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Abstract—In this paper, we present a quality-of-transmission
(QoT) aware dynamic routing, modulation level, and spectrum assignment scheme referred to as QoT-aware RSA. The proposed
QoT-aware RSA has three stages: path computation with QoTaware modulation level assignment, path selection, and spectrum
assignment. Two schemes are presented in the path computation
stage namely, modified Dijkstra and K-shortest-path algorithms.
A closed-form expression is derived to model the fiber nonlinearity
effects and the impairments of intermediate routers. This expression is utilized to estimate the network dependent QoT and the
transmission reach of the modulation levels. We propose to select the best path in terms of optical signal-to-noise ratio (OSNR)
metric. Furthermore, the traffic-balancing spectrum assignment
method is utilized to serve the incoming request. The proposed
scheme is evaluated using extensive numerical simulations based
on both random and deterministic traffic models. The results of
simulation reveal that the path selection and spectrum assignment
methods can affect the average OSNR performance. Furthermore,
the results show that the proposed path selection and spectrum
assignment schemes outperform other existing alternatives in the
literature.
Index Terms—Elastic optical networks (EONs), modulation
level and spectrum assignment (RSA), orthogonal frequency division multiplexing (OFDM), optical signal-to-noise ratio (OSNR),
routing.

I. INTRODUCTION
HE emergence of bandwidth hungry Internet services and
multimedia applications such as high-definition television,
3-D video on demand, e-learning, and cloud computing results to
insatiable bandwidth demand in the core networks with speeds
of 100 Gb/s and beyond. To support bandwidth demand, recently, an orthogonal frequency division multiplexing (OFDM)based elastic optical network (EON), referred to as SLICE, has
been proposed [1], [2]. This scheme has been considered as a
promising solution to adaptively allocate spectrally efficient optical bandwidth to an end-to-end optical path [3]. The SLICE
architecture has the potential of choosing modulation format
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and channel bandwidth subject to the transmission distance and
quality of transmission. The introduction of SLICE leads to new
networking challenges, as traditional algorithms of wavelength
division multiplexing (WDM)-based networks are no longer
applicable [3].
Routing and Wavelength Assignment (RWA) is a fundamental problem in WDM-based networks and its analogues in the
SLICE architecture is referred to as Routing, Modulation level
and Spectrum Assignment (RMSA or simply RSA) [4]–[6].
Generally, the differences of RWA and RSA are due to the capability of the SLICE architecture to adapt flexibly the modulation
format and spectrum according to the requested bitrate and the
transmission distance of the determined path. Therefore, the
concerns of RSA are to 1) find the most appropriate route for
the given source and destination pair and 2) assign a contiguous
fraction of frequency spectrum with appropriately modulated
subcarriers.
In the literature, several algorithms have been introduced for
both offline and online RSA problem [4]–[9]. The offline RSA
problem is for the network designing or planning phase, while
the online (dynamic) RSA appears in the operational phase when
new path requests should be served. As in conventional WDM
networks, several researches introduced the impairment-aware
RWA algorithms aiming to improve QoT [10], the concept of
physical layer impairment-aware RSA (IA-RSA) is an essential
issue for SLICE which should be addressed. Especially, in the
SLICE architecture studying IA-RSA due to the detrimental effects of the coexistence of different optical paths operating with
different bitrate and modulation formats is of the utmost importance [11]. Recently, researches are focusing on the impairmentawareness issues in EON.
In [12], an adaptive QoT restoration scheme combining the
methods of lightpath rerouting and modulation-format switching has been proposed and experimentally demonstrated to
overcome the real-time impairments in EONs. Furthermore,
in [13], an adaptive spectrum control and management scheme
has been introduced which includes: dynamic on-demand spectral defragmentation, adaptive combinational QoT restoration,
and supervisory channel-assisted active restoration. Yang and
Kuipers [14] presented an impairment-aware routing and spectrum allocation for translucent EON in which signal impairments are compensated by regeneration at the selectively placed
regenerators.
In this paper, we present a QoT-aware dynamic RSA algorithm utilizing a closed-form analytical model for dynamic QoT
estimation. The proposed dynamic QoT-aware RSA has three
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Fig. 1.
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(a) The architecture of bandwidth variable wavelength cross connect (BV-WXC). (b) Simple six-node elastic bandwidth optical network.

phases: 1) path computation with QoT-aware modulation level
assignment, 2) path selection, and 3) spectrum assignment.
The rest of this paper is organized as follows. Section II describes the considered network architecture and physical layer
model for EON. Section III is devoted to derive a closed-form
relation for the QoT estimation. The proposed dynamic QoTaware RSA is introduced in Section IV. The algorithms evaluation and the simulation results are presented in Section V.
Finally, the paper is concluded in Section VI.

