER-adaptive RMLSA algo-
rithm is calculated in four parts: FF algorithm, stage A, stage
B, and the external for loop in Algorithm 1.

The time complexity of the FF algorithm is given by the
maximum number of links ¢ in a path, and the number of total
FSU by link C. So time complexity of FF is Opr (£ - C). Line
3 of Stage A depends on the number of modulation formats
J and bit-rates |{Bs 4}|, having a complexity time of O(J -
[{Bs,q}|). However, in practice, and simplifying the analysis,
J -|{Bs,q}| generally will be less than £- C, so complexity time
of stage A will be Ossage 4 = Orr = Osiage_a(£-C). Finally,
Stage B has a similar analysis to stage A, but it has an extra
outer loop. Then time complexity of Stage B is Osqge (£ -
t-C)= OStagch(Z2 -O).

Total time complexity is given by cardinality of the set
BER 4, K-Shortest Path, and the stage B algorithm: O(E -
K - £% . C), whose parameters are the cardinality of the set
composed by the BER thresholds E, the number of paths K,
the maximum number of links in a path £, and the number of
FSU C.

IIl. PHYSICAL LAYER MODEL AND NETWORK
SIMULATION

Network simulations were carried out to assess the perfor-
mance of the proposed RMLSA algorithm. The input for
the network simulations is a set of the maximum achievable
reach (MAR) for each modulation format - bit rate pair
available in the transponders for every BER threshold in
the BER,, set. To calculate the maximum reach for each
modulation format and BER combinations, the GN model
was used to estimate a received signal-to-noise ratio after
transmission [28], [29].

In this article, we consider a coherent lightwave sys-
tem transmitting information using a single polarization,
where chromatic dispersion and polarization mode disper-
sion are ideally compensated for using digital signal pro-
cessing. Additionally, cross-phase modulation and self-phase
modulation are the principal non-linear effects. Furthermore,
we assume that all components are carefully designed to
avoid any additional source of noise, signal degradation, and
crosstalk. For this system, the received SNR was used as a
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performance metric and was calculated using:
Pin

NASE + 1INLT
where p;, is the average input power, nasg is the ASE noise
power, and nyz; is the non-linear interference (NLI) noise
power. For an amplification scheme based on erbium-doped
fiber amplifiers (EDFAs), where links are made up of identi-
cal spans, and the loss of each span is exactly compensated by
EDFAs, the total ASE noise power over a single polarization
at the receiver is given by [30]:

SNR = )

1
NASE = EFEDFANshVAspanBchv 3)

where N is the number of spans in the link, Fgpry is the
amplifier noise figure in linear units, 4 is Planck’s constant,
v is the carrier frequency, By, is the channel bandwidth and
Aspan = 10@Lspan)/10 are the transmission losses in one span.

The NLI noise power was estimated using the Gaus-
sian noise (GN) model [28], [29]. The GN model describes
non-linear propagation in dispersion uncompensated coher-
ent transmission systems and assumes that fiber nonlinear-
ities can be modeled as additive white Gaussian noise that
combines incoherently with ASE noise. The non-linear inter-
ference noise power was estimated using [31]:

INLE = Nspi,NLL @

where nyri, is the NLI noise power in a single span given
by [28] NNLI, = GNLI(f)Bch~ The term GNLI(f) is the NLI
power spectral density [29]:

G () = 22 / / GG )Gy +f5 — )

| — e=20Lopan g BLG 2= [°
20 — jAT2 Bo(fi — )2 — f)

where y is the fiber nonlinearity coefficient, 8; is the group
velocity dispersion coefficient, and Grx(f) is the power spec-
tral density of the overall WDM transmitted channels. For a
detailed derivation Eq. 5 the reader is referred to [29, Sec. IV].

The fiber parameters used for the calculations of the max-
imum achievable reach used throughout this work are shown
in Table 1. The used parameters correspond to a standard sin-
gle mode fiber (SMF), compiling with the ITU-T G.652 rec-
ommendations [32].

For simplicity, we assume that the optical reference band-
width is equal to the symbol rate. Under this assumption,
and using a matched filter at the receiver, inter-symbol
interference (ISI) remains absent, the relation between the
SNR and the OSNR, using single-polarization, is given
by [30] OSNR = 1/2 x SNR.

At optimum launch power, the MAR is obtained. The
MAR is defined as the maximum number of spans that
can be transmitted for a BER threshold at optimum launch
power. The SNR is related to BER; in general, higher SNR
values allow for lower BER values. For example, quadra-
ture phase-shift keying (QPSK) modulation has a low SNR

dfdf,, (5)
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TABLE 1. Fiber parameters for maximum reach calculation.

