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Abstract— In Optical Transport networks, the optical reach
is defined as the maximum distance (number of hops) a
lightpath connection can span before the intelligence of the sig-
nal it is carrying to unrecoverable state as a result of the degra-
dation in the signal to noise power ratios. When the signal to
noise ratio has degraded below a certain acceptable threshold,
regeneration is necessary. Optical Transport networks will nor-
mally incorporate optical repeaters throughout to facilitate sig-
nal reach for all the lightpath connection establishments. Such
networks are classified as being Translucent. The role of the
sparsely spaced optical repeaters is to refresh the degraded op-
tical signals so that an acceptable quality of transmission (QoT)
can be guaranteed by the network operator. The deployment of
such units where necessary throughout the network leads to an
escalation to both capital as well as operational expenditures. It
is however necessary that network designers strike a balance be-
tween the network operating costs versus renderable quality of
service (QoS) to end users. In light of this challenge, in this pa-
per we propose and analyze a QoT-Aware routing and wave-
length assignment algorithm (QARWA) that seeks to minimize
blocking of data bursts traversing the network. The QoT block-
ing considers the effects of various linear as well as nonlinear
impairments. The proposed model can be infused with other al-
gorithms that attempt to calculate wavelength blocking per
route and also per available layer. We also further enhance the
same algorithm’s efficacy by introducing its QoT aware guar-
anteed RWA (QGRWA) equivalent. The novelty of the scheme
is in taking into account physical layer impairments, as well as
signal quality when computing candidate routes for a given
source to destination pair. The proposed algorithm’s overall
promising performance is validated via analytical and simula-
tion means.

Keywords— Transparent optical networks, QoT aware, block-
ing probability, optical repeaters

1. INTRODUCTION

The ever increasing global data volumes has led to demands
for matching transmission as well as switching capacities in
existing backbone networks, hence the emergence of all op-
tical backbone networks that utilize both reconfigurable opti-
cal switching fabrics and adaptable tuneable lasers to achieve
the required speeds as well as scalabilities. Such network in-
frastructures will be expected to provision multiples of sim-
ultaneous end-to-end lightpath connections in a cost-effective
manner. In this regard, proper dimensioning of the available
networking resources is a key challenge that requires address-
ing. Notably, when selecting an end-to-end
lightpath connection (path and wavelength), the a routing and
wavelength assignment
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(RWA) algorithm being implemented has to take into consid-
eration the unavoidable presence of physical layer impair-
ments under a wavelength continuity constraint. The impact
of physical layer impairments on the general quality of trans-
mission end-to-end has been studied by various authors Over-
all, the consensus appears to be in adopting the two general
models , that will take into account the effects of physical
layer impairments when designing transparent all optical
transport networks. RWA algorithms [1]. These are the ana-
lytical and hybrid models. With the earlier closed-form for-
mulae are relied upon in computing the effects of physical
impairments whereas in hybrid models the analytical ap-
proach is further validated with the aid of simulation runs. A
quality of transmission (QoT) parameter. Is proposed in [2]
for the evaluation of overall signal levels and quality in all
optical networks that take into account such impairments.
The authors in [3] propose the decomposing of physical im-
pairments aware RWA by considering the individual wave-
lengths as a stratified integral system. In this case a typical
RWA algorithm implemented in a network with several
links, where each has a set A of active (usable) wavelengths
can be decomposed into a set of A stratified distinct net-
works. Each individual network maintains the original base
topology with each link operating a single wavelength.

The network load is offered on each layer, starting with layer
1. The spill traffic load is passed on to the next layer and the
pattern recursively repeats for all available layers. Note that
at each network layer A , the spilled traffic is a measure of
the blocked traffic portion hence the overall blocking prob-
ability can be computed using accordingly.
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Fig. 1. Illustration of the decomposed multi-layered network model
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Accordingly, the mandatory wavelength continuity con-
straint, which requires that a connection be assigned the same
wavelength end-to-end, is thus accordingly implemented in
this perspective. The approach also enables appraisal of each
individual wavelength and its blocking probability is only af-
fected by data arrival rates and patterns. Other related ap-
proaches are discussed in [5],[6]-[13]. The paper looks at path
and wavelength blocking computations before discussing the
proposed algorithm. Finally both analytical and simulation
results are discussed.

II.  WAVELENGTH BLOCKING PROBABILITY COMPUTATION

The section summarily narrates the steps towards computing
a wavelength’s blocking probability in the wavelength sub-
layer. As defined in the introductory section. Wavelength
blocking results when the continuity constraint cannot be
achieved end-tend.