II. SYSTEM DESCRIPTION
A. Network Architecture
In the EON architecture, bandwidth variable optical transponder (BV-OTP) and bandwidth-variable wavelength-crossconnect (BV-WXC) are two essential components. The role
of BV-OTP, which utilizes the multirate and multireach superchannel transceiver [1], is to adapt the client data signal to be
sent to/received from the EON by allocating just enough spectrum and tuning the central frequency. Concurrently, the main
functionalities of the intermediate BV-WXC are add-and-drop
for local signals and switching and routing for transit signals
[see Fig. 1(a)]. Basically, a BV-WXC can be implemented by
utilizing bandwidth-variable wavelength-selective switch (BVWSS) technologies such as liquid crystal on silicon-based BVWSS [15], [16] or Microelectro mechanical system-based BVWSS [17]. Furthermore, the switching granularity of the BVWXC is determined by the filtering bandwidth of the BV-WSS,
which is critical for optically switching lightpaths with elastic
central frequencies and variable bandwidth.
Fig. 1(a) illustrates the architecture of an intermediate BVWXC. In this architecture, the splitter is used to feed the incoming signals to the input of all BV-WSSs. The management and
configuration control unit assigns the optical resources to the
established paths and routes the incoming signals by configuring the BV-WSS modules according to the information from a
forwarding table. In fact, each intermediate node has a forward-

ing table containing the information of the traversing paths.
The pattern of space switching between the input and output
ports is specified in this table. The information of the table updates per network transitions (either lightpath establishment or
termination).
Fig. 1(b) shows a simple six-node EON. As shown, three
variable-bandwidth (BV) lightpaths are established in the network. Each lightpath starts in a BV-OTP at the source node,
traverses transparently through the BV-WXC components at
the intermediate nodes, and ends in a BV-OTP at the destination
node. The spectrum assigned to each lightpath has been tailored
to the actual width of the optical OFDM modulated signals.
From the control layer point of view, the role of RSA in
EON is to compute BV lightpath between a given source and
destination pair, (s, d). Moreover, RSA determines the frequency
slots and their modulation format by considering the requested
bitrate and the transmission distance of the lightpath [4]–[9].
RSA assigns frequency slots subject to the spectrum contiguity
and spectrum continuity constraints [7]. The former indicates
that a continuous fraction of optical spectrum is allocated to a
lightpath, while the latter means the assigned spectrum ranges
are the same for all links on the routing path.
In this paper, we employ segment-based spectrum representation [9] in which spectrum of path i is specified by (fL (i) , fU (i) ),
where fL (i) and fU (i) are the lower and upper frequency of
the spectrum with the bandwidth ΔBWi = (fU (i) − fL (i) ).
The segment-based notation is preferred because it has lower
computation complexity than the slot-based representation [9].
In this
 notation, all the occupied spectrum are denoted by the
set (fL (1) , fU (1) ), (fL (2) , fU (2) ), . . . , (fL (N ) , fU (N ) ) which
hereafter referred to as occupied spectrum vector (OSV). The
aggregated spectrum along a route can be obtained by the
union operation over OSVs of all links on the routing path. On
the other hand, the unoccupied spectrum of a link is obtained
by computing the complement of OSV. Let USV denote the
unoccupied spectrum vector (USV), then USV = OSV. As an
example, consider lightpath 1 in Fig. 1(b), and assume that
fL (1) = 10 GHz, fU (1) = 50 GHz, fL (2) = 90 GHz, fU (2) =
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170 GHz; hence, we have OSV(1,2) = {(10, 50), (90, 170)},
OSV(2,4) = OSV(4,6) = {(10, 50)}, where OSV(i,j ) denotes
the OSV of the link between nodes i and j. In this example, OSVof lightpath
 1, OSV1 , is obtained by computing
OSV(1,2) OSV(2,4) OSV(4,6) , which is equal to OSV(1,2)
(since OSV(2,4) = OSV(4,6) ⊂ OSV(1,2) ). Moreover, USV
of lightpath 1, USV1 , is obtained complementing OSV1 as
USV1 = {(0, 10), (50, 90), (170, B)}, where B is the total
bandwidth of the fiber link.
B. Physical Layer Model
In SLICE, client data are transmitted by employing optical OFDM technique in which n low-rate orthogonal subcarriers with the symbol rate of BR (baud) are modulated by mquadrature amplitude modulation (m-QAM), where m = 4, 8,
16, 32, 64. The TR of the modulation levels is determined by the
required optical signal-to-noise ratio (OSNR) corresponding to
the acceptable bit error rate (BER), e.g., 10−4 [18].
In the linear region of optical OFDM, TR is limited by the
amplified spontaneous emission (ASE) noise, while in the nonlinear region it is limited by the fiber nonlinearities such as
four-wave-mixing (FWM), cross-phase-modulation, and selfphase-modulation. Typically, for a given acceptable BER, the
maximum TR of each modulation level is achieved at a fiber
input power for which the degradation due to the accumulated
noises and fiber nonlinearities are equal [18].
It is noted that the add-and-drop and switching functionalities
of intermediate BV-WXC result in interpath crosstalk. Furthermore, the filtering effect of BV-WSS causes power penalty for
the edge subcarriers of each spectrum [19]. Hence, along a path
where intermediate BV-WXCs are cascaded, these penalties are
accumulated which lead to OSNR degradation or equivalently
TR reduction.
By adapting the OFDM modulation format based on the accumulated noises and nonlinearity impairment, we can acquire further elasticity for SLICE. Jinno et al., [3] introduced a distanceadaptive RSA algorithm minimizing the required spectrum. This
algorithm selects the higher modulation level that qualifies the
TR constraint of the routing path.
In the previous RSA algorithms, the modulation level was
maximized subject to the TR constraint, i.e., TRm < PTD,
where TRm and PTD denote the TR of the m-QAM and the
path transmission distance, respectively [3]–[9]. However, the
real-time network status was not considered to determine the
modulation format. In this paper, we present a new scheme considering the real-time network status to select the modulation
format. To this aim, in addition to the accumulated ASE noises,
the fiber nonlinearities and the impairments of BV-WXC are
taken into account in the QoT estimation.
III. QUALITY OF TRANSMISSION ESTIMATION
In order to estimate the QoT of each elastic spectrum path
in EON, a closed-form expression is necessary to model the
accumulated ASE noise, the fiber nonlinearities corresponding
to the network status, and OSNR degradation imposed by BVWXC. For this purpose, we evaluate the fiber impairments of
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EON by extending the closed-form analytical expression derived for a coherent optical OFDM (CO-OFDM) system with
frequency guard band [20]. Then, we estimate the impairments
of BV-WXC as an OSNR penalty factor.
In [20], Gao, et al., derived the noise spectral density induced
by the fiber nonlinearities (INL ) for a multichannel CO-OFDM
system. They obtained INL considering 2N+1 equal-bandwidth
CO-OFDM channels with bandwidth of B1 GHz which are
separated by the frequency gap of Δg GHz as follows [20]:


