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ABSTRACT This article proposes an analytical method for determining the traffic characteristics of
multi-service switching networks in elastic optical networks. The method takes into consideration the
limitations of W-S-W (wavelength-space-wavelength) switching networks in the execution of multi-slot
connections in line with the concept of elastic optical networks. The results obtained on the basis of the
developed analytical model are compared with the results obtained from the simulation experiments for a
selected structure of a switching network. The study confirms the high accuracy of the proposed model. The
model can be used to optimize and evaluate the effectiveness of blocking optical switching networks.

INDEX TERMS Elastic optical networks, energy-aware systems, multi-service traffic, optical switches,

switching network, traffic engineering.

I. INTRODUCTION
In recent years, optical networks, both access and back-
bone networks, have become the basic solutions offering
high-speed (communication) bitrates, appropriate resource
allocation mechanisms, and a variety of other services.
At present, along with the development of the DWDM
(dense wavelength division multiplexing) technology, opti-
cal telecommunications networks of the next generation can
provide transmission speed of 100 Gbps, 400 Gbps, or even
1 Tbps for a single optical path. A possibility of effectively
using such high bitrates of optical paths to service users with
different demands, far lower than the network capacity, is pro-
vided by the concept of elastic optical networks (EONs) [1].
To use the resources of EONs effectively, it is necessary
to make use of optical switching networks that are capable
of converting and transmitting optical signals in different
wavelengths of light. Research and studies on optical switch-
ing networks focus mainly on the development of new non-
blocking [1]-[5] and rearrangeable [6], [7] optical structures
for switching networks. The construction of such systems,
however, involves a huge number of switching points or
complex control algorithms for setting up connections. This
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leaves us with a need to develop an effective solution based
on a construction of blocking switching networks in which,
depending on the intensity of offered traffic, blocking states
can occur. To evaluate the effectiveness and efficiency of
these structures, it is necessary to develop first their analytical
or simulation models. However, the problem of the analyti-
cal modeling of blocking switching networks that take into
consideration the properties of EONs has as yet not been
sufficiently and properly addressed in the literature. This arti-
cle aims to propose a new analytical model of multi-service
multi-stage blocking switching networks, used in the nodes of
EON:s, that would make it possible to determine the influence
of the traffic characteristics of these networks on the traffic
effectiveness of network nodes.

The remaining part of the article is structured as fol-
lows. In Section II the current state of research on mod-
eling optical switching networks is presented. Section III
introduces EONS. It also presents the structures of offered
traffic, a description of switching networks and their struc-
tures, and algorithms for the choice of connecting paths in
these networks. Section IV presents the proposed analytical
model of the considered switching network that services
Erlang, Engset, and Pascal traffic streams. The methods for
determining the point-to-group and point-to-point blocking
probabilities are presented in Section V. The results of the
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analytical calculations are compared with simulation data in
Section VI. Section VII sums up the article.

Il. RELATED WORK

Research on optical switching networks (fabrics), includ-
ing networks that take into consideration the properties of
elastic networks, deal mainly with the determination of
non-blocking or rearrangeable conditions in these networks.
These conditions are determined depending on the capacity of
inter-stage links expressed in frequency slot units (FSUs) [1]—
[31, [5]-[7]. In addition, the influence of the number of
switches in individual stages on non-blocking [1]-[3], [5] or
rearrangeable [6], [7] conditions in these networks is investi-
gated. Several studies have proposed new non-blocking struc-
tures of switching networks, in which non-blocking condi-
tions are chosen in such a way as to decrease the production
costs of a given network as much as possible. These studies
have shown that the number of active elements should be kept
as low as possible, while non-blocking conditions should be
maintained [4], [8].

Numerous studies are devoted to the application of EONs
in data centers [9]-[13]. A data center interconnections with
EONs is a promising scenario to meet the high burstiness
and high-bandwidth requirements of data center services [9]—
[11]. In [10], the challenges of the time-aware data cen-
ter services regarding the scheduling of elastic service time
and service bandwidth according to time sensitivity are pre-
sented. A novel multi-stratum resources integration (MSRI)
architecture based on network function virtualization in
software-defined elastic data center optical interconnections
is described in [11]. References [9]-[11] provide analyses of
the effectiveness of all the connection networks between the
nodes of data centers.

In EONs, the modulation technique is adapted to the dis-
tance of an optical path. A robust modulation technique with a
large number of spectrum slots is used for long-distance opti-
cal paths, and a less robust modulation technique with a small
number of spectrum slots is used for short-distance optical
paths. In [14], the authors present a model that reduces the
number of utilized spectrum slots compared with the conven-
tional schemes. In [15], the authors have developed a flexible
converter between modulation formats, which enables intel-
ligent grooming techniques for an EON aimed at dynamical
spectral efficiency allocation in optical fiber transmission.

The flexible nature of EONs effectively uses spectral
resources for optical communication by allocating the min-
imum required bandwidth to network connections. Since the
energy consumption of such networks scales with the mag-
nitude of the bandwidth demand, addressing the issue of
energy wastage is important. This fact has a profound impact
on the design of efficient schemes for energy-aware optical
networks, and adaptivity becomes one of the most important
properties of these networks [16]-[20].

Another research area that has not yet been addressed
in the literature is the determination of traffic character-
istics of blocking optical switching networks to which a
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mixture of traffic streams with different characteristics (the
size of demanded resources, the intensity of demand arrival)
is offered. The first simulation studies on switching net-
works with a Clos structure! used in optical switching net-
works [21], [22] are discussed in [23]. A purpose-made sim-
ulator has the advantage of determining loss probabilities for
individual call classes, depending on the structure of the net-
work (the number of switches, the number of inputs/outputs,
the capacity of the links) as well as the traffic structure offered
to a switching network.

The standard application of three-stage Clos switching
networks in optical networks prompted us to pursue stud-
ies aimed at the development of analytical models of such
networks. In addition, the fact that the resources demanded
by individual (particular) traffic streams can be expressed
as the number of FSUs provides a good starting point for
developing analytical models of switching networks in EONSs,
and the knowledge related to modeling electronic switching
networks [24] can be used. In particular, assuming that an
FSU in optical switching networks corresponds to an allo-
cation unit (basis bandwidth unit) in electronic switching
networks [24], [25], the modeling process can be based on
the concept of so-called effective availability.

The first models of switching networks, based on the
concept of effective availability, are proposed for single-
service, two-stage switching networks in [26], [27]. In a num-
ber of studies, including [28]-[33], these models have been
expanded to include switching networks with any number of
stages. An appropriately modified concept of the effective
availability is also used in modeling multi-service switching
networks (MSNs) that service multi-service traffic streams.
In [34], models of MSNs with point-to-group selection are
presented. Then, [35] discusses a model of MSNs with point-
to-group selection and a number of attempts to set up a
connection, while [36] discusses a model of MSNs with
point-to-point selection. The literature also offers examples
of more complex models of MSNs that take into account,
for example, Erlang, Engset, and Pascal traffic streams [37],
as well as call admission control mechanisms [38], [39] or
overflow links [40]-[42].