Parameter | Symbol | Value
Fiber parameters

Attenuation Coefficient @ 0.22 dB/km
Chromatic Dispersion Coefficient B 721‘3ps.2km*1
Nonlinear coefficient 0% 1.3W~1km™!
Optical Reference Bandwidth Aves 12.5 GHz
Span length Lspan 80 km
Amplifier parameters

Noise Figure | Fepra | 5dB
Signal parameters

Carrier Frequency v 193.5 THz
Channel bandwidth Ben 12.5 GHz

TABLE 2. Required OSNR for various modulation formats to achieve a
certain quality of transmission.

Modulation|Bit-rate| Required OSNR (dB)
Format |(Gbps)|BER=10"% BER=10"° BER=10"12
BPSK 12.5 7.5 9.5 10.5
QPSK 25 10.5 12.5 13.5
8-QAM | 37.5 13.5 16 17
16-QAM | 50 17 19 20.5
32-QAM | 62.5 20 22 23.5
64-QAM | 75 23 25 26.5

requirement, which implies that a long transmission distance
is possible. On the other hand, higher quadrature amplitude
modulation (QAM) constellations can carry more traffic, but
with higher SNR requirements, they reach shorter distances.
Modulation formats considered here are BPSK, QPSK, 8-
QAM, 16-QAM, 32-QAM, and 64-QAM, each with a BER
threshold of 10_6, 10_9, and 1012, To estimate the required
SNR to satisfy the BER thresholds the following relationship
was used [33]:

1 [SNR A
BER, _ = —erfi _ ], 6
A—PSK ZGFC( . Bch) (6)

1 1
BER — =—[(1——
Ty

-erfc ( _3SNR_ Aref) , @)
V2(A = 1) Ba

where BERA_psk and BERA_pam represent the BER
obtained using PSK and QAM, respectively, with a con-
stellation of cardinality A. A represents the bits encoded
in each constellation symbol, such that A = 2* . From
equations 6 and 7, the SNR was obtained using the inverse
complementary error function for each modulation format.
Table 2 presents the required OSNR to achieve the BER
thresholds and the bit-rate carried by each modulation format
on a WDM channel using a single FSU.

Finally, using the OSNR thresholds from Table 2, the MAR
was obtained. The MAR for each modulation format is shown
in Table 3. This maximum reach represents the distance con-
straint in the modulation level selection in the BER-adaptive
RMLSA algorithm proposed.
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TABLE 3. Maximum achievable reach (MAR) for modulation formats and
BERs under study for a used bandwidth of C = 320 FSUs.

Modulation Maximum achievable reach (km)
Format |[BER =107 BER=10"° BER=10"12
BPSK 5520 3440 2720
QPSK 2720 1680 1360
8-QAM 1360 720 560
16-QAM 560 320 240
32-QAM 240 160 80
64-QAM 30 80 0

FIGURE 3. NSFnet network topology with the lengths of every optical link
(in km).

IV. NUMERICAL EXAMPLES

In this section, we illustrate the performance of our
BER-Adaptive proposal by comparing its output with several
fixed BER thresholds approaches using 10712, 1079, and
107° values for their BER bounds on the NSFNet network
topology (shown in Figure 3). Remark that, these BER values
are standard bounds found in the literature [18], [19], [21].

The BER-adaptive RMLSA performance was evaluated
using an event-discrete simulator based on C++. The sim-
ulation was made to represent how elastic optical net-
works behave, emulating the network operation and its
technological restrictions. Each event on the simulator rep-
resents a connection request or release. Each connection
requirement (defined by a source-destination pair and a
bit rate) follows an ON-OFF traffic model. ON and OFF
periods are exponentially distributed, with mean values
denoted by tony and forr, respectively. Observe that we
address here the general case where the traffic load is
assumed the same for all users, the so-called homogeneous
situation.

All network users have different bit-rate demands, which
are generated arbitrarily. The procedure chooses randomly
between 10, 40, 100, 400, and 1000 Gbps values. Remark that
we use the same seed in order to obtain the same ran-
dom bit-rate requests. To translate the bit-rate demands
to spectrum requirements, Table 4 illustrates the spectrum
requirements in terms of the number of FSU and GHz for
each bit-rate and modulation format combination. Then, for
a given transmission request, the simulation computes the
bandwidth demand based on the user bit-rate request and the
best possible modulation format if the communication dis-
tance does not exceed the maximum achievable reach (MAR)
displayed in Table 3.
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TABLE 4. Spectrum requirements in terms of FSUs and GHz for each bit
rate and modulation format pair.