  
B
γ 2 Ns h e I 3
Δg
Δg
ln(2N − 1)
INL ≈
−
1−
ln
πα |β2 |
ΔB
B0
ΔB
(1)
where γ, Ns , I, α, β2 are the nonlinearity coefficient, number
of fiber spans, launch power spectral density, attenuation parameter, and group-velocity dispersion parameter, respectively.
Furthermore, he is the nonlinear multispan noise enhancement
factor given by [21]
he =

2 Ns − 1 + e−α ζ L N s − Ns e−α ζ L e−α ζ L
Ns (e−α ζ L − 1)

2

+1

(2)

where L is the length of each span, and ζ denotes the residual
2
dispersion ratio. In addition, ΔB = B1 + Δg and B0 = 4fBw ,
where B is the total fiber bandwidth and fw =

1
2π

α
|β 2 | .

It

is noted that (1) was derived for large-bandwidth assumption
(B  fw ). In Appendix, we have modified the Gao et al.’s
[20] analytical model to obtain INL for an unequal-bandwidth
multichannels link of EON as follows:
⎛
N  f L ( n ) −f U ( n −1 )  ⎞
n =1
γ 2 Ns h e I 3 ⎝
2π f P2 A

⎠
1− 
INL =
f
N
c
(
n
) −f c ( n −1 )
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2
n =1
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B
B0


−

N
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2π f P A

fL (n )



fU (n −1)

.

(3)

where fc(n ) is the center frequency of the nth channel, and
. By rewriting (3) in a more concise expresfP A = √ 1
2π

|β 2 |L ζ

sion, INL can be written as
 2
I
INL =
I
I0
⎛

N  f L ( n ) −f U ( n −1 )  ⎞−0.5
n =1
πα|β2 | ⎝
2π f P2 A

⎠
I0 =
1− 
2
f
N
c ( n ) −f c ( n −1 )
γ Ns h e
2
n =1


× ln



B
B0


−

N

n =1


ln

2π f P A

fL (n )
fU (n −1)

−0.5
.

(4)

It should be noted that (4) is applicable for multichannels
either equal or unequal bandwidth SLICE spectrum whereas it
cannot be employed for the single channel system (e.g., a scenario in which only one spectrum segment of a path is occupied).
However, the relation obtained for the OFDM system without
guard band in [21] can be utilized for the scenario of a single
channel SLICE spectrum.
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The signal spectral density (I) in the
presence of the fiber
 
−

I
I0

2

TABLE I
NOTATIONS USED FOR QOT-AWARE RSA

. Hence, OSNR in
nonlinearity noises is disturbed as Ie
the presence of ASE and the nonlinearity noises can be obtained
as
−

OSNR =

Ie



I
I0

2

−

n0 + I − Ie



I
I0

2

∼
=

I
 2
n0 + I II0

(5)

where n0 stands for the accumulated ASE noise which is computed as n0 = 0.5Ns eα L hνNF [21], where h is the Planck
constant, ν denotes the light frequency, and NF indicates the
noise figure of the optical amplifier.
We model the impairments of each intermediate BV-WXC
by a noise penalty factor (NPF (dB)). Hence, the end-to-end
OSNR (OSNRe−e ) of a path with hop count of Hc , is given by
OSNRe−e =

I
 2 − Hc × NPF .
n0 + I II0

(6)

It is worth mentioning that (6) can be utilized to estimate
the transmission reach of the modulation levels by computing
TRm = L × Ns(opt) where
Ns(opt) = max{NS }
s.t. OSNRe−e ≥ QoTth(m ) && I = Iopt .