A. Single Wavelength Blocking Probability case

A lightpath connection can span a total of 1 hops and math-

ematically the wavelength state (1) at any arbitrary time ¢

associated with the chosen path may be expressed as an
n(n+1)

dimensional process:

(B34, B32(0), s Bre1 (), (1)

where,

Bl + Blm <1, V(i ) r(lm)#0,0< I <m<n )

This process is typically a time-reversible Markov process

A

with a static probability vector TT” expressed as;

- y‘ H(a&.)ﬂil,(afz)ﬂfz ..... (a;l,)ﬂf_l.nﬂ 3)

G2(0,n)

where G2(0,n) represents the recursively computed nor-
malization constants:

GA(0,n) = GA0O,n — 1) + X7,
1,..,A (4)

1 GA0,D)al,, 2=

Note that G2(0,0) =1, a’1 this denotes the summated

equivalent Poisson network trafﬁc from all source-destina-
tion (s-) lightpath connections on a given network segment

r(i,J) atwavelength A. The summate sum can be expressed

A A
2 A‘d(l—P’d)
a;j = ) r(i,j)cr(s,d) > 1_P;.S (5)
r(i, ]):Ald thenr(m, l)c/:AS d b
vr(l,m)cr(o,n)

where, the following expression:

r(i,)) & Asd,then r(m, 1) & Asd,Vr(l,m) cr(0,n)" (6)

The preceding equation (6), indicates the uniqueness of traf-
fic belongings to the segment (i, j) . The blocking proba-

bility of the wavelength 4 for the segment (0, 1) can be
computed using the equation;:

P&n =1- T[A(Otol ) =1- (7)

GA(O n)

B. Overall Blocking Probability case

In this section, we briefly explain how each wavelength’s
blocking probability can be determined by way of the over-
flow model approach. In section one we did narrate the over-
all network traffic overflow process in the stratified networks.
In short, any blocked traffic in a particular network layer
overspills to the next available layer network and so forth.
The overflowed traffic is not necessarily Poisson distributed
but and its mean less that its variance thus making it bursty in
nature [4]. A mathematical characterization of such over-
flowed traffic is provided by the authors in [4]. In this study
the average the average overflowed traffic to incident to a
given layer is given by:

“Tﬁ.zl = A?,d'Ps),Ld ®)
Its statistical variance V’H1 s computed using the Riordan’s
formula as follows:

@
V)L+1 A/1+1 <1 A)L+1 Qld+1+:§21_¢s d) (9)
In the previous equation, QS 4 1s a measure of the volume of
an equivalent single isolated link can be determined from:

O g Er(D5q,02,) = AX (10)
. In equation (10) above, ET(®;4,022,) is the non-integral
capacity calculated with the aid of the Erlang B formula. Its
expanded form is given by [5]:

xYe ™™

Er(xy) = ooy a1
where, I'(x, y + 1) denotes the incomplete Gamma function.

The burstiness factor of the overflowed traffic (i.e. the ratio
of the variance to mean value) is:

VA+1

ZA+1 - A§1+1 (12)

The Fredericks and Hayward’s approximation techniques [4]
can be used to account for the non-Poisson distribution nature
of the overflow traffic as follows:

A}d—l Qﬂ.+1
A“l /1+1 A“l <s,d s,d)

5A+1? zA+1
Zsd  Zsa

(13)
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where, Qﬁ;l is determined according to:

PMY = Er(AMit ol (14)

Qﬁ;l also represents the capacity of another equivalent sin-
gle-link system only for layer A + 1 that has a mean arrival
rate equaling AZ%?.

Finally, equations (9) to (14) to determine both the wave-
length blocking probability and the path arrival rate for the
individual layers as follows:

The path’s overall blocking probability is approximated by:

A A aA+1
p _ As,d'Ps,d _ As,d 15
s,d — - ( )
Ps,a Dsq

From which the overall wavelength blocking probability for
the overall network is determined from:

R 3 AA+1
P — (s,d)eZs,d (16)
Ysdez Psa

The overall network and path wavelength blocking probabil-
ities are computed according to Algorithm I. The algorithm
assumes the first fit wavelength assignment (FF WA) and is
subject to the following conditions:

AO = 1, Iq_é'd = (DS,d! Vs%d = q)S,d N Z__;l'd =1 for all (S, d) €
Z.

According to the same algorithm, should the relative differ-
ence of the blocking probabilities between two successive it-
erations differ by a magnitude less that equal to € per path,
the current layer will be deemed stable enough to allow may
be viewed as stable and thus iterations for the next layer will
proceed.

III. ANALYTICAL MODEL FOR QARWA SCHEME

Next we present model for the proposed quality of transmis-
sion (QoT) Aware RWA (QARWA) algorithm. Fundamen-
tally QoT blocking takes into account physical impairments
such as amplified spontaneous emission (ASE)e, thermal,
shot as well as crosstalk (XT) noises. The algorithm can in-
corporate other existing ones in the calculation of path wave-
length blocking per layer.