Bitrate | Modulation | Bandwidth | Bandwidth
(Gbps) format (FSU) (GHz)
10 BPSK 1 12.5
40 BPSK 4 50
40 QPSK 2 25
40 8-QAM 2 25
40 16-QAM 1 12.5
40 32-QAM 1 12.5
40 64-QAM 1 12.5
100 BPSK 8 100
100 QPSK 4 50
100 8-QAM 3 37.5
100 16-QAM 2 25
100 32-QAM 2 25
100 64-QAM 2 25
400 BPSK 32 400
400 QPSK 16 200
400 8-QAM 11 137.5
400 16-QAM 8 100
400 32-QAM 7 87.5
400 64-QAM 6 75
1000 BPSK 80 1000
1000 QPSK 40 500
1000 8-QAM 27 337.5
1000 16-QAM 20 250
1000 32-QAM 16 200
1000 64-QAM 14 175

We performed these simulations for different traffic loads,
bit-rates, modulation formats, and the number of regen-
erators per node. Table 5 shows the values of the rele-
vant parameters needed to perform the different simulation
scenarios.

A. PERFORMANCE METRICS

The most critical metric on dynamic networks is the blocking
probability, which is the chance of rejection for a given com-
munication request. In wide-area optical networks, the block-
ing probability depends on two situations in the network.
First, a possible lack of available resources on the user path
in terms of FSU, thus, a capacity-related blocking proba-
bility. We denote this as Capacity Blocking (CB). Second,
for a given transmission request, despite the routing strategy,
the chosen path may be too long with no regenerator devices
available on the path, resulting in a reach-based blocking
probability. We called it Reach Blocking (RB). Therefore,
the overall blocking probability (13) can be computed as:

B=CB+RB. (8)
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TABLE 5. Simulation parameters.

Parameter Value
Resource allocation algorithm Algorithm 1
BERw, 10712,107°,1075
Topology NSFNet
Number of connection requests 107
Traffic load (o(s,q)) 0.1-0.9
Number of FSU by link 320 (12.5 GHz by slot)
Bit rates 10, 40, 100, 400, 1000 Gbps

BPSK, QPSK, 8-QAM,
16-QAM, 32-QAM, 64-QAM

Modulation formats

Optical reach Table 3
Bandwidth (FSU) Table 4
Regeneration devices per node 0,3,5

Some new performance metrics to evaluate the proposed
BER-adaptive algorithm and compare it to Fixed BER
approaches have been included. To evaluate the proportion
of chosen modulation format on the strategies analyzed here,
we foresee two possible cases: no-regenerator scenarios and
considering one (or more) 3R regenerators per node. In a
no-regenerator scenario, evaluating the proportion of modu-
lation format used in the network is a straightforward task.
Let R be the list of successful connection requests made
by all the users of the networks, with cardinality R. Then,
consider the subset R 4, with R ry; C R, as the subset of
request using the j-th modulation format in M, this is M/,
with cardinality R 4. This definition is applied to all the
modulation formats listed in Table 5. Evidently, this leads to
the following:

R= Z R 9
YMie M
Then, to compute the proportion of modulation format used
in the network, we compute:
R i

PPy = 2/‘ : (10)

On the other hand, in a scenario with 3R regenerator
devices installed on some network nodes, some user request
may use a given modulation format for the first segment of
the path, and a different one on the remaining segment. Then,
to accurately assess the proportion of modulation format used
in the network, we do as follows.

Let H, be the length on the path used by the r-th request
measured as the number of links, and H,(MY) be the number
of links of the r-th request using the M/. Then, to compute
the proportion of the chosen modulation level in the network,
we compute:

PPy, = a% y (11)
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Remark that this methodology distributes the modulation
level used by the user path length measured as the number of
links.

Next, the analysis of the results for the proposed
BER-Adaptive RMLSA compared to fixed BER RMLSA
strategies is presented. First, the case considering nodes with-
out regenerator devices denoted as the Transparent case is
studied. Second, the case taking into account regenerators on
the network nodes, called Translucent case, is presented.

B. TRANSPARENT CASE

Here we present the case where no regeneration is taking
place on the network focusing on the performance of the
strategies in a transparent case.

Figure 4 presents the results of the BER-Adaptive approach
and the Fixed BER strategies with 10712, 1072, and 10~°
BER thresholds with O regenerators deployed on the network
nodes. The first chart (a) presents the blocking probability B
obtained using the mentioned approaches as a function of the
traffic load of the network users. The second one (b) presents
the contribution to the blocking probability made by reach
(RB) or capacity (CB) blocking for each approach. The third
chart (c) presents the proportion of users achieving a BER
better than 10712, 107, and 107® on the BER-Adaptive
scheme. Finally, the fourth chart (d) presents the proportion
of users using 16QAM, 8QAM, QPSK, and BPSK as a mod-
ulation format for all the studied RMLSA strategies. Figure 4
illustrates that in this network, modulation formats with order
higher than 16-QAM are not needed since link distances are
in general long due to the NSFNet topology.