(7a)
(7b)

where QoTth(m ) represents the QoT threshold of the mth modulation level which is determined by the given desired BER,
and Iopt denotes the optimum value of launch power spectral
density (I) maximizing (6). By setting all the physical layer
parameters in (2), (4), and (6), we can consider OSNRe−e as a
double-variable function versus Ns and I. This double-variable
function for a fixed I is descending versus Ns . However, this
function for a fixed Ns is concave versus I which takes its
maximum at I = Iopt . Hence, in (7) we calculate the possible
maximum value of Ns such that OSNRe−e ≥ QoTth(m ) and I
is fixed to Iopt .
IV. DYNAMIC QOT-AWARE RSA
In an EON, once a lightpath request arrives, the proposed
dynamic QoT-aware RSA begins to find all the candidate paths
and determine their unoccupied spectrum with the appropriate
modulation format. Then, it selects a path qualifying the necessary QoT constraint. Finally, it assigns spectrum segment based
on the allocated modulation level and requested bitrate. If no
path is found in the path computation phase, lightpath request
is blocked due to the network busyness. If no path is selected
in the path selection phase, the blocking is because of the poor
QoT conditions.
A. Path Computation With QoT-Aware Modulation
Level Assignment
In this paper, we consider two path computation methods,
namely, modif ied Dijkstra and K-shortest path.
1) Modified Dijkstra Path Computation (MD-PC):
Algorithm 1 is a modified version of Dijkstra shortest path al-

gorithm which computes all the possible paths between a given
source and destinations pair, and jointly determines the unoccupied spectrum and the modulation format for each candidate
path. Unlike the Dijkstra shortest path algorithm, Algorithm 1
computes all the possible paths with different USV. However,
in the scenario that there are two paths with different routes but
the same USV, it returns one path by designating the path with
the shortest transmission distance. The employed notations in
the algorithm are summarized in Table I.
The inputs of the algorithm are the graph of the network
topology denoted by G(M, E), the link-state vectors which
specify the unoccupied spectrum intervals of all links (USV),
and the lightpath request {(s, d), R}. In the first step of the
algorithm, all the parameters are initialized. At the beginning,
all the nodes are unvisited with transmission distance of ∞,
and the USV and Par vectors for all nodes are empty (∅) (lines
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2–4 set these values), where Par denotes the parent nodes in
the Dijkstra algorithm. Then, the source node (s) is visited,
and its neighboring nodes are added to the spanning tree (lines
5–10). Note that the condition at line 7 checks to add only
the neighboring links with the continuous unoccupied spectrum
which can support the requested bitrate (R).
In the second step, the spanning tree of s is completed. The
loop condition at line 12 is satisfied if there is an unvisited node,
and d has an unvisited index as well. The lines 13 and 14 of
the algorithm determine the next node that should be visited
by finding the unvisited neighbor with the shortest distance,
where x is the index of the unvisited parent of the selected
node (u). It should be noted that once a node is visited, all its
neighboring nodes are added to the spanning tree. Lines 15–26
add all neighbors of the visited node (u) to the spanning tree.
The function M odLev{.} determines the possible modulation
format of each neighbor (n) by considering the common un-
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occupied spectrum
 of the path from s to u and the link (u, n)
(i.e., USVu (x) USV(u ,n ) ), the total transmission distance between s and n, the requested bitrate (R), and the necessary guard
band (Δg). The total transmission distance between s and n is
computed as Du + LT D(u ,n ) , where Du is the distance from
s to u, and LT D(u ,n ) denotes the length of the link between
the nodes u and n. If there is no enough contiguous unoccupied
spectrum to support R, or the estimated QoT cannot qualify
the required constraint, M odLev{.} return 0, and node n is
removed from the spanning tree. On the other hand, if m > 0,
i.e., there is a modulation format to support R, then the node n
is added to the spanning tree by updating its parameters. It is
noted that to determine the modulation format, the maximum
modulation level that has a longer transmission reach than the
given total transmission distance is chosen.
We propose Algorithm 2 to determine the modulation level.
As it can be observed in this algorithm the transmission reach
of each modulation level is estimated by computing OSNRe−e
of the given path by employing (6) and (7). If the estimated
OSNRe−e is greater than the required OSNR of the mth modulation level, referred to as QoTth(m ) , m-QAM can be selected
as the modulation format. In fact, in Algorithm 2 the maximum
modulation level is selected subject to OSNRe−e > QoTth(m ) .
There are two scenarios to update the parameters of the node
n which can be distinguished by
conditions at lines 19 and 20.
In the first scenario, (USVu (x) USV(u ,n ) ) is neither equal
nor subset of the USVn , hence, we should add a new parent to the node n. In this case, the 
parameters of the node n
are updated by inserting [(USVu (x) USV(u ,n ) )], [0], [u, x],
[Du + LT D(u ,n ) ], and [m] at the end of USVn , Vn , P arn , Dn
and M LVn , respectively, where the parameter Vn is a vector
specifying that the parent nodes of n are visited or not, and
M LVn is a vector containing the modulation levels
 of all paths
from s to n. In the second scenario, (USVu (x) USV(u ,n ) ) is
the same as USVn . In this case, if Du + LT D(u ,n ) < Dn , then
the parameters of the node n should be updated. The parameters
of the node n in the second scenario are updated by replacing the values of Dn (k), Vn (k), P arn (k), and M LVn (k) with
where k is
Du + LT D(u ,n ) , [0], [u, x], and [m], respectively,

