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Physical impairments modeling for the performanct
evaluation of transparent optical networks

Helder A. Pereira, Daniel A. R. Chaves, Carmelo J. A. Bafithe and Joaquim F. Martins-Filho

Abstract— We propose a model to consider several physical networks. We present an application of our model for the
impairments in optical networks based on the OSNR. Our evaluation of network performance in terms of blocking
model considers the effects of gain saturation and amplified probability using a well known routing and wavelength

spontaneous emission noise in amplifiers, homodyne croshita . t algorithm. O Its sh the i t of h
in optical switches, and four wave mixing in the transmissia assignment aigorithm. Qur results show the impact ot eac

fibers. We present an application of our model for the evaludgon iImpairment on network performance as a function of device
of network performance in terms of blocking probability using a parameters. In Section Il, we describe our model that censid

routing and wavelength assignment algorithm. Our results Bow  physical impairments in all-optical networks. In Sectidh |
the impact of each impairment on network performance as a \ye present general characteristics and parameters used in o
function of device parameters. . . S oo .

simulations considering a specific optical network topglog

Keywords— All-Optical Networks, Noise, Optical Signal-to- |n Section IV we show the simulation results. In Section V
Noise Ratio, Routing and Wavelength Assignment. we give our conclusions.

|I. INTRODUCTION

All-optical networks have been considered as the most ‘ lati i h d dati |
reliable and economic solution to achieve high transmissioh Our _or:nu_ atloln quantl 1es t ehOSlTlIR _eglra at|0r_1ma ong
capacities. In these networks, the signal remains in thieaipt '€ Optical signal propagation in the all-optical networke

domain between the edge nodes, i.e., the signal propagAfddact of physical layer impairments is taken into account
along the optical network without suffering any optical®y considering the signal power and the noise power at the
electrical-optical conversion destination node, both affected by gains and losses alang th

In a circuit switched scenario, each wavelength is treatdghtPath. Moreover, network elements add noise companent

as a single call that can be routed through multiple linkEhe optl_cal amphflers add ASE noIse power and also s_uffer
in the network to reach the destination node. Therefore,ffpm gan saturation and_ASE dpplenon as the total signal
is necessary to implement routing processes in the netwoPRWEr INCreases. The optical switches add noise dge to non-
which is accomplished by the optical cross-connectors (pxcdeal isolation between ports. And the transmission fibelcs a
The OXC are connected to the network control plane aftf!S€ due to four wave mixing (FWM) and also induces pulse
depending on the routing process it can improve the netwd?lpadenmg Fj“e to PMD. We neglect the effect of chromatic
performance in terms of blocking probability of requesteB'SperS'on since we assume that GVD is totally compensated
calls [1; 2]. in the network links. _ _ _

There are two main challenges to manage these network§19- 1 shows the network devices considered in our model
providing quality of service (QoS): design an appropriat® e_ach I|nI_<. The Ilnk_s has the following ele_ments: transﬂ_ut
routing and wavelength assignment algorithm (RWA) anfePtical switch, multiplexer, booster amplifier, optical &fb
provide an acceptable optical signal-to-noise ratio (OpfeR Pre-amplifier, demultiplexer, optical switch and receivene
every optical signal. The physical impairments can lead ppintsa until h are measurement points where the signal and

optical OSNR degradation, which have impact on the QoS [§i9i€ can be determined in the optical domain. In painte
5]. have the input optical signal powePy,) and the input optical