The literature offers more complex MSN models that are
also based on the concept of effective availability. These mod-
els consider the possibility of supporting multi-stream traffic
composed of Erlang, Engset, and Pascal traffic streams [37].
In [43] and [44], a recurrent approach to modeling MSNs by
the effective availability method is proposed. Reference [38]
develops models of MSNs with dynamic resource reservation
for all, or selected, traffic classes. In [45], a method for model-
ing switching networks that have the advantage of servicing

1A Clos structure (three-stage, five-stage, or seven-stage) provides the
possibility of constructing a switching fabric with several dozen/hundred
inputs/outputs using single switches with several inputs/outputs. A Clos
structure also provides a multi-path architecture between a given input and
output of a switching fabric, resulting in a situation in which switching off a
certain number of elements in this structure does not lead to the total inability
to set up a call but only increases the loads in the remaining modules.
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multi-cast traffic is derived. Reference [39] proposes MSN
models with threshold mechanisms for traffic generated by
the so-called multi-service sources. Finally, [40]-[42] con-
sider MSN models with so-called overflow links introduced
to their structure.

All analytical models of multi-stage switching networks
known from the literature and based on the concept of effec-
tive availability were developed at the time for electronic
switching. These models did not take into consideration the
limitations imposed by optical switching and, in particular,
the limitations related to the conversion of wavelengths in
individual switches of multi-stage switching networks and
the execution of optical multi-slot connections (i.e., those that
demand more than one FSU to set up a connection).

The present article discusses a new analytical model of a
W-S-W (wavelength—space—wavelength) switching network
that services multi-service traffic streams generated accord-
ing to Erlang, Engset, and Pascal distributions. This model
takes into account the availability of different types of switch-
ing in particular stages of the switching network supporting
EONSs. In the case of the switches of the external stage,
the switching takes place both in the space domain (switch-
ing between input and output links of a switch) and in the
frequency domain (change of wavelength). In the case of
the switches of the middle stage, the assumption is that they
execute space switching only.

IIl. SWITCHING NETWORKS IN ELASTIC OPTICAL
NETWORKS

A. ELASTIC OPTICAL NETWORKS

In general, the DWDM technology is based mainly on
C- and L-optical transmission bands because of the low opti-
cal signal attenuation in glass fibers, in which the C-band of
the optical spectrum is from 1530 to 1565 nm. The require-
ments related to the DWDM frequency GRID are provided
in the ITU-T G.694.1 standard [46]. Regarding the flexible
grid, the smallest possible channel spacing is 12.5 GHz, and
the maximum allowed number of separated optical channels
in the C-band is 320. The flexible grid architecture combines
different channel spacings in a single optical fiber. The main
advantage is the implementation of transmission systems with
different bitrates or modulation formats [47].

In line with the operation of the elastic frequency grid,
standardized by the ITU-T [46], channel bandwidths are
allocated according to the nominal central frequency fhom
and the channel width w. The channel width w is given as
a multiplication factor of 12.5 GHz:

o =125 xm, ey

where m is a positive integer number and 12.5 GHz is the
FSU [2]. The central frequency of individual channels (slots)
is defined on the basis of the following formula:

Jnom = 193.1 + n x 0.00625, 2)

where 7 is an integer number and 0.00625 is the fixed fre-
quency shift expressed in THz. Each combination of channels
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(regarding their widths) is possible, provided they do not
interfere with or overlap one another. The advantage of the
use of the elastic frequency grid is that it provides the possi-
bility of applying different transmission rates.

B. ARCHITECTURE OF THE SWITCHING NETWORK

Fig. 1 shows a 3-stage W-S-W switching network. The net-
work is composed of v x v square switches. Each link
of the switching network has a capacity equal to f FSUs.
Additionally, one link of each of the switches of the last stage
belongs to one of the v directions.

FIGURE 1. A 3-stage optical switching network.

The switches of the first and the third stage allow both
the frequency slot (wavelength) and the output of a switch
(optical fiber) to be changed. Fig. 2 shows an example of an
operation mode of a switch of the first or the third stage. For
a given connection that is being executed in a given channel,
such a switch provides a change in its frequency (Fig. 2(a)),
as well as a change in the output link of the switch (Fig. 2(b)).
The switches of the middle stage, in turn, allow a change
in the output link only (Fig. 3(a)). In the case of the switch
of the middle stage, a change in the frequency of the channel
is not possible (Fig. 3(b)).

The presented operation of switches requires new com-
ponents, such as a bandwidth-variable waveband selec-
tive switch (BV-WSS) [2], [48], a bandwidth-variable
transceiver, and a bandwidth-variable tunable waveband con-
verter (TWBC) [2], [49]-[51]. The internal structures of
the first/third-stage switches as well as the second-stage
switches, used in the optical switching fabric under inves-
tigation (Fig. 1), are presented in Fig. 4(a) and Fig. 4(b),
respectively.

C. STRUCTURE OF OFFERED TRAFFIC

The assumption is that the switching network in Fig. 1, pre-
sented in a simplified form in Fig. 5, is offered M Erlang
traffic streams, M; Engset traffic streams, and Mk Pascal
traffic streams. The total number of traffic streams offered to
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FIGURE 2. An example of the operation of a switch of the first and the
third stage.

new
connection

m=2
12345 ¢ N\ 12345
12345
—
(2)
12345 () 12345

1 - 2345
—
()

FIGURE 3. An example of the operation of a switch of the second stage.
the switching network is defined by the following formula:
M = Mj + M; + Mg. (3)

A given traffic stream (call class) 2 is defined by the number
of 7. FSUs demanded to set up a new connection and the

2In the article, the i index defines a given Erlang traffic class, the j index
a given Engset traffic class, and the k index a given Pascal traffic class. The
¢ index denotes, in turn, any traffic class regardless of its type.
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FIGURE 4. Switches: (a) a first/third-stage switch and (b) a second-stage
switch. PC - passive combiner.
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FIGURE 5. Types of traffic streams offered to a 3-stage optical switching
network.

parameter . of an exponential distribution of the service
time for calls of class c.

1) ERLANG TRAFFIC STREAMS

The switching network is offered M; Erlang traffic streams.
The intensities of individual call streams are the following:
A, A2, ..., Ajy ..., Ay, The number of demanded FSUs by
calls of particular traffic classes is: t1,%, ..., 6, ..., ty;.
Service times for calls of particular traffic classes are in line
with an exponential distribution with the following parame-
ters: (1, 12, - .., i, - . ., ;- The average intensity of traf-
fic offered by a traffic stream of class i can then be determined
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as follows:
Aj = Ai/ i 4)

The switching network to which Erlang traffic streams are
offered provides a good example of a system in which the
intensity of the arrival of new calls does not depend on
the occupancy state of the system, i.e., a system with a
state-independent call-arriving process [52].