the index in which USVn (k) = (USVu (x) USV(u ,n ) ).
Finally, in the third step of Algorithm 1, all the candidates
paths are recorded by pursuing the spanning tree from d to s. The
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function F indP ath{.} gets [p, k] and returns the corresponding
path between s and d, where p is a parent node of d (the next
hop toward s), and k is its index. Note that since each node
has a vector of parents, the index of parent acts as a pointer
determining the next parent node.
2) K-Shortest-path Path Computation (KS-PC): In this
method, the standard K-shortest-path algorithm [22], is employed to obtain K candidate paths. Then, the common unoccupied spectrum of each path is computed. The function
M odLev{.} is used to determine the appropriate modulation
formate of the paths by considering PTD and PUSV of each
path, where PUSV denotes path unoccupied spectrum vector. If
M odLev{.} cannot find a modulation format for a given path,
it is dropped. Only paths with m > 0 enter to the next step (i.e.,
the path selection stage), where m is the computed modulation
level by M odLev{.}.
B. Path Selection
The goal of path selection phase is to select the most qualified
path, referred to as dominant path, in terms of QoT metrics
and spectrum efficiency (SE). In the proposed path selection
procedure, all the paths are evaluated to designate the dominate
path by comparing their QoT and SE metrics such as OSNR,
PMLV, PTD and PUSV, where PMLV is the path modulation
level vector. In general, we say that path P1 dominates P2 ,
with notation of P1 > P2 , if: {OSNR1 > OSNR2 & PMLV1 >
PMLV2 & PTD1 < PTD2 & sum(PUSV1 ) > sum(PUSV2 )},
where sum(PUSVi ) denotes the total unoccupied spectrum of
Pi . In the case that one or more of these inequalities are not
met, the two paths are nondominant. We prioritize QoT and
SE benchmarks as OSNR > PMLV > PTD > sum(PUSV), in
order to designate one of the nondominant paths. Hence, to say a
path dominants another, first OSNR parameter is evaluated, and
the path with higher OSNR is chosen. However, if two paths have
the same OSNR, the next benchmark (PMLV) is investigated.
These method is continued until choosing the dominant path.
Algorithm 3 describes the proposed path selection algorithm.
In the next section, we compare the proposed path selection
method, hereafter referred to as Most Dominant Path Selection
(MD-PS), with the following alternates:
1) Maximum Modulation Level-Path Selection (MML-PS): in
this method the path with the maximum modulation level
is selected.
2) Shortest Distance-Path Selection (SD-PS): it selects the
path with the shortest distance.
3) Most Unoccupied Spectrum-Path Selection (MUS-PS): the
path with the most unoccupied spectrum is selected.

cupied spectrum intervals which have bandwidth greater than
ΔF and compare W1 and W2 , which are defined as
N

W1 =

2


(ΔBWi ), W2 =

i = 1&
ΔB Wi ≥ ΔF

N

i = N2
ΔB Wi

(ΔBWi ).

+ 1&
≥ ΔF

(8)
It is worthy to notethat W1 and W
indicate
the
total
unoccupied
2

spectrum at 0, B2 and B2 , B , respectively. If W1 > W2 , in


the next step, the first half of the spectrum, 0, B2 , otherwise,


the second half, B2 , B , will be investigated. In the next step,

 

the chosen spectrum half, 0, B2 or B2 , B , is divided into two
parts, and the parameters W1 and W2 are computed for the first
and second part, respectively. In this step, the same approach
employed in the first step is used, and one part is chosen. This
procedure proceeds until we have a spectrum interval where
there is only one unoccupied spectrum with the bandwidth of
ΔBW > ΔF .
Unlike the proposed method, first fit-spectrum Assignment
(FF-SA) method selects the first available spectrum with the
lower fL (i) and the bandwidth of ΔBW > ΔF . In addition, in
random fit-spectrum assignment (RF-SA) alternate, a spectrum
characterized with the bandwidth of ΔBW > ΔF is selected
randomly.
V. SIMULATION AND NUMERICAL RESULTS
A. Simulation Framework

C. Spectrum Assignment
We propose a traffic balancing-spectrum assignment (TB-SA)
method, which uniformly distributes the traffic load over the optical spectrum. In TB-SA, first the required bandwidth (ΔF ) is
computed based on therequested
 bitrate and the selected moduR
lation level as ΔF = m ×B
R + 1 BR + Δg [9], where BR
is the symbol rate of each OFDM subcarrier and Δg is the guard
band between two adjacent spectra. Then, we find all the unoc-