When the algorithm is applied to small and medium sized net-
works the volumes of required calculations are fairly modest.
However, these become quite extensive as well as complex
for large networks.

In order the reduce the computational loads as well as com-
plexes, simplifying techniques can be incorporated in the
main algorithm. These include estimation approaches. In this
a network blocking estimation tool is proposed for larger net-
works such as a typical all optical backbone. The entire net-
work decomposed into several cascaded smaller subnets each
with 5 or less layers that are interrelated.

Algorithm I: QRWA

P.a=0vY(s,d)€EZ

)

Compute P ﬁ d

3. Obtain di v (S, (i) €z

4. Compute the equivalent Poisson traffic Aﬁd for layer AV (S B d ) (SV4

t_|P;111_I”’s4d|
Prsq

Pq=Pl,

goto step 2
else

A=2+1
10. Calculate Zg.d' [_/gd and Zﬁd

5 i

> €,Y(s,d) € Z then

R A )

1. ifd = A then

12. go back to step 1

13.  else

14. Compute the net path and network wavelength blocking probabilities

15. return P and i)s.d for all (S, d) (SV4

16. endif
17. endif

1. Assume initial values of Aid = ng and the initial wavelength blocking probability of the path as

In this case both the path and network blocking probabilities
for QARWA are computed with the aid of the main equations
presented in the preceding section. However, the quantity
A% now includes the blocking traffic QoT. This is illus-
trated by Algorithm II in which, A}, = g4, Viy = Pyq,
and Z;4 = 1V (s,d) € Z. Both traffic arrival rates as steady
state probabilities without taking impairments into consider-
ation are computed in step 2, The obtained values in step 2
are then used for QoT estimation initialization .The traffic
flow then proceeds to the QoT blocking sublayer, and then
after the traffic flow rate A2, = A2,. (1 — p2;) reaches the
wavelength blocking sublayer. The arrival rates as well as
blocking probability are determined for the respective sub-
layer in step 4. The next step computes layer 2 overflowed
traffic flow, which equals the aggregate of the overflow due
to wavelength blocked and QoT blocked requests. Updating
of the arrival rates for layers 2 to A is done at this stage but
without taking into account the QoT. The process is requested
and ultimately after computing requests for the last layer, the
results are returned subject to the overall blocking probability
converging, otherwise, the algorithm again from layer 1.

In order to further enhance the efficacy of the proposed algo-
rithm another version called the QoT-Aware guaranteed
RWA (QGRWA) is also suggested. Its distinct feature being
that portion of the traffic is blocked out of the flow per every
layer, and the rate of the traffic flow that exits the flow per
layer is approximated by:

Alq = Agapia(1—Ply) 17)
Ultimately, overall path blocking probability (Pg4) is com-
puted from:

iA+1 vA A
D _ As.d +ZA:1As,d
sd —
‘Ds,d

(18)
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The aggregate (total) blocking probability for the entire net-
work is given by:

_ ¥ D P
P = (s, d)eZ ¥'s,dls,d (19)
Z(s,d)ez CI’s,d

Algorithm II: QGGRWA

1 st A =1

2. Use the previous algorithm to calculate the wavelength blocking probabilities P;“ g and rates of arrival

A? jtoreverypath from A t0 A set Plg g = Pgg
3. Calculate the QoT blocking probability pﬁ‘d, vz=(s,d)EZ

4. Re-compute the rate of amival for the wavelength sublayer as E’S"d = Aﬁ‘ a(1- p;d) for every

path. Obtain V2 3 .and Z2 4V (5, d) € Z. Re-compute the wavelength blocking probability P2 4, to getthe

sublayer comesponding Poisson traffic estimate for all paths
s. Compute the traffic overflow rate A2 5+ = A% 4. (1 — pid) + A2 P2 sor every sed pair
and revise I_/’sl‘:f,l and 7;\\;1 forall (s,d) €E Z.setA=21+1

6. ifA < A. then

7. 2oto step 2

8. else

0. Compute the overall path blocking probabilities Pg g
Psq—Pr

10. olPsd=Prsal €,Y(s,d) € Z then

Prsq

11 retun to step 1

12. else

13. Compute the total path blocking probabilities P.

14. veturn Pand P g forall (s, d) € Z

15. end if

16. end if

IV. EVALUATION

Our proposed algorithm is evaluated by means of both ana-
lytical and simulation techniques. Analytical results are ob-
tained using the 7 node network of Figure 2.

G O—0O
O—(—C

Figure 2. 7 Node network

The necessary physical parameters used for both analytical
and simulation evaluations are provided in table 1. We also
assume a value of ,e = 1072, A further assumption is that
crosstalk (XT) does not have a noticeable effect on the
switching network and that the offered load is uniform. Be-
cause the proposed wavelength blocking model is regarded to
be fairly accurate for the first few network layers, we thus
confine ourselves to the use of fewer numbers of wavelengths
for the subnet topologies used in the validation process. In the
core evaluation, the performance of both the two versions of
the of QoT aware RWA algorithm namely QRWA and
QGRWA t is carried out.