2) ENGSET TRAFFIC STREAMS

The switching network is offered M; Engset call streams.
Let S; be the number of sources that generate calls of class
J that demand ¢; FSUs for service. An input traffic stream of
class j is the result of a superposition of S traffic sources
that can be in either of the following two states: the active
state ON (the source occupies #; FSUs in the system) or the
inactive state OFF (the source does not occupy any resources
of the system). When the source is in state ON, its intensity
of generating new calls is equal to zero. This means that
the call-arriving process is a state-dependent process. The
intensity of offered traffic o by a free source (in state OFF)
of class j is equal to:

o = Y/ 1, &)

where y; is the average intensity of generating new calls by
a free source of class j, whereas ; is the parameter of the
exponential distribution of service time of calls of class j.
Therefore, the average intensity of traffic of class j that is
offered to the system in the occupancy state of n FSUs can
be determined as follows [53]:

Aj(n) = (S — nj(n))a, (6)

where n;(n) is the number of serviced sources of class j in
state n.

3) PASCAL TRAFFIC STREAMS

The switching network is offered My Pascal traffic streams.
Let Si denote the number of sources that generate calls of
class k that demand #; FSUs to set up a connection. Each
free source (in state OFF) generates calls with an intensity yy.
Service time has an exponential distribution with parameter
. The intensity of offered traffic S; by one unoccupied
source of class k is equal to

Bk = v/ k- @)

Unlike the Engset stream, the Pascal traffic stream has
a new call arrival intensity for calls of a given class that
increases with an increase in the number of serviced sources
(i.e., sources in state ON) of this class. The assumption in
the Pascal model is that the call arrival intensity for new
calls of class k in the occupancy state of n FSUs is equal to
(Sk + ng(n))yk, where ng(n) defines the number of serviced
sources of class k (i.e., the number of sources of class k in
state ON) in the occupancy state n. Therefore, the average
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traffic intensity of traffic offered to the system in the state of n
occupied FSUs can be determined in the following way [53]:

Ar(n) = (Sk + ni(n))Pr. ®)

D. ALGORITHMS FOR THE CHOICE OF CONNECTION
PATHS IN THE NETWORK

Output links of a switching network can be grouped into
so-called directions, i.e., groups of links that lead to the
same node of the next hop (next hop in the route). One of
the methods for creating output directions, that provides the
highest availability of routes leading to a required node of the
next hop, is based on the introduction/addition of one output
link from each switch of the last stage to a required direction.
Depending on the intensity of traffic offered to the direction
that leads to a required node of the next hop, the number of
links that create this direction can vary between one link to
v links. The introduction of directions means that there are
two ways to select connection paths inside the network: (1)
between a given switch of the first stage and one of the many
switches of the last stage whose links lead in the direction of
the demanded node of the next hop (point-to-group selection),
or (2) between a given switch of the first stage and a switch
of the last stage that has free resources on the link that leads
in the direction of the node of the next hop (point-to-point
selection). Let us first consider the algorithm for setting up
point-to-group connections:

Step 1: Determination of the switch of the first stage at
whose input link a call of class ¢ has arrived.

Step 2: Finding a switch of the last stage that has a free
output link with 7. free neighboring FSUs in the
demanded direction. If none of the switches of
the last stage has . free neighboring FSUs in the
demanded direction, the call is lost due to external
blocking (Fig. 6).

Step 3: Setting up a counter for recording the number of
attempts to set up a connection: [ = 1.

Step 4: Attempting to set up a connection between a selected
switch of the first and the last stage, i.e., finding the
same 7, neighboring FSUs (frequency channels) in
the link between the switch of the first stage and the
middle stage and a switch of the middle stage and
the last stage (Fig. 7).

- - If successful, the connection is set up. The run of
the algorithm is terminated.

-- If the attempt failed and the counter I < w,
go back to Step 3 and increase the number of
attempts: [ =1+ 1.

-- If the attempt failed and the counter I > w,
then the call is lost (discarded) due to internal

3The spatial switch used in the middle stage of the switching network
requires as many corresponding free neighboring FSUs as required for a call
of class ¢ (t FSUs) to be serviced and to be found in the links between the
switches of the first and the second stage and between the second and the
third stage (Fig. 8).
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FIGURE 6. Choosing the switch of the last stage.
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Ttis possible to set up a new connection that requires (~2 FSUs between first-stage switch |
and last-stage switch 1 via middle-stage switch 1 or 4

FIGURE 7. Choosing the switch of the middle stage.

blocking. The run of the algorithm is terminated
as unsuccessful.
Note that the point-to-point selection is a particular case of
the point-to-group selection: In the case of the point-to-point
algorithm, the number of attempts in Step 4 is equal to 1.

IV. MODELING OF SWITCHING NETWORKS

The determination of traffic characteristics in multi-stage
switching networks with multi-service traffic is a complex
problem, both in traditional networks, in which information
is transmitted by electrical signals, and in optical networks.
Models of switching networks, including Clos multi-stage
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networks, are based primarily on the concept of so-called
effective availability. These methods are run for the following
aspects to be determined: (1) a model of inter-stage links,
(2) a model of output links, (3) a method to determine the
effective availability parameter, and (4) method to determine
the distribution of available output links. Later in this section,
we will present appropriate models and methods that have
the advantage of developing a new method for modeling
switching networks in EONs that are based on the concept
of effective availability.

A. MODELING OF INTER-STAGE LINKS IN OPTICAL
SWITCHING NETWORKS

According to the presented algorithm for setting up connec-
tions in the modeled switching network in EONSs, setting up
a connection inside the switching network for a call of class
c requires at least one middle-stage switch with inter-stage
links (between a selected switch of the first and third stages),
in which as many successive FSUs are available as required
for a call of class ¢ (z, FSUs) to be serviced (Fig. 8). In the
case of electronic switching, all that is necessary for setting
up a connection is to find ¢, unoccupied allocation units in the
input and output links of a given switch in the middle-stage,
without the requirement that there must be the same succes-
sive “‘time slots.” Thus, this difference in the requirements
related to setting up connections by middle-stage switches
implies that the modeling techniques developed for electronic
switching networks cannot be directly used to model optical
networks [54].

Stage 1 Stage 2 Stage 3

(B —— ()

12345 12345

New connection requires /=2 FSUs
The only option is to choose the second
and the third FSU

FIGURE 8. Setting up of a connection that demands . neighboring FSUs
inside the network.