In order to evaluate the proposed algorithms (see Algorithm
1–3), we developed a discrete event-based simulator written
in MATLAB. The main part of the simulator is an event driven
engine, where the primary events are lightpath arrival and lightpath departure. In our definition, lightpath arrival specifies the
generation of lightpath request. Once a lightpath arrival event
occurs, the lightpath request is handled using the proposed QoTaware RSA algorithm. If this algorithm finds a path to serve the
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Fig. 2. Topologies used in simulations with fiber length in kilometers marked
on links. (a) NSFNET topology (14 nodes). (b) US Backbone topology (24
nodes).
TABLE II
SIMULATION PARAMETERS
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Fig. 3. The BP performance of different path computation methods over the
NSFNET (a) and US Backbone (b) topologies. The results were obtained using
the MD-PS and TB-SA methods.

TABLE III
COMPUTATIONAL TIME OF DIFFERENT PATH COMPUTATION METHODS

request, the OSV of the lightpath’s links is updated according
to the assigned spectrum; otherwise, the request is blocked. On
the other hand, in the lightpath departure event a lightpath terminates, and the spectrum assigned to the terminated lightpath
is released by updating the OSV of the traversed links.
The numerical results are obtained for two network topologies, NSFNET, and US Backbone, shown in Fig. 2. Furthermore,
the algorithms are evaluated under random and deterministic

traffic models. In the random traffic model, lightpath requests
arrive one-by-one following a Poisson process with arrival rate
of λ, and the holding time of each lightpath follows an exponential distribution with parameter μ. The source and destination
of the requests are randomly chosen among network nodes.
On the other hand, the deterministic traffic model is simulated
considering permanent and constant rate lightpaths specified by
the given traffic matrix. The traffic matrix is generated using
the realistic traffic values measured at the peak-load time [23].
Moreover, the lightpaths are served in descending order with
respect to the bitrate determined in the traffic matrix (from the
highest to the lowest rate).
B. Simulation Metrics and Parameters
The performance of the introduced algorithms is evaluated
by obtaining Blocking Probability (BP) and average OSNR of
the considered network topologies. The BP metric is calculated
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Fig. 4. Evaluating the BP (a and b) and average OSNR (c and d) performances of NSFNET and US Backbone topologies with respect to the impairments induced
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Fig. 6. Comparing the average OSNR performance of different spectrum assignment algorithms over NSFNET (a) and US Backbone (b) topologies using the
KS-PC (K = 4) and MD-PS methods.

as follows:
BP =

Nblo cked
Ntotal

(9)

where Nblo cked and Ntotal denote the number of blocked lightpath requests and the total number of generated lightpath
requests during simulation, respectively. In each simulation,
Ntotal is 105 , and according to (9) BP is calculated by counting
Nblo cked . In addition, the average OSNR of the network is obtained by ensemble averaging the OSNRe−e of all established
lightpaths. Note that the OSNRe−e of each path is given by (6).
Table II summarizes the simulation parameters.
C. Results
In what follows, we discuss the simulation results and evaluate
the performance of the proposed algorithms in terms of BP and
average OSNR benchmarks. The results of random traffic model
are plotted versus the traffic load (in Erlang) which is given by
λ
−1
μ . In all the simulations λ is fixed to 10 , and μ changes from
−4
−1
10 to 10 . Thus, the range of traffic load is [1, 103 ].
Fig. 3 compares the BP performance of the MD-PC and KSPC methods. The depicted results are obtained using MD-PS
and TB-SA as the path selection and the spectrum assignment
algorithms, respectively. Note that in both the methods the modulation level is assigned according to Algorithm 2. From the figure, one can observe that in both the methods the increase of the
traffic load increases BP, which is due to the network busyness
and the poor QoT conditions. Clearly, in high traffic load, the
chance of finding a path with the sufficient free spectrum decreases. Hence, in this condition, each arrived request is blocked
because of the lack of free spectrum. Furthermore, under heavy
traffic load, the QoT metric measured by OSNRe−e is degraded.
In this scenario, MD-PC and KS-PC may find paths with the
adequate free spectrum. However, their OSNRe−e is less than
the acceptable thresholds (QoTth(m ) ), thus, the incoming requests are blocked due to the poor QoT. It is noticeable that the
simulation results of the two topologies have the same trend.
However, for a given traffic load, the BP performance of the US