As shown in Figure 4, the blocking probability B decreases
when the BER threshold is relaxed for fixed BER approaches.
In this scenario our proposal obtains similar blocking prob-
ability compared to the approach with a fixed BER of 107°.
For a traffic load of 0.3, blocking probabilities of 1.14 - 102
and 7.80 - 1073 were obtained for the proposed method and
the fixed BER of 10~ approach, respectively. These results
can be explained since strict BER thresholds, such as BER
10~ and 10~'2, are mainly blocked by reach. This occurs
because those QoT thresholds are too strict for the users to
achieve communication in the NSFNet network, see MAR
in Table 3. Our BER-Adaptive proposal performs similar
to the BER 1079 strategy in terms of reach blocking, but
the capacity blocking is a slightly higher, as exemplified
in Figure 4 chart b), for a traffic load of 0.3 (CB = 1.34-1073
and CB = 1.11 - 1073 for BER-Adaptive and BER 10~°
strategies, respectively).

The difference between BER-Adaptive and BER 107°
strategies can be understood from Figure 4 charts ¢) and
d). Our approach ensures approximately a 57% transmis-
sions with BER 10712 or better, and a 14% extra with 10~°
or better, however, BER-Adaptive performs more transmis-
sions using BPSK compared to the fixed BER 107, This
situation shows that users require more capacity to trans-
mit on the network since BPSK demands more FSU than
any other modulation level for a fixed transmission rate.
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FIGURE 4. Results obtained for 0 regenerators per node case. (a) Blocking probability as function of the user’s traffic load. (b) Different
contributions of blocked connection requirements due to reach or capacity considering a traffic load equal to 0.3. (c) Proportion of different BER
threshold used in the Adaptive algorithm. (d) Proportion of different modulation formats used for the studied algorithms considering a traffic load

of 0.3.

This conclusion explains the higher capacity blocking prob-
ability of the BER-Adaptive scheme versus the BER 107°.
These results are explained since the BER-Adaptive algo-
rithm prioritizes a better QoT over the bandwidth efficiency
of the modulation format.

C. TRANSLUCENT CASE

In this subsection, we present the general case where several

regeneration devices are deployed on the network nodes.
Figure 5 shows the outcomes of the BER-Adaptive

approach and the Fixed BER strategies with 10712,

10~%, and 107 BER thresholds considering 3 regenera-

tors per node. The first chart (a) illustrates the blocking

128026

probability B obtained by the previous strategies as a function
of the user’s mean traffic load. The second chart (b) presents
the contribution to the blocking probability made by reach
(RB) or capacity (CB) blocking to the approaches analyzed
here. The third chart (c) shows the proportion of users achiev-
ing a BER better than 10712, 107, and 106 on our proposal.
The last chart (d) presents the proportion of users using
16QAM, 8QAM, QPSK, and BPSK as a modulation level on
the RMLSA schemes.

Similarly, Figure 6 illustrates the results of the
BER-Adaptive and Fixed BER strategies with 10712, 1079,
and 10~ BER thresholds considering 5 regenerators per
network node, with the same charts as the previous Figure.
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FIGURE 5. Results obtained for 3 regenerators per node case. (a) Blocking probability as function of the user’s traffic load. (b) Different
contributions of blocked connection requirements due to reach or capacity considering a traffic load equal to 0.3. (c) Proportion of different BER
threshold used in the Adaptive algorithm. (d) Proportion of different modulation formats used for the studied algorithms considering a traffic load

of 0.3.

First of all, we can contrast the a) charts from Figures 4, 5,
and 6 and visualize that deploying regenerators decreases
the blocking probability. For instance, Table 6 displays the
blocking probability achieved by our BER-Adaptive proposal
and the fixed BER methods with 0, 3, and 5 regenerators per
node, for a standard value of traffic load (o = 0.3 [4]). As dis-
played in Table 6, despite the method analyzed, the blocking
probability decreases when regenerators are added. This sit-
uation can be explained since regenerator devices allow to
increase the number of users reaching their destinations, thus
decreasing the reach blocking probability (R5). Also, these
devices allow users to choose a more complex modulation
level since it is easier to reach their destination nodes, thus
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demanding in general less capacity in terms of FSU, and
therefore decreasing the capacity blocking probability (C15).