The assumption in the article is that the requirement of
finding the same free FSU slots in the input and output
links of a required middle-stage switch will be solved by the
concept of a virtual link (Fig. 9). The concept of a virtual
link is based on a replacement of two links: The input link
and the output link of a middle-stage switch are replaced by
one that connects directly to a switch of the first and the third
stage. In a virtual link, created for any combination of input
and output links of a given middle-stage switch, those FSUs
that are unoccupied in both the input link and the output link
will be treated as free FSUs. The virtual link is a link with
a capacity equal to the real capacity of the inter-stage links.
A given number of FSUs is considered to be occupied (busy)
in a virtual link if it is occupied in at least one of the real
links. An example of the creation of a virtual link is shown
in Fig. 9. The upper section of Fig. 9 shows — for a selected
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switch of the middle stage — both the input link (free: slots 2,
3, and 5; occupied: slots 1, 4, 6, and 7), and the output link
(free: slots 2, 4, and 6; occupied: slots 1, 3, 5, and 7). The
lower section of Fig. 9 shows the virtual link corresponding
to these links. We can observe that the created virtual link has
only one free FSU, i.e., FSU 2.

Stage 1 Stage 2 Stage 3

L

234567

) o mwr

FIGURE 9. Conversion of inter-stage links into virtual links.

To determine the occupancy distribution in a virtual link,
let us assume that occupancy distributions in the real links
(input and output links) depend only on the total number of
busy FSUs. In this way, we assume that the links are not
mutually dependent and, additionally, that they do not depend
on the occupancy distribution of FSUs between calls of
individual classes. The occupancy distribution in individual
inter-stage links that are offered Erlang, Engset, and Pascal
traffic streams can be determined on the basis of the following
formula [53]:

M
n[Paly = ) Atnkiti [Pa—s ],
i=0
My
+ D Atink j1 = 1)1 [Pu—y ],
j=0
Mg
+ ZAlink,k(n — 1)t [P, ]f , ©
k=0
in which the value of Ajiny ; of the traffic intensity, offered to
a single interstage link, for Erlang traffic of class i is
A
Alink,i = =3, (10)
v
where A; is the intensity of class i traffic offered to the
whole switching fabric, while v? is the number of inter-state
links between successive sections of the switching fabric.
In (10), it was assumed that in the considered switching
fabric, the traffic flows symmetrically, i.e., the average value
of the traffic offered to individual interstage links is the same.

The intensities of Engset traffic of class j, Ajnk j(n), and
Pascal traffic of class k, Ajnk (), are determined by the
following formulas:

Aj(n) _ (SJ' - nj(n))aj
7 =

Alink j(n) = - ’ an
A S
Alink k(1) = ’;(Zn) _ et Z’;(n)),gk. 12
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The parameters n;(n) and ng(n) in (11) and (12) determine,
according to (6) and (8), the number of traffic sources of,
respectively, class j and k that are serviced in the occupancy
state of n FSUs. It is proved in [55] that these values are equal
to, respectively, the average number yjink j(n) of serviced
Engset calls of class j and the average number yjink i (1) of
serviced Pascal calls of class k in a given occupancy state n:

nj(n) = Ylink,j(n), 1k (n) = Yiink,k (). (13)

The average number of serviced calls yiink j(7) and yiink k(1)
in state n of occupied FSUs can be determined as follows [56]:

Alink j(n — 1)) [Pn—tj]f / [Pulf

Viink,j () = for <n<f, (14
0 for n>f An<t,
Alink k(n — 1) [Pn—tk]f / [Pnly

Vink k (1) = for n <n<f, (15
0 forn > f An < t.

Note that the values of the parameters yjnk j(n) and
Vink k() are determined on the basis of the occupancy dis-
tribution [P,]r ((9)), while determining the occupancy dis-
tribution requires the values of traffic intensity ((11) and
(12)). This means that ylink j(1), Yiink,k (), Alink,j(1), Atink & (1)
and [P,]r are mutually entangled and that determining them
requires applying an iterative process [55].

Once the occupancy distribution in the inter-stage link is
calculated, determined on the basis of (9), it is possible to
determine the blocking probability in the inter-stage link:

f
Einke= Y [Py (16)

n=f—t.+1

Knowing the values of the blocking probabilities Ejink ;.
Ejinkj, and Ejinkx for calls of Erlang, Engset, and Pascal
classes, respectively, we are in the position to determine the
average value of traffic that is serviced by a single FSU in a
real inter-stage link:

M
2 i—oAtink,iti(1 — Eiink, 1)

y

o
. Z,/-\ijo w(l — Eiink,j)
f
My M(l — Elink k)
- , a7

where the values of offered traffic, Ajnk,i, Alink,j(n), and
Afink k (), can be determined by (10), (11), and (12).

Note that the average value of traffic serviced by a single
FSU in areal inter-stage link is also the occupancy probability
of this FSU. This means that the occupancy probability of
an FSU in a virtual link, is the result of the occupancy of
an FSU in at least one of the real component links, can be
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interpreted as the average traffic yy; serviced by an FSU of a
virtual link [57]:

yvir = 1 — (1 — )%, (18)

Thus, the determined value of traffic serviced by a single
FSU in a virtual link (on the basis of traffic serviced in real
inter-stage links) can be used to determine the occupancy dis-
tribution [Py ]yir s in the virtual link. Knowing the occupancy
distribution [Py]yi;r will allow us to determine the value of
the blocking probability in the inter-stage links for calls of
individual traffic classes, and consequently to estimate the
values of the internal blocking probabilities.

To determine the distribution [Py ],;; s, we assume that the
value of carried traffic yyj ;, determined on the basis of this
distribution, must be equal to the traffic value yyi,:

Yvir,n = Yvir, (19)

where:

My
n [Pn]vir,f =7 ZAlink,iti [P"_’i]vir,f
i=0
My
+1 ZAlink,j(n)tj [Pn—zj]viryf
j=0
Mk
+n ZAlink,k(n)tk [Pn—tk]virzf . (20
k=0

The value of parameter 7 in (20), determining the occupancy
distribution in the virtual link, must be matched in such a
way as to fulfill the criterion expressed by (19). The value
of this parameter is determined in an iterative way, with the
following expresions taken into consideration:

M,
1Y i Atink,iti(1 — Evir,)

Wvir,p = f
Aln
772 M(l Eyirj)
f
Alin
7]2 Zuzo kk(n)tk(l — Evir,k)
(21)
f
and
f
Evre= Y [Palrs- (22)
n=f—t.+1

The values of the blocking probabilities Eyir;, Evir j, and
Eyir k in the virtual link of the optical switching network are
considered to be final when (19) is satisfied at a required
level € of the relative error. The detailed process of mod-
eling inter-stage links in an optical switching network in
EONs, thereby taking into account spatial switching in the
middle-stage switches, is presented as the FAG-OPT method.
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Method 1 FAG-OPT Method
Step 1: Setting the iteration step: [ = 0.
Step 2: Setting the initial values of the parameters
(0) (0) .
Vlink, j(”)7 Y link,k(n())'
VOiisM]VOSngfﬁin)k’j(l’l) =0

0
VOskSMKVOSngfy{in)k,k(n) =0
Step 3: Increasing the iteration step: [ = [ + 1.
Step 4: Determination of the values of traffic, Afilr)lki,

Afiy ), and A{D, (), on the basis of (10), (1),
and(12) respectlvely
Step 5: Determination of the occupancy distribution
[Pn]](f) in inter-stage links on the basis of (9).