Backbone topology is higher than that of the NSFNET topology.
This is mainly because the average hope count (Hc ) of the found
paths in the US Backbone topology is greater than that of the
NSFNET topology. Consequently, from (6) we can observe that
paths with higher Hc have a lower OSNRe−e . Therefore, their
BP due to the poor QoT condition is also higher. As shown in
Fig. 3, two path computation methods have the same trend versus traffic load. Therefore, due to the space limitation in what
follows, the path selection and spectrum assignment methods
are investigated only by reporting the result of KS-PC (K = 4)
method.
Table III compares the average computational time of the
MD-PC and KS-PC algorithms, where an Intel i7 3-GHz 8-GB
computer recorded the results. We can observe that the MDPD method has a higher computational time than KS-PC. Also,
the computational time of both algorithms in the US Backbone
topology is higher than the NSFNET topology. This is because
the complexity of the Dijkstra and K-Shortest-path algorithms
increases with respect to the number of network nodes.
In Fig. 4, we evaluate the effect of the impairments induced
by intermediate BV-WXCs. For this purpose, the proposed algorithms have been simulated under three values of NPF , because according to (6), NPF models the impairments of the
intermediate BV-WXCs. It is noteworthy that the results shown
in Fig. 4 were obtained by employing the KS-PC (K = 4),
MD-PS, and TB-SA algorithms. As it can be seen, in the both
topologies by reducing the NPF , the average OSNR and BP are
improved. Furthermore, the increase of traffic load increases the
fiber nonlinearities noises and as a result reduces the average
OSNR.
Fig. 5 analyzes the performance of the different path selection
strategies by utilizing the KS-PC (K = 4) and TB-SA methods.
The simulation results for the both the topologies reveal that
the MD-PS slightly outperforms the other alternatives in terms
of average OSNR. This is due to the fact that MD-PS selects
the path with the maximum OSNRe−e . Consequently, it has
a better average OSNR performance. Apart MD-PS, MUS-PS
selects paths with less occupied spectrum and consequently
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TABLE IV
THE AVERAGE OSNR [dB] OF DIFFERENT PATH SELECTION AND SPECTRUM
ASSIGNMENT METHODS USING THE KS-PC (K = 4) METHOD FOR THE
DETERMINISTIC TRAFFIC MODEL OVER THE NSFNET TOPOLOGY

higher OSNRe−e . Hence, it has a better average OSNR than
MML-PS and SD-PS counterparts.
In Fig. 6, we compare the performance of the different spectrum assignment methods. We obtained these results employing
the KS-PC (K = 4) and MD-PS algorithms. As is shown, under
the light traffic load (traffic load less than 5 Erlang) the three
methods have the same average OSNR performance. With the
increase of traffic load TB-SA outperforms both the RF-SA and
FF-SA counterparts. For example considering the results of the
NSFNET topology, for the traffic load of 35 Erlang, the average
OSNR of TB-SA is about 0.28 dB and 0.39 dB greater than
that of RF-SA and FF-SA, respectively. Furthermore, under the
heavy traffic load, although the average OSNR of TB-SA is
higher than that of FF-SA (about 0.2 dB in both topologies),
TB-SA and RF-SA have the same average OSNR. This is due
to the fact that in the case of heavy traffic load, the number
of the unoccupied spectrum intervals, which can serve the incoming requests, are reduced. Therefore, the random selection
and traffic-balancing approaches have the same output, and as
a result, the increase of the traffic load decreases the superiority
of the TB-SA algorithm with respect to the RF-SA.
We evaluated the performance of the proposed algorithms under the deterministic traffic model by simulating the NSFNET
topology according to the traffic-matrix demand reported in
[23]. The lightpath demands are served in descending order
from the highest to the lowest rate. Table IV compares the
average OSNR of the NSFNET topology utilizing different
path selection and spectrum assignment algorithms, where the
KS-PC (K = 4) method has been utilized in the path computation stage. Interestingly, the simulation results of deterministic
and random traffic models are in agreement. As is shown, the
TB-SA method outperforms its counterparts. For example, in the
case of using the MD-PS algorithm, the average OSNR of the
TB-SA method is about 1.24 dB and 1.12 dB higher than that of
the FF-SA and RF-SA methods, respectively. Furthermore, the
results reveal that the average OSNR of the MD-PS algorithm
is higher than that of the other alternatives. As an instance, in
the scenario of using the TB-SA method, the average OSNR of
MD-PS is about 0.84 dB, 1.61 dB, and 0.48 dB higher than that
of the MML-PS, SD-PS, and MUS-PS methods, respectively.
It is worthy to note that all lightpaths have been served in the
simulated methods. Therefore, BP of all the methods is 0.
VI. CONCLUSION
In this paper, we proposed a dynamic QoT-aware RSA scheme
for EONs. The proposed QoT-aware RSA has three stages: path
computation with QoT-aware modulation level assignment, path
selection, and spectrum assignment. Two algorithms, modified