On another note, in both Figures 5 and 6, we can see that,
again, on relaxing the BER thresholds, the blocking proba-
bility decreases on the fixed BER techniques. In Figure 5,
the BER-Adaptive proposal performs slightly better than the
fixed BER 107 strategy. As a matter of fact, in Figure 6,
we can see that the blocking probability decreases even
more for the BER-Adaptive method. This behavior can be
attributed mainly to the reduction of R, as seen in chart b)
in Figures 5 and 6. Additionally, in both figures, the blocking
probability for BER 10™° and BER 107!? strategies are
primarily due to the reach blocking probability despite the use
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FIGURE 6. Results obtained for 5 regenerators per node case. (a) Blocking probability as function of the user’s traffic load. (b) Different
contributions of blocked connection requirements due to reach or capacity considering a traffic load equal to 0.3. (c) Proportion of different BER
threshold used in the Adaptive algorithm. (d) Proportion of different modulation formats used for the studied algorithms considering a traffic load

of 0.3.

of regeneration devices in the network nodes. As illustrated
in chart ¢) from Figures 5 and 6, for the BER-Adaptive case,
roughly 80% of the connections guarantee a BER of 10712,
and almost 100% of them ensure a BER of 10~ for a traffic
load value of o = 0.3. Consequently, the BER-Adaptive
strategy achieves a high quality of transmission with low
blocking probability.

Comparing the BER-Adaptive and BER 10~¢ approaches
in Figure 5 chart b), we can see that they perform similarly in
a traffic load equal to 0.3. However, the blocking situations
differ since the BER-Adaptive proposal incurs in less reach
blocking and more capacity blocking than fixed BER 1076
technique. Figure 6 shows even more differences between
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the BER-Adaptive strategy compared to fixed BER threshold
methods. The blocking probability of our proposal is consid-
erably lower than any other approach, even compared to the
BER 10~ approach.

To understand these differences, we add Tables 7 and 8,
illustrating the number of transparent and translucent con-
nections achieved by the BER-Adaptive and BER 107
techniques using 3 and 5 regenerator devices per node,
respectively. The main difference is the number of transpar-
ent connections established. The fixed BER 10~ approach
establishes 9.92 - 10° (99.23%) and 9.79 - 10° (97.94%)
transparent successful connections using 3 and 5 regenerator
devices per node. This conduct occurs due to BER 1076
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TABLE 6. Blocking Probability obtained by BER-Adaptive and fixed BER
approaches with 0, 3 and 5 regenerators per node for a traffic load of
0 =0.3.

TABLE 8. The number of established connections for each available
route k, using 5 regenerators by node.

BER 10~° 2.72-1071 | 7.95.1072 | 3.78-1072
BER 1072 | 420-107% | 1.66-10"1 | 1.42-1071

TABLE 7. The number of established connections for each available
route k, using 3 regenerators by node.

Path BER-Adaptive BER 106
used (k) | Transparent Translucent | Transparent Translucent
1 5.78-106  3.61-10° | 9.79-10°  6.26-10*
2 5.84-10% 4.15-10° 1.23-10° 1.09 - 10*
3 0 1.24-10° | 4.00-10° 0

technique defines a very relaxed BER threshold, which can be
achieved by almost every connection request, but the largest
ones (in km). Therefore, the BER 107 strategy has low
regenerator device usage.

On the other hand, the BER-Adaptive approach establishes
5.84-10° (58.4%) and 3.72-10° (37.27%) transparent connec-
tions with 3 and 5 regenerator devices per node, respectively
(as seen in Table 7 and 8). This performance is justified by
the nature of the BER-Adaptive algorithm, which prioritizes
the use of a strict BER threshold, in order to maintain a high
quality of transmission (QoT), relying more on the use of
regenerator devices (it successfully communicates 4.14 - 10°
and 6.26 - 10° translucent connections for 3 and 5 regener-
ators per device cases). Only when no regeneration devices
are available on the selected path, BER-Adaptive tries to
establish communication using a less strict BER threshold.
Consequently, high regenerator usage decreases the reach
blocking probability and increases the use of highly efficient
modulation formats. In Figures 5 and 6 chart d), we can
conclude that, while extending the number of regenerator
devices, the number of connections using complex mod-
ulation increases. For instance, a 14% of connections use
16QAM modulation format with 5 regenerators per device,
compared with a 9% for the 3 regenerators per node case, and
a 5% in the transparent case. Nevertheless, for long connec-
tions, the preference for a strict BER threshold restricts the
modulation formats available to the ones with low efficiency.
Then, these users demand a larger number of FSU, increasing
the capacity blocking probability.

V. CONCLUSION

In this work, we present a novel BER-adaptive solution to
solve the routing, modulation format, and spectrum assign-
ment (RMLSA) problem for wide-area elastic optical net-
works. Our proposal customizes the bit-error-rate (BER)
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Path BER-Adaptive BER 1076
Method 0 Regs 3 Regs 5 Regs used (k) | Transparent Translucent | Transparent Translucent
BER-Adaptive | 1.14-1072 | 1.50-10~* | 1.80-10~° ! 3.72-10°  541-10° | 9.66-10°  1.92-10°
BER 10-° | 7.80-103 | 243-10~* | 5.00.10? 2 0 748100 | L24-10° 119107
. : : 3 0 1.10-10° | 3.30-10° 0

threshold adaptively, increasing the chance to transmit -even
in long-distance connections- with the strictest BER and the
most efficient modulation format possible. However, in wide-
area networks, the accumulation of physical layer impair-
ments (PLI) limits the possibility of achieving transparent
transmissions. Then, we consider the use of one 3R regen-
eration device per connection request.