Step 6: Determination of the values ylmk Jj (n) and

Vi (n) on the basis of (14) and (15).
Step 7: Repetltlon of Steps 3-6 until the required accu-
racy € of the iterative process is obtained:
(I—1) ()

link,j — Ylink
Vozusr | =Lt <6 (23)

yhnkj
(-1 0]
Nink,k — Ylink, k

O]
ylmk k

VOSnSf <e. (24)

Step 8: Determination of the value of parameter yy;; on
the basis of (18).
Step 9: Setting the initial values: n = 1 and / = 0.
Step 10: Increasing the iteration step: [ = [ + 1.
Step 11: Determination of the occupancy distribution
[Pn](vll)r on the basis of (20).

Step 12: Determmatlon of the values of blocking probabil-
ities E© ED and E (2 i on the basis of (22).

vir,i> ~vir,j?
Step 13: Determination of the value of parameter yill)r , On
the basis of (21).
Step 14: Increasing the value of parameter n: n = n +
0.001.
Step 15: Repetition of Steps 10-14 until the required accu-
racy e€vir of the iteration process is obtained:

0

¥ y
v 7 vien | o (25)

yv1r
Step 16: Determination of the final value of the blocking

probability:
l

Ev1r c = E\(,lz c* (26)

B. MODELING OF OUTPUT DIRECTIONS IN OPTICAL
SWITCHING NETWORKS

In modeling output directions in the optical switching net-
work, it is necessary to take into consideration two dependen-
cies that influence the possibility of admitting a call of class c,
which demands 7. FSUs, for service. One dependency results
from the structure of an outgoing direction that is composed
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of v separated links with a capacity of f FSUs each. The other
dependency results from an additional requirement in optical
networks: If a given outgoing link is to be capable of servicing
a call of class c¢ (i.e., be free for calls of class ¢), it must have
t. free neighboring FSUs.

To determine the occupancy distribution and the block-
ing probability for individual traffic classes in a system
under consideration (outgoing direction), we can apply a
generalization of the Kaufman-Roberts formula that pro-
vides the possibility of modeling so-called product-form
state-dependent systems [53]:

n[Pnlyy
My
= ZAdir,itio'str,c(n — 1i)0opt,c(n — 1) [Pn—t,-]uf
i=0
My
+ ZAdir,j(n - tj)tjastr,c(n - tj)Uopt,c(n - tj) [Pnft_,-]vf
=0
Mg
+Z Adir,k(n - tk)tkostr,c(n_tk)o'opt,c(n_tk) [Pnftk]vf s
k=0
(27)

where the values of traffic, Agir;, Adir,j(n), and Agir (1), can
be determined on the basis of the following formulas:

A;
Adir,i = > (28)
A S
A (1) = klfn) _ (Sk + ’:f(n))ﬂk' (30)

The parameters Agjr,i, Adirj(n), and Agir x(n) determine the
value of traffic offered to a single direction of the switching
fabric (assuming a symmetrical distribution of the traffic).

In (27), the above-mentioned factors that influence the
possibility of admitting calls of class c are taken into consider-
ation by the following two parameters: o, (1) and oopt, (7).
These parameters (known as conditional state-passage prob-
abilities) define the influence of a separation of links that
form the output direction and the influence of the require-
ments concerning the neighborhood of free FSUs, respec-
tively. Therefore, they determine the percentage reduction in
the total traffic flow between neighboring states of the service
process, as a result of the impact of the above-mentioned
factors.

The values n;(n) and ny (n) in (29) and (30) express, in line
with (6) and (8), the number of traffic sources of, respectively,
class j and k that are serviced (occupied in state ON) in the
occupancy state of n FSUs. It is proved in [55] that these
values are equal to the average number yqir,j(n) of serviced
Engset calls of class j and the average number ygir k(1) of
serviced Pascal calls of class k, respectively, in a given occu-
pancy state n:

nj(n) = ygirj(n); () = ydir k(). 3D

193470

The average number yg;,j(n) of serviced Engset calls and the
average number of serviced Pascal calls ygir x (r) in a state of
n busy FSUs can be determined as follows [53]:

Pu_s.
Adir,j(n — 1))osy o (n — l})aopt,c(” - lj)[[T]/};f
Ydir,j (1) = for tj <n < uf,
0 for n > vuf An <t
(32)
o ) [Py
dir. k(M — %) Ostr,c(M— 15 )Oopt,c(n tk)W
Ydir,k (n) = for i <n < uf,
0 for n > uf An <.
(33)

Note that the values of the parameters yq;r,j(12) and yir, x (1)
are determined on the basis of the occupancy distribution
[Pnlyr (see (27)). This distribution can be determined if we
know the traffic intensities Agjj(n) and Agir k() (see (29)
and (30)). This means that the parameters Ygir,;j(1), Ydir,x (1),
Adir,j(n), Adir,k (1), and [P,],y are mutually entangled and that
determining them requires applying an iterative process [55].

The value of the conditional transition coefficient oy (1),
which takes into consideration the influence of the structure
of an output direction (v links with a capacity of f FSUs each)
on the possibility of call admittance for calls of individual
traffic classes is taken into account in (27) by the conditional
transition coefficient [34]:

Fuf —n,vu,t. —1,0)
F(f —n,v,f,0)

where F(x, v, f, t) determines the number of possible distri-
butions (allocations) of x unoccupied FSUs in v links, each
having a capacity of f FSUs, with the additional assumption
that there are at least 7 free FSUs in each of the links:

F(x,v,f,t)
_L":’“J (V) (Ve D=
- LT

(35)

, (34)

Ostr,c(n) = 1 —

The parameter oy () can be interpreted as the probability
that a call of class ¢ can be completely handled by any output
link of a given direction. It is therefore the probability that at
least one link of a given direction has #. free FSUs.

Let us now determine the other transition coefficient that
conditions the possibility of admittance of a call of class ¢ for
service in the occupancy state of n FSUs, i.e., the parameter
Oopt,c(n). This parameter allows us to take into consideration
the requirement — particularly relevant to EONs — that the
admittance of a call of class ¢ must be preceded by finding
t. free and successive (neighboring) FSUs. To determine
the value of parameter oopy, (), we propose an approximate
method that is based on an appropriate transformation of the
structure of an output direction. This transformation is based

VOLUME 8, 2020



M. Glabowski et al.: Analytical Modeling of Switching Fabrics of Elastic Optical Networks

IEEE Access

on a replacement of the real output direction with a capacity
of v x f FSUs by a fictitious direction composed of vop
component links, each with capacity fopt = fmax:

Ugpt = Lf J v, (36)

where . determines the maximum number of demanded
FSUs by calls of all classes offered to the system. The general
idea of the replacement of the structure of the real direction
for the purpose of determining the value of the parameter
Oopt,c(n) is presented in Fig. 10.