Table 1. Simulation parameters

Parameter value
Wavelength spacing 50 GHz
Data rate per channel 10 Gbps
ASE factor L5

Laser source power 0 dBm
Receiver responsivity 0.95 A/W
BER threshold 10712
Q-factor threshold 7

Optical bandwidth = wavelength spacing
Input EDFA gain 22 dB
Output EDFA gain 16 dB
Centre wavelength 1550 nm

. Emphasis is on the key parameters such as wavelength and
path blockings. WE also consider the blocking probability
under various RWA assignments such as first-fit with order-
ing (FFwO)[3], [4] and FF WA .

Total blocking probability {log)

; —=— QoT-awars FF (sim)
S - --0-- QoT-aware FF (analytical)
‘ £ FF without QoT (sim)
¥ -~ FF without QoT (analytical)
i -~ QoT-guaranteed FF (sim)
3%~ QoT-guaranteed FF (analytical)
-4 T T T T T T T T
1 2 3 4 5 8
Total network {raffic Ioad (Erlangs)

Fig. 3 .FF WA blocking probabilities computed using the analytical tech-
nique and simulations for the 7-node network

Close resemblance is generally noted between analytical and
simulation results in Figure 3, for the QoT-aware FF WA and
QoT-guaranteed FF WA. In this case the applied traffic in-
tensities ranging from low to medium. In particular we fur-
ther note that at low traffic intensities, the model presented in
[3] becomes inaccurate, and this attributed to the inadequa-
cies of the Fredericks and Hayward’s approximation tech-
niques when applied to estimate non-Poisson overflow traffic
flows. However, the proposed algorithm appears to fairly
maintain its accuracy mainly because of the accuracies in the
computations of the QoT blocking. Because QoT blocking
dominates in low traffic situations, the traffic flow rate will
thus be still close to the actual offered traffic. Furthermore,
as expected, more relatively lesser requests are blocked in the
QoT-aware case than the QoT-guaranteed, thus further con-
solidating accuracy as well as validity of the proposed algo-
rithm. This also infers the analytical model more less pro-
vides an accurate enhancement for both the QoT-guaranteed
and QoT-aware WA. It further provides acceptable
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approximation to the network performance by factoring in
QoT and wavelength blocking.

With regards to the FFwO WA case, we apply static ordering
and at the same time assume the following ordering for five
wavelengths: {1,5,2,4,3}. The simulated results of the perfor-
mance of the proposed algorithm are plotted in Figure 4.
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Fig. 4. FFwO WA Blocking probabilities calculated using the analytical
technique and simulations for the 7-node network

In this figure, the blocking probabilities were calculated us-
ing the analytical technique and simulations for the same 7-
node network. The offered traffic intensity is gradually in-
creased from zero to about 6 Erlangs. The graphs plotted in-
dicate an improvement in the capturing of gains attained by
implementing the FFwO in comparison to the traditional FF
in QoT-guaranteed cases when applying the analytical
model... Furthermore, when XT is dominant, then at certain
traffic loads the model shows the QoT-aware FF method out-
performing the QoT-aware FFwO. This is because the QoT-
aware FFwO algorithm initially prefers all channels with low
XT levels. The rest of the channels with relatively high XT
are reserved for forth coming requests. However, in contrast,
QoT-aware FF selects channels based on the wavelength in-
dex. Because QoT-guaranteed approaches don’t sift through
all usable wavelengths, this affords an opportunity for the ex-
ploitation of the ordering technique. By further analysis it
can be shown that if we take into consideration other addi-
tional physical impairments, the FFwO will still outperform
the FF solely because of the added complexities of the sce-
nario. Furthermore, it is observed that analytical results are
quite close to simulations results for various traffic scenarios
as well as mixes hence upholding the accuracy and validity
of our proposed model.

V. CONCLUSION

In this paper proposed as well as and analyzed a QoT-Aware
routing and wavelength assignment algorithm (QARWA)
that will minimize blocking of data bursts traversing the net-
work. The QoT blocking takes into account the effects of var-
ious linear as well as nonlinear impairments. The proposed
model can be infused with other algorithms that attempt to
calculate wavelength blocking per route and per available

layer. We further explored a slightly its modified version
called the QoT aware guaranteed RWA (QGRWA) algo-
rithm.

By further analysis it can be shown that if we take into con-
sideration other additional physical impairments, the FFwO
will still outperform the FF solely because of the added com-
plexities of the scenario. Furthermore, it is observed that an-
alytical results are quite close to simulations results for vari-
ous traffic scenarios as well as mixes hence upholding the ac-
curacy and validity of our proposed model.
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