é]oise power §;,,). The ratio betwee®;,, and N;,, defines the
network performance are the amplifier saturation and areglifi ©SNR of the transmitter (OSNR). For the lightpath withk

spontaneous emission (ASE) in optical amplifiers, homodyf|gKs: the elements betweérandh are repeated times before
crosstalk in switches, chromatic dispersion, polarizatitode ~ the Signal reaches the receiver in the destination node.
dispersion (PMD) and nonlinear effects in fibers [2; 6-12].
In this paper we propose a model based on the OSNR
X o X e RX

degradation to consider several physical impairments ficalp ™ it b c d e f g

Il. PHYSICAL IMPAIRMENTS MODELING

The main physical impairments that impact the optic
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co-propagating signals due to non-ideal optical switchés 80 25 -20 '15,'10 S 0 5 10 15

optical noise power generated by each optical switch inyever 30 amma,. - 10
wavelength is given by [1]
251 19
n a —
Nswiteh =€ Y _ Psu,; (A), 1) = 204 18 8
j=1 £ o)
. o g, 17 5
where Ps,,; (\) is the received optical power from thehj 5 2
optical fiber in the same wavelength of the propagating aptic £ 10+ 16 g
signal,¢ is the switch isolation factor and is the number of g' 5] 1s 'g
signals in the same wavelength received from others links< S =y s gyl
At points ¢ and g, we just considered the multiplexer and 04 > 14
demultiplexer losses. ——————————————
At points d and f, we take into account the noise induced 80 25 20 15 410 -5 0 5 10 15
by the optical amplifiers, as well as the gain saturationceffe Input optical power per channel (dBm)
ConSIderlr_]g th? S|gnal-spontane_c_>us beating as the mase ncl)—Jig. 2. Amplifier gain and amplifier noise figure as a functidinput optical
source, this noise can be quantified by [13] power per channel obtained from experimental results atidgfimodel.
Namp — hv () BogampFamp’ @

where & is the Planck constani (\) is the optical signal At point e, we consider the noise generated by FWM
frequency, B, is the optical filter bandwidth(Z,,,, is the effect [2]. This nonlinear effect depends on the channel
dynamic amplifier gain and,,,.,, is the amplifier noise factor. spacing, optical signal power per channel, number of

The gain saturation effect is taking into account by usirgjavelengths propagating in optical fiber, fiber dispersion

the following expression [4; 5] coefficient, phase matching and the zero dispersion wagtien
of the fiber. The FWM generated power can be evaluated
S using the formulation proposed by Somy al [14], using
Gamp - P 9 (3) . . . . .
1 4 Lout equations 1-5) therein. Considering every optical power
Psut component generated by FWM in the respective signal

whereGy is the maximum non-saturated amplifier gaiy,,, Wavelength, we have
is the optical power at the amplifier output aft),; is the
amplifier output saturation power.
Since F,., depends on the input optical power, we m
developed the following expression: Nrwa = ZPFWMj (A, )
j=1
Famp:FO 1+A1_7 (4) . .
where Npw s is the noise power due to FWNRrw s, (A)
Aa is one of them optical power component generated by FWM
where F, is the amplifier noise factor for low input optical€ffect that falls into the same propagating signal waveteng

powers,A; and A, are function parameters. These parametersFinally, at the pointh, one can evaluate the output optical
were obtained by fitting experimental results from an erbiugignal power £,,.;) and the output optical noise powe¥ ).
doped fiber amplifier (EDFA) developed in our laboratories.p,, is evaluated according to the gains and losses along the
Fig. 2 shows the amplifier gain and amplifier noise figurgignal propagation and it is given by
as a function of input optical power per channel. The
experimental results are represented by symbols and the
model results are represented by solid curves. The function
parameters that fit the experimental results of Fig. 2 are: Py = Gamp, ¢ *“Gamps P, (6)
GiB = 30dB,F, = 3(NF = 4.77dB), P,s; = 15dBm, L% yitenLtue Lpemus
A; = 500 andA; = 2W.
In real optical amplifiers, both the ASE and the amplifier o )
gain diminish as the input optical power increases. Howevdf1€réGamp, andGan,y, are the dynamic linear gains of the
the amplifier gain decays faster than the ASE. As I%oos_ter and pre-amplifiety is the fiber loss coefﬁuen'd_ls
consequence, using Eq. (4), one can observe that fhE fiber 1ength.Lsuiicn, Larus @nd Lpema, are the optical
noise figure increases with the input optical power. To o§Witch, multiplexer and demultiplexer losses.
knowledge, we are the first to consider the dependence ofN,,; is evaluated from the source node to the destination
gain, noise factor and amplifier noise power with the signabde, including the additive noise component in the respect
power for all-optical networks performance evaluation. points along the lightpath and is given by
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IIl. SIMULATION CHARACTERISTICS