FIGURE 10. The idea behind the model for the transformation of the
structure of the output direction to include the requirements of optical
switching.

When we know the parameters fope and vopt, we can deter-
mine the value of parameter oop(1) on the basis of the
following formula:

F(Uoptfopt — 1, Uppt, Ie — 1,0)
F(Uoptfopt —n, Uoptafopt» 0) ’

where F(x, vopt, fopt. ) is determined by (35).

Thus, the conditional transition probabilities o (1) and
Oopt,c(n) allow us to determine the occupancy distribution
[P,]lyur in an outgoing direction of an optical switching net-
work and, consequently, the blocking probability for calls of
class c:

Gopt,c'(n) =1- (37)

uf

Edir,c = Z [Pn]uf [1 - Ustr,c(”)aopt,c(n)] . (38)
n=0

Successive steps in the determination of the occu-
pancy distribution and the blocking probability in the
limited-availability group that models output directions of an
optical switching network can be written in the form of the
LAG-OPT method.

C. EFFECTIVE AVAILABILITY IN THE SWITCHING
NETWORK

The effective availability parameter determines the average
number of switches of the last stage with which a connection
in a given direction can be set up.

The basis for the determination of the effective availability
for a traffic stream of class c is provided by the concept of the
so-called equivalent network [34]. The equivalent network
is a single-service network with the same structure as the
multi-service network. Each link of an equivalent network is
assigned a fictitious load ¢;(c) that is equal to the blocking
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Method 2 LAG-OPT Method
Step 1: Setting the iteration step: [ = 0.
Step 2: Setting the initial values of parameters yg?z’ j(n),
Vi (1)
Yo<j<h; Yoznsr i (m) = 0,

Vo§k§MKV05n§fy§?r),k(n) =0.

Step 3: Determination of the values of parameters
Ostr,c(n) and ogp (1) on the basis of (34) and
(37).

Step 4: Increasing the iteration step: [ = [ + 1.

Step 5: Determination of the values of traffic, Agi)r,l.,

AG), (n), and A, (n), on the basis of (28), (29),
and (30), respectively.

Step 6: Determination of the occupancy distribution
[Pn]g} on the basis of (27).

Step 7: Determination of the values ygi)r’ j (n) and
y((jli)r’k (n) on the basis of (32) and (33).

Step 8: Repetition of Steps 4-7 until the required accu-
racy € of the iterative process is achieved:

(-1 ()

yd ’. _— yd ’.
Vosnsy || =6 (39
Ydir,j
(=1) 0]
Vi — Vi
V0§n§f dir,k 5 dir,k <e (40)
Ydir,k

Step 9: Determination of the blocking probability in the
output direction of the optical switching network
on the basis of (38).

probability for traffic of class ¢ in an inter-stage link of a real
network, between stages / and / + 1. This probability can be
determined on the basis of the occupancy distribution in the
virtual group that models the inter-stage links of a switching
network (see (22)). To determine the effective availability
d,(c) for a traffic stream of class ¢ in a z-stage equivalent
network, the following formula [34] can be used:

dzc = [1 — m(0)]v + 7 (c)nvei(c)
+m(c)[v — nuei(c)le;(c)o;(c), (41)

where

o d, . —the effective availability for a traffic stream of class
¢ in an equivalent z-stage switching network.

o 1;(c)—the so-called probability of direct non-availability
of a given switch of the last stage for a call of class
c. Parameter m (c) determines the probability that a
connection of class ¢ cannot be set up between a given
switch of the first stage and a given switch of the last
stage. The determination of this parameter is based on an
analysis of the graph channel of the equivalent switching
network [58].

o v — the number of output links in a given direction.
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o 1 — the value that determines what part of the fictitious
traffic in the first-stage switch is serviced by the direc-
tion under consideration. If traffic is evenly distributed
between all v directions, we get n = 1/v.

o 0,(c) — the coefficient of the so-called secondary avail-
ability; it determines the number of switches in the last
stage of the equivalent network [34]:

o(c)=1— ]_[Z:2

D. DISTRIBUTION OF AVAILABLE LINKS

In the effective availability method for multi-service switch-
ing networks, the so-called distribution of available links [34]
is vital. This distribution determines the probability P(c, s)
that each link, from s randomly selected links of the output
direction in a switching network, can service a call of class c.
This means that any selected link has the appropriate number
of demanded neighboring FSUs. This distribution can be
determined in the following way:

7.(C). (42)

uf
P(c,s) =Y _[PylysP(c, sluf —n), (43)

n=0

where [P,],s is the occupancy distribution in a limited-
availability group that models the output directions; it is
determined on the basis of (27) with the assumption that for
each state n of the occupancy of the system, the parameter
Oopt,c(n) = 1. P(c, s|x) is, in turn, the conditional distribution
of available links. This distribution determines the probability
of such a distribution x = vf — n of free FSUs that each of
the s randomly chosen links has at least 7, free, neighboring
FSUs necessary to set up a connection of class ¢, whereas in
each of the remaining v — s links the number of free FSUs is
lower than ¢.. The conditional distribution of available links
can be determined on the basis of the following formula [34]:

P(c, s|x)
_(ls)) Z$=stc F(W’ S,f, tC)F(x —W,U —3§, tc - 1» 0) (44)
B F(x,v,f,0) ’
where W = sf, if x > sf, ¥ = x, if x < sf, whereas

F(x,v,f,t) determines the number of possible distributions
of x free FSUs in v links, where each link has a capacity of f
FSUs, with the additional assumption that in each link are at
least ¢ unoccupied FSUs. The parameter F(x, v, f, t) can be
determined by (35).

V. BLOCKING PROBABILITY IN SWITCHING NETWORKS
OF ELASTIC OPTICAL NETWORKS

In line with the concept of the effective availability method,
the methods for modeling inter-stage links and output switch-
ing networks in EONs developed in the previous section
provide a basis for the process of determining the external,
the internal, and the total blocking probability in these net-
works.
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A. EXTERNAL BLOCKING PROBABILITY
The external blocking occurs when none of the output links
of a demanded direction in a switching network are able to
service a call of class c. This means that none of the outgoing
links in the demanded direction of the switching network have
at least 7. free, successive (neighboring) FSUs. Following
the considerations presented in Item IV-B, we can assume
that the external blocking probability is equal to the blocking
probability in the output direction of the optical switching
network and can be determined on the basis of the following
formula:
uf
Eext,c = Edir,c = Z [(Pnlyr [1 - Ustr,c(n)oopt,c(n)] , (45)
n=0
where [P,],s is the occupancy distribution in the limited-
availability group (see (27)), whereas oy (1) and oopt,c(1)
are the parameters for the conditional transition coefficient
defined by (34) and (37), respectively.