Numerical examples compare the BER-Adaptive strategy
with standard fixed BER threshold criteria, using 109,107,
and 10~!2 BER values. In a nutshell, our proposal achieves
similar (and sometimes better) blocking probability than the
more relaxed BER threshold value (10~%), but ensures a much
higher quality of transmissions to most of the connection
request. For instance, in a 0 regenerator scenario, 60% and
75% of the connection requests guarantee a BER of 10712
and 107, respectively. On the other hand, with regeneration
devices, 90% and 99% of the connection request guarantee a
BER of 107!2 and 107, respectively.

The results show the importance of using 3R regenera-
tion devices, and to adjust the BER thresholds adaptively to
maximize the successful connection rate in wide-area elastic
optical networks. This way, we can find a balance between
the quality level of each transmission request and the quality
of service offered to each network user.

REFERENCES

[1] V. Lépez and L. Velasco, Eds., Elastic Optical Networks. Cham,
Switzerland: Springer, 2016.

[2] H. Waldman, “The impending optical network capacity crunch,” in Proc.
SBFoton Conf., 2018, pp. 1-4.

[3] A.D. Ellis, N. M. Suibhne, D. Saad, and D. N. Payne, ‘“Communication

networks beyond the capacity crunch,” Phil. Trans. Roy. Soc. A, Math.,

Phys. Eng. Sci., vol. 374, no. 2062, Mar. 2016, Art. no. 20150191.

A. Saleh and J. Simmons, “Technology and architecture to enable the

explosive growth of the Internet,” IEEE Commun. Mag., vol. 49, no. 1,

pp. 126-132, Jan. 2011.

[5] R. Zhu, S. Li, P. Wang, Y. Tan, and J. Yuan, ““Gradual migration of co-
existing fixed/flexible optical networks for cloud-fog computing,” IEEE
Access, vol. 8, pp. 50637-50647, 2020.

[4

=

[6] 1. B. Villy, Teletraffic Engineering Handbook. Lyngby, Denmark: ITU-D
SG, 2002.
[7]1 O. Gerstel, M. Jinno, A. Lord, and S. J. Yoo, “Elastic optical networking:

A new dawn for the optical layer?” IEEE Commun. Mag., vol. 50, no. 2,
pp. s12-s20, Feb. 2012.
[8] J. Yuan, R. Zhu, Y. Zhao, Q. Zhang, X. Li, D. Zhang, and
A. Samuel, “A spectrum assignment algorithm in elastic optical net-
work with minimum sum of weighted resource reductions in all asso-
ciated paths,” J. Lightw. Technol., vol. 37, no. 21, pp.5583-5592,
Nov. 1, 2019.
J. Yuan, Y. Fu, R. Zhu, X. Li, Q. Zhang, J. Zhang, and A. Samuel,
“A  constrained-lower-indexed-block spectrum assignment policy in
elastic optical networks,” Opt. Switching Netw., vol. 33, pp.25-33,
Jul. 2019.

9

—

128029



IEEE Access

F. 1. Calderdn et al.: BER-Adaptive RMLSA Algorithm for Wide-Area Flexible Optical Networks

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

X. Luo, Y. Zhao, X. Chen, L. Wang, M. Zhang, J. Zhang, Y. Ji,
H. Wang, and T. Wang, ““Manycast routing, modulation level and spectrum
assignment over elastic optical networks,” Opt. Fiber Technol., vol. 36,
pp. 317-326, Jul. 2017.

A. Fontinele, I. Santos, J. N. Neto, D. R. Campelo, and A. Soares, “‘An effi-
cient IJA-RMLSA algorithm for transparent elastic optical networks,”
Comput. Netw., vol. 118, pp. 1-14, May 2017.

X.Li, S. Huang, S. Yin, B. Guo, Y. Zhao, J. Zhang, M. Zhang, and W. Gu,
“Distance-adaptive routing, modulation level and spectrum allocation
(RMLSA) in k-node (edge) content connected elastic optical datacenter
networks,” in Proc. 21st Optoelectron. Commun. Conf. (OECC), Held
Jointly With Int. Conf. Photon. Switching (PS), 2016, pp. 1-3.

T. Hashimoto, K. I. Baba, and S. Simojo, “A study on routing, modu-
lation level, and spectrum allocation algorithms for elastic optical path
networks,” in Proc. 3rd Int. Conf. Photon. (ICP), 2012. pp. 395-399.