Dijkstra and K-shortest path, have been introduced to designate
possible paths between the given source and destination and
to determine the modulation level. Furthermore, we derived a
closed-form expression to estimate the OSNR of the established
paths as the QoT benchmark. This relation is useful to estimate
the real-time OSNR and the network dependent transmission
reach of each modulation level.
In order to select the modulation level, first, we estimate
the TR of each modulation level by using the derived closedform relation and considering the spectrum occupancy along
the path. Then, we select the maximum modulation level with
TR greater than the path distance. We proposed to designate the
most dominant path in terms of QoT benchmarks. In addition
to the MD-PS algorithm, we also introduced MML-PS, SDPS, and MUS-PS as the alternatives of MD-PS. Furthermore,
we proposed TB-SA in which lightpaths are served in such a
way that the occupied spectra are uniformly distributed along
the available bandwidth. We compared TB-SA with the other
methods such as FF-SA and RF-SA.
The proposed algorithms were evaluated using extensive simulations based on both the random and deterministic traffic models. The results of simulation parameterized with two traffic
models reveal that both the path selection and spectrum assignment methods affect the network performance. The proposed
MD-PS algorithm has a higher average OSNR than the introduced path selection methods. Furthermore, the results show
that TB-SA slightly outperforms the FF-SA and RF-SA alternatives in terms of the average OSNR.
APPENDIX
DERIVATION OF THE POWER SPECTRAL DENSITY OF FIBER
NONLINEARITY NOISES (INL )
In [21], INL of densely spaced CO-OFDM with negligible
guard band (Δg << B1 ) has been derived as follows:
INL =
where
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where η1 is the FWM efficiency coefficient for single span and
η2 denotes the factor of phase-array effect given by [21]
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Using the aforementioned definitions, INL was derived as [21]
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In [20], these formulations were generalized to compute INL of
an equal-bandwidth multichannels CO-OFDM and (1) has been
derived by computing INL defined in (A-2) as follows

INL =
η1 η2 df df1 (f f1 ∈ BR) = INL,1 − INL,2 (A-4)
where BR denotes
 the integration range of band range specified
as BR = BR1 BR2 where BR1 and BR2 are defined by
!
 "N
B1
B1
, nΔB +
nΔB −
BR1 =
2
2
n =1


B1
BR2 = 0,
.
2


η1 η2 df df1 (f ∈ GR, f1 ∈ BR)

−

(A-5)



where CR = 0, B2 is the continuous range of integration and
GR denotes the gap range given by
#
$N
2n − 1
Δg 2n − 1
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ΔB −
,
ΔB +
.
2
2
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2
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INL,2 = INL,1
ΔB
In the following, we derive INL for a unequal-bandwidth
multichannels CO-OFDM spectrum in which some channels
are empty. It should be noted that this scenario is a common
state of a SLICE spectrum. This is mainly due to the fact that in
SLICE multirate path provisioning results in unequal-bandwidth
multichannels while termination of the paths leads to empty
channels.
In order to obtain INL of SLICE spectrum, first, we compute
INL,1 as follows:
 B B
N  fL ( n )  B

2
2
2
INL,1 =
η1 η2 df df1 −
η1 η2 df df1
0

= INL −
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where fL (n ) and fU (n ) are the lower and upper frequency of
the nth channel, and f1 ∈ [fU (n −1) , fL (n ) ] denotes the empty
spectrum between active channels n − 1 and n. Equation (A-8)
can be rewritten as
N   fL ( n )  ∞

INL,1 = INL −
η1 η2 df df1
n =1

f U ( n −1 )
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Considering (A-3) for integral C1 (n) we have
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Furthermore, based on the reasons presented in [20], the following integral, C2 (n), in comparison to C1 (n) is negligible:
 fL ( n )  ∞
C2 (n) =
η1 η2 df df1 .
(A-11)
B
2

Hence, (A-9) can be simplified as
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In order to compute INL,2 , we utilize the procedure used in [20]
for the equal-bandwidth scenario, as follows:
 B
N  fL ( n )

2
INL,1 ≈
R1 df1 −
R1 df1
0

For equal-bandwidth multichannels CO-OFDM, INL,1 and
INL,2 have been obtained as [20]
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where m = 2n − 1, and

0

fL ( n )
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Furthermore, INL,1 and INL,2 have been defined as [20]

INL,1 =
η1 η2 df df1 (f ∈ CR, f1 ∈ BR)
INL,2 =
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where f2 = f f1 and fc(n ) is the center frequency of the nth
f

+f

channel computed as fc(n ) = L ( n ) 2 U ( n ) . After some mathematical manipulations, analogous to the procedure presented
in [20], it can be shown that
N
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and . denotes the ceiling function. By considering (A-13) and
(A-15), we get
N
MG R (n )
.
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INL,2 = INL,1 nN=1
n =1 MC R (n )
Substituting (A-12) and (A-17) into (A-4), we have
(
'
N
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3054

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 31, NO. 18, SEPTEMBER 15, 2013





× ln

B
B0


−

N



ln

n =1

fL (n )



fU (n −1)

. (A-18)

Finally, using (A-1), (A-16), and (A-18) the spectral density of
fiber nonlinearity noises for a SLICE spectrum is obtained as
⎛
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It is worth mentioning that (A-19) is a general expression modeling either equal or unequal bandwidth multichannel CO-OFDM. This is due to the fact that for the case of
equal-bandwidth multichannel system, fL (n ) − fU (n −1) = Δg,
B +Δ g
, and fU (n −1) =
fc(n ) − fc(n −1) = ΔB, fL (n ) = (2n −1)Δ
2
(2n −1)Δ B −Δ g
; hence, by substituting these parameters into
2
(A-19), we get
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which interestingly is the same as the relation derived in [20]
[(14) in [20] where m = 2n − 1].
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