B. INTERNAL BLOCKING PROBABILITY

In this article, to model internal blocking in multi-service
optical switching networks the approach proposed for the
PGBMT method [59] for electrical networks with point-to-
group selection is used. Taking into consideration the addi-
tional limitations of the switches of the middle stage in
W-S-W optical switching networks, internal point-to-group
blocking occurs when all links in a demanded output direction
that belong to d; . available switches of the last stage do not
have enough free (unoccupied) neighboring FSUs to service
a call of class c. Therefore, the internal blocking probability
can be determined by the following formula [60]:

v—d; ¢

e 35 Pen) [(vsy (0
Emt,c— ; 1 — P(c, 0) [( dzyc>/<dz,c>i|7 (46)

where v is the number of links in a given outgoing direction,
whereas the parameters d; . and P(c, s) can be determined
by (41) and (43), respectively. Since the internal blocking
probability is determined with the assumption that at least one
outgoing link is unoccupied (this assumption follows from the
algorithm for setting up connections), the distribution P(c, s)
has been truncated by eliminating the event of the occupancy
of all output links (P(c, 0) in (46)).

To determine the internal blocking in optical switching
networks with point-to-point selection, we can use the con-
clusions formulated in [61], according to which the point-to-
point blocking probability in a z-stage switching networks is
equal to the point-to-group blocking probability in a (z — 1)-
stage network. According to this theorem, input links of a
switch of the z stage are viewed as the links of the output
direction of a switching network with point-to-point selec-
tion [59].

C. TOTAL BLOCKING PROBABILITY
The models of blocking presented above do not take into
consideration the possibility of the concurrent occurrence of

VOLUME 8, 2020



M. Glabowski et al.: Analytical Modeling of Switching Fabrics of Elastic Optical Networks

IEEE Access

blocking events of different types at the analytical level. The
algorithm for setting up connections in multi-stage optical
networks presented in Section III operates in a sequential
way, checking sequentially the possibility of external and
internal blocking. Therefore, in an instance of the occurrence
of, for example, an event of blocking for the switches of the
last stage for a given call, the event of the internal block-
ing will never be registered for this particular call, even if
the occupancy state of the inter-stage links corresponds to
this blocking type. From the point of view of the analyti-
cal modeling of optical switching networks, the problem of
the concurrent occurrence of internal and external blocking
events is solved following the reasoning proposed in [62].
According to [62], to determine the total blocking probability
in optical switching networks, the assumption should be that
output links in a given direction can be offered only that part
of the total traffic that is not lost in the inter-stage links.
Similarly, in determining the internal blocking probability,
the assumption is that the inter-stage links can be offered only
that part of the total traffic that is not lost in the output links.
Such an approach means that in determining the internal
blocking probability, we take into consideration only that
part of the traffic that is not lost due to external blocking.
In the calculation of the external blocking probability, in turn,
we use only that part of the traffic that is not lost due to
internal blocking.

As a consequence, in determining the effective availability
parameter (see (41)), the value of the fictitious load e;(c)
(numerically equal to the blocking probability for calls of
class ¢ in an inter-stage link of a real switching network)
is determined on the basis of the FAG-OPT method for the
following modified values of offered traffic:

Ai(1 — Eexei)

At i = = = Ak (1 = Eext), 47)
Ai(n)(1 — Eextj)

At j(n) = == = A j()(1 = Een ). (48)
Ax(n)(1 — Eext k)

Ajink* k(1) = Tm=Alink,k(n)(1—Eext,k). (49)

The external blocking probability can be determined on
the basis of a model of a limited-availability group (the
LAG-OPT method), with the assumption that the output
directions are offered traffic with the following intensity
values:

Ai(1 = Eing.j)

Agire i = % = Adir,i(1 — Eint,i), (50)
Ai(n)(1 — Eintj)

Agire j() = ’f" = Adirj)(1 = Einj),  (51)
Ar(n)(1 — Eine k)

Agire o (n) = ———"0%0 — Agir k()1 — Eineg). (52)

Since the exclusion of the simultaneity of the internal
blocking and the external blocking in the proposed method
occurs at the level of offered traffic, the total blocking prob-
ability can be written directly as the sum of the internal and
the external blocking:

Etot,c = Eint,c + Eext,c- (53)
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Method 3 PGB-OPT Method
Step 1: Setting the iteration step: [ = 0.
Step 2: Setting the initial values of the internal and exter-
nal probabilities:

Yo<k<Mg E(O) =0.

ext,c

Yosjem, By e = 0,

nt,c

Step 3: Increasing the iteration step: [ = [ + 1.

Step 4: Determination of the values of traffic Aiilr)ﬂ(* »
Afilr)lk*,j(n)’ and Afilr)lk*’ () offered to inter-stage
links:

I -1
Afizk*‘i = Alink,i (1 —E! )) . (34)

ext,i
-1
Alink*,j(”)([) = Alinkj(n) (1 - Eéxt’j) ) , (55)
-1
At x (WD = Agink £ (n) (1 - Ee(xt,k)> . (56)

Step 5: Determination of the occupancy distribution
[Pn];!’)\,ir (see (20)) and the blocking probability
E\(,Q . (see (22)) for calls of class c.

Step 6: Determination of the effective availability
parameter d§’3 (see (41)).

Step 7: Determination of the traffic intensity values

I l I
A.Eli)r*,ij Afﬁ)r*’j(n), and Afii)r*, k(n) offered to output
directions:

! -1
A =Aari (1= ES"). 57)

int,i
Agier 0 = Agiey (1= Ef V), (58)
Agir kD = Agir k() (1 - El(l‘llt_kl )) - (59

Step 8: Determination of the occupancy distribution
[Pn]fjl} in the limited-availability group (see
27)). z

Step 9: Determination of the blocking probabilities E, o

ext,c
(see (45)), E{y . (see (46)) and E{) . (see (53)).

Step 10: Repetition of Steps 3-9 until the required accu-
racy € of the iterative process is achieved:

gD

tot,c

(60)

To determine the probabilities Eior,c, Eint,c, and Eext, in
optical switching networks, it is necessary to construct an iter-
ative process that can be written in the form of the PGB-OPT
method.

VI. NUMERICAL RESULTS

The new PGB-OPT method for determining the blocking
probability in optical switching networks is an approximate
method. To evaluate the accuracy of the proposed method as
well as the adopted assumptions, the results of the analytical
calculations were compared with the data obtained in simula-
tion experiments. The simulation studies were carried out for
3-stage optical W-S-W networks with a Clos structure [22],
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[63], [64]. The switching network under consideration was
composed of square switches with v x v links, each with a
capacity of f FSUs.