M. Klinkowski, K. Walkowiak, and M. Jaworski, “Off-line algorithms
for routing, modulation level, and spectrum assignment in elastic optical
networks,” in Proc. 13th Int. Conf. Transparent Opt. Netw., Jun. 2011,
pp. 1-6.

K. Wen, Y. Yin, D. J. Geisler, S. Chang, and S. J. B. Yoo, “Dynamic on-
demand lightpath provisioning using spectral defragmentation in flexible
bandwidth networks,” in Proc. 37th Eur. Conf. Exhib. Opt. Commun.,
Washington, DC, USA, vol. 1, 2011, pp. 1-3.

T. Takagi, H. Hasegawa, K. Sato, Y. Sone, B. Kozicki, A. Hirano, and
M. Jinno, “Dynamic routing and frequency slot assignment for elastic
optical path networks that adopt distance adaptive modulation,” in Proc.
Opt. Fiber Commun. Conf./Nat. Fiber Opt. Eng. Conf., 2011, pp. 1-3.

V. A.C. Valeand R. C. Almeida, Jr., ‘“‘Power, routing, modulation level and
spectrum assignment in all-optical and elastic networks,” Opt. Switching
Netw., vol. 32, pp. 14-24, Apr. 2019.

A. Fallahpour, H. Beyranvand, S. A. Nezamalhosseini, and J. A. Salehi,
“Energy efficient routing and spectrum assignment with regenerator place-
ment in elastic optical networks,” J. Lightw. Technol., vol. 32, no. 10,
pp- 2019-2027, May 15, 2014.

H. Beyranvand and J. A. Salehi, “A quality-of-transmission aware dynamic
routing and spectrum assignment scheme for future elastic optical net-
works,” J. Lightw. Technol., vol. 31, no. 18, pp. 3043-3054, Sep. 15, 2013.
P. M. Moura, R. A. Scaraficci, and N. L. S. D. Fonseca, “Algorithm for
energy efficient routing, modulation and spectrum assignment,” in Proc.
IEEE Int. Conf. Commun. (ICC), Jun. 2015, pp. 5961-5966.

M. Aibin and K. Walkowiak, ‘‘Adaptive modulation and regenerator-aware
dynamic routing algorithm in elastic optical networks,” in Proc. IEEE Int.
Conf. Commun. (ICC), London, U.K., Jun. 2015, pp. 5138-5143.

D. A. R. Chaves, E. FE da Silva, C. J. A. Bastos-Filho, H. A. Pereira,
and R. C. Almeida, “Heuristic algorithms for regenerator assignment in
dynamic translucent elastic optical networks,” in Proc. 17th Int. Conf.
Transparent Opt. Netw. (ICTON), Budapest, Hungary, Jul. 2015, pp. 1-4.
D. A. R. Chaves, M. A. Cavalcante, H. A. Pereira, and R. C. Almeida,
“A case study of regenerator placement and regenerator assignment in
dynamic translucent elastic optical networks,” in Proc. 18th Int. Conf.
Transparent Opt. Netw. (ICTON), Trento, Italy, Jul. 2016, pp. 1-4.

I Brasileiro, J. Valdemir, and A. Soares, ‘“Regenerator assignment
with circuit invigorating,” Opt. Switching Netw., vol. 34, pp. 58-66,
Nov. 2019.

1. B. Brasileiro, A. C. B. Soares, and J. V. D. Reis, “Planning and evaluation
of translucent elastic optical networks in terms of cost-benefit,” in Proc.
19th Int. Conf. Transparent Opt. Netw. (ICTON), Girona, Spain, Jul. 2017,
pp. 1-4.

D. Eppstein, “Finding the K shortest paths,” SIAM J. Comput., vol. 28,
no. 2, pp. 652-673, 1999.

B. C. Chatterjee, N. Sarma, and E. Oki, “Routing and spectrum allocation
in elastic optical networks: A tutorial,” IEEE Commun. Surveys Tuts.,
vol. 17, no. 3, pp. 17761800, 3rd Quart., 2015.

P. Poggiolini, G. Bosco, A. Carena, V. Curri, Y. Jiang, and F. Forghieri,
“The GN-model of fiber non-linear propagation and its applications,”
J. Lightw. Technol., vol. 32, no. 4, pp. 694721, Feb. 15, 2014.

P. Poggiolini, G. Bosco, A. Carena, V. Curri, Y. Jiang, and F. Forghieri,
“A detailed analytical derivation of the GN model of non-linear interfer-
ence in coherent optical transmission systems,” 2012, arXiv:1209.0394.
[Online]. Available: http://arxiv.org/abs/1209.0394

R.-J. Essiambre, G. Kramer, P. J. Winzer, G. J. Foschini, and B. Goebel,
“Capacity limits of optical fiber networks,” J. Lightw. Technol., vol. 28,
no. 4, pp. 662-701, Feb. 15, 2010.