N Gampr€ "G amps N, Fig. 3 shows the flowchart of our simulation algorithm.
out = oL 1.2 int For each network simulation, a set t#® calls are generated
uxDemux Swztch A . . h
a choosing randomly the source-destination pair. The call
" 2 amzl Lampz c Z Py, (\)+ request process is characterized as a Poisson processdror e
Muz~Demuz~Switch 55 call request the first available wavelength is assigned datw
aq e—ad(y the source and destination nodes (first-fit algorithm) ared th
ampi ampz . . . .
o Lowiton route is determined using shortest path algorithm [3].
hw () fam"m 15 7) Our algorithm blocks a call if there is no wavelength
TO <Famp1 + %) + available, if the OSNR for the respective wavelength is Wwelo
ampi

of OSNRy,g, or if the pulse broadening/t) is above the
Gamp, ZPFWM maximl_Jrn Ievel §). The blocked calls are lost. The blocking

I probability is obtained from the ratio of the number of
blocked calls and the number of call requests. We assume
+€Zp5w21 7 circuit-switched bidirectional connections in two fibersda

no wavelength conversion capabilities. The default patarae

used in our simulations are shown in Tabel | and Fig. 4
shows the analyzed optical network topology. In each lirk th
amplifier gains are set to compensate for the total link ksse

+ - o re
LDemum LSwztch

where N, is the noise power at the transmitter output.
Dividing P,,; by N,., one can obtain the OSNR at
destination node (OSNR;). The OSNR,; is related directly

to the BER [15]. Therefore, one can establish a threshold
OSNR that guarantees the QoS (OSNR) for call requests Call request
on the network.
Considering a route with a number dfinks, we have y
Route
lection
Gamp; 1€ Y Gamp, -
Pouti = R . POUti—l (8)
LMumLDemuzLSwitch
Wavelength Block
and available call request
A
G eodiy )
Nouti - amPL b Nouti,1+
LMumLDemuzLSwitch Acceptable pulse
G efadiG h )\ p p
ampi ; amps,; I/( ) B, broadening
LDemuzLSwitch 2
Fommps
F 4 D2, +
< e e_adi’Gampl i )
Acceptable
OSNR
ampz i
+————) Prwum,
LDemumLSwztch Z 7
Establish
+e Z PS’LUi+1,j ()\)7 call request
N n Fig. 3. Flow chart of the routing and wavelength assignmégorahm
] loyed in our network simulations.
where N, = T+ £ Psy, (N and ©€MPOY
outo LSwltch ; =
P;
Pouto = -

IV. RESULTS
Furthermore we consider the pulse broadening caused b

PMD effect in a route using the following expression [16], Xve present simulation results for network blocking

probability as a function of input optical power per channel
; for different network device characteristics.

_ ) ) Fig. 5 shows the blocking probability as a function of input

At=15 ZDPMD ) (10) optical power per channel for different amplifier noise figur

values. When amplifiers witiVF® = 3dB are used, we

where B is the transmission bit ratd)pyp (j) is the fiber have lower blocking probability and we obtain the minimum

PMD coefficient, andi (j) is the fiber length in theth link  blocking probability with an input optical power per chahne

belonging to the lightpath. Thét should be lower than a of around—2dBm. For laser transmitters with optical power

pre-determined maximum pulse broadeniny ( higher than—2dBm we verified that homodyne crosstalk,
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TABLE | 15
SIMULATION PARAMETERS.
[ Paraneter | Val ue | Definition
Psat 16dBm Ampl i fier output E‘
saturation power. el 0,1+ E
OSNR;,