The results of the simulation experiments are presented in
the form of points plotted on a graph with marked confidence
intervals determined on the basis of Student’s t distribution
(with a 95% confidence level) for 5 series, in the function of
traffic a offered to a single FSU:

S i+ S 6%+ T

a= == =l M6l

vuf

Duration time for each of the series was determined on the
basis of the time needed to generate 10,000,000 calls of the
class whose calls arrived with the least intensity. In each case,
the confidence interval does not exceed 5% of the average
value of the results of the simulation experiment. The results
of the analytical calculations are presented in the graphs in
the form of solid lines.

The number of FSUs required by calls of particular traffic
classes depends not only on the required transmission speed,
but also on the modulation format. As an example, using data
provided in [65], the number of FSUs required by calls of
different speeds and modulation formats is listed in Table 1.

100
10!
2 102
=
<
5 107
g
£ 10
Z
8
= 109 Calculation (electronic) - class 1 ——
Simulation (electronic) - class 1 —=—
106 Calculation (optical) - class | ——
Simulation (optical) - class 1 F><—
10—7 1 1 I I I I I |
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05

traffic offered to a single FSU/AU [Erl]

FIGURE 11. Blocking probability for class 1 in System 1 with
point-to-group selection.

TABLE 1. Number of FSUs in different connections depending on the
required bitrate and modulation format [65].

Number of | Bitrate Maximum Modulation

FSUs (Gb/s) | distance (km) format
1 40 685 64-QAM
1 40 1024 32-QAM
1 40 1677.9 16-QAM
2 40 2585.2 QPSK
2 100 546 64-QAM
2 100 847.2 32-QAM
3 100 1342.5 16-QAM
5 100 2007.3 QPSK
3 160 475 64-QAM
4 160 756.5 32-QAM
4 160 1170.5 16-QAM
8 160 1710.9 QPSK
7 400 335 64-QAM
8 400 579.6 32-QAM
10 400 835.1 16-QAM
20 400 1133 QPSK
10 600 274 64-QAM
12 600 501.4 32-QAM
15 600 686.7 16-QAM
30 600 877.3 QPSK

In order to compare the accuracy of the proposed
PGB-OPT method, developed for W-S-W switching net-
works in optical networks, with the accuracy provided by
the PGBMT method, developed for electronic switching net-
works, Fig. 11-13 show the results of modeling (for selected
traffic classes). The results take into consideration the proper-
ties of both types of switching. We can observe that the addi-
tional requirements resulting from the limitations in the exe-
cution of multi-level connections by middle-stage switches
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FIGURE 12. Blocking probability for class 2 in System 2 with
point-to-group selection.
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FIGURE 13. Blocking probability for class 3 in System 3 with
point-to-group selection.

(of type S) have been properly taken into consideration in
the developed analytical model. The accuracy of the calcu-
lations obtained in this study is comparable to the accuracy
obtained for electronic switching networks. At the same time,
we can observe that for the traffic classes that demand more
FSUs/AUs, the blocking value significantly increases in opti-
cal networks as compared with electrical networks (Fig. 13,
System 3). The opposite effect can be observed for calls that
demand the fewest FSUs/AUs to execute a connection: In
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FIGURE 14. Point-to-group blocking probability in System 4 with
point-to-group selection.

optical switching, the blocking value is lower than in elec-
tronic switching due to the absence of the possibility of using
a single FSU by a multi-slot demand (Fig. 11, System 1).

To evaluate the accuracy of the developed analytical
PBG-OPT method for all classes of offered traffic, Fig. 14
presents a comparison of the analytical results with the results
of the digital simulation for System 4, in which Erlang,
Engset, and Pascal traffic streams were offered. The presented
results confirm the accuracy of the adopted assumptions in the
PGB-OPT method.

o System 1

-- Structure of offered traffic: M = M; = 3; Erlang:
t =5FSUs, u;' = 1,10 = I0FSUs, ;' = 1,
5 =20FSUs, u3' = 1.
-- Structure of switching network: v = 4, f = 120
FSUs (38% of C-band capacity).
o System 2
- - Structure of offered traffic: M =3; M; =1, M; =
1, Mg = 1; Erlang: t; = S5FSUs, u;!' = 1; Engset:
n = 10 FSUs, ;' = 1, Ny = 2000; Pascal: 13 =
20 FSUs, 3" = 1, 83 = 2000.
-- Structure of switching network: v = 4, f = 120
FSUs (38% of C-band capacity).
o System 3
- - Structure of offered traffic: M =4, M; =2, M; =
1, Mg = 1; Erlang: t; = 3 FSUs, Mfl =1,tp=12
FSUs, ,u;l = 1; Engset: 13 = 15 FSUs, ,u;l =1
N3 = 2000; Pascal: t4 = 30 FSUs, u; ' = 1,84 =
2000.
-- Structure of switching network: v = 4, f = 180
FSUs (56% of C-band capacity).
o System 4
- - Structure of offered traffic: M =3; M; =1, M; =
1, Mg = 1; Erlang: t; = SFSUs,,ul_1 = 1; Engset:
= 10FSUs, u; ' = 1, N, = 640; Pascal: 3 = 20
FSUs, ;' = 1, 83 = 640.
-- Structure of switching network: v = 4, f = 32
FSUs (10% of C-band capacity).
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VIi. CONCLUSION

This article proposes a new PGB-OPT method that has the
advantage of modeling multi-service W-S-W switching net-
works operating in EONs. The method allows us to deter-
mine the blocking probability of multi-service traffic streams
offered to multi-service elastic optical switching fabrics. The
method also makes it possible to determine the influence of
a broad range of intensities of offered traffic, the number of
traffic classes, the types of traffic streams (Erlang, Engset,
Pascal), and the capacity of links.

The study clearly shows that when the limitations of the
middle-stage switches in W-S-W networks are taken into
consideration, this significantly influences the values of the
blocking probabilities in individual stream classes of traffic
offered to the network.

The proposed PGB-OPT method is, to the best of
our knowledge, the first analytical method for modeling
multi-service blocking optical switching networks that takes
into consideration the properties of EONs. The problem of
the simultaneity (concurrence) of events of different types of
blocking in the network is solved in our method by a sep-
aration of traffic responsible for the occurrence of blocking
events of different types.

Knowing the value of the blocking probability makes it
possible to apply appropriate and well-matched traffic engi-
neering techniques that can determine the number of network
elements that is necessary for traffic with the required quality
parameters to be serviced. The use of such techniques can
lead to a decrease in the demand for energy in data centers
and switching fabrics. The blocking probability determined
with the use of the proposed method may also constitute input
data to the call admission control mechanisms that determine
the acceptance of a new call.
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