128030

[31] D.J. Ives, P. Bayvel, and S. J. Savory, “Adapting transmitter power and
modulation format to improve optical network performance utilizing the
Gaussian noise model of nonlinear impairments,” J. Lightw. Technol.,
vol. 32, no. 21, pp. 4087—4096, Nov. 1, 2014.

[32] Characteristics of a Single-Mode Optical Fiber and Cable, document ITU
G.652, 2016. Accessed: Jun. 21, 2020.

[33] J. Proakis, Digital Communication. New York, NY, USA: McGraw-Hill,
2000.

FELIPE IGNACIO CALDERON received the
B.Sc. degree in electronic engineering from the
Pontificia Universidad Catdlica de Valparaiso
(PUCV), Chile, in 2020. His current interests
include optical networking, fiber optic commu-
nication systems, and optimization and machine
learning.

ASTRID LOZADA received the bachelor’s degree
in telecommunication engineering from the Uni-
versidad Nacional Experimental Politécnica de la
Fuerza Armada, Venezuela, in 2012. She is cur-
rently pursuing the master’s degree in electronic
engineering with the Universidad Técnica Fed-
erico Santa Marfa, Valparaiso, Chile.

DANILO BORQUEZ-PAREDES received the
B.Eng. degree and the professional title in telem-
atics engineering from Universidad Técnica Fed-
erico Santa Marfa (UTFSM), Valparaiso, Chile,
in 2012, and the Ph.D. degree from Universidad
Adolfo Ibafiez, in September 2018. He is cur-
rently a full-time Professor with the Engineering
and Sciences Faculty, Universidad Adolfo Ibaiiez.
His works focus on the dynamic allocation of
resources in flexible optical networks, network vir-
tualization, graph theory, and optimization.

RICARDO OLIVARES received the B.Sc. degree
in electronic engineering from Universidad Téc-
nica Federico Santa Maria (UTFSM), Chile,
in 1983, and the M.Sc. and D.Sc. degrees in electri-
cal engineering from the Pontificia Universidade
Catdlica do Rio de Janeiro, Brazil, in 1994 and
2001, respectively. He has been with the Depart-
ment of Electronic Engineering, UTFSM, since
1986, where he has also been the Head of Depart-
ment, since 2017. His current interests include RF
measurements, fiber optic communication systems, fiber optical sensors, and
nonlinear fiber optics.

ENRIQUE JAVIER DAVALOS (Member, IEEE)
received the degree in electromechanics engineer-
ing, the M.Sc. degree in systems engineering,
and the Ph.D. degree in computer sciences from
the Universidad Nacional de Asuncién, Paraguay,
in 1987, 2010, and 2018, respectively. He worked
at IBM World Trade Corporation as a Global Ser-
. vices Coordinator, from 1987 to 2004, and the Ser-

vices Representative at PSLine S.A., from 2004 to

‘ g 2008. Since 2009, he has been a full-time Professor

and a Researcher with the Facultad Politécnica, Universidad Nacional de
Asuncién. He is the author of 20 articles. His research interests include
optical networks, network security, and multi-objective optimization.

VOLUME 8, 2020



F. I. Calderén et al.: BER-Adaptive RMLSA Algorithm for Wide-Area Flexible Optical Networks

IEEE Access

GABRIEL SAAVEDRA (Member, IEEE) received
the B.Eng. degree in telecommunication engineer-
ing and the M.Sc. degree from the Universidad
de Concepcidn, Chile, in 2013 and 2014, respec-
tively, and the Ph.D. degree from University Col-
lege London (UCL), London, U.K., in 2019. He is
currently an Associate Professor with the Univer-
sidad de Concepcién. His research interests are
nonlinear fiber effects, nonlinear compensation
methods, and digital signal processing for optical
communications.

NICOLAS JARA received the B.Sc. degree in
telematics engineering and the M.Sc. degree in
telematics engineering from Universidad Técnica
Federico Santa Maria (UTFSM), Chile, in 2010,
and the Ph.D. degree on a double graduation pro-
gram from the Université de Rennes I, France, and
UTFSM, in 2017 and 2018, respectively. He is cur-
rently an Assistant Professor with the Department
of Electronics, UTFSM. His current research inter-
ests include optical networks design, networks per-

formability, and simulation techniques.

VOLUME 8, 2020

ARIEL LEIVA (Member, IEEE) received the B.Sc.
degree in electronic engineering and the M.Sc.
degree in electrical engineering from the Pontif-
icia Universidad Catdlica de Valparaiso (PUCV),
Chile, in 2003 and 2007, respectively, and the
Ph.D. degree from Universidad Técnica Federico
Santa Marfa, Valparaiso, Chile, in 2013. He is cur-
rently a Lecturer with PUCV. His current interests
include fiber optic communication systems and
optical networking.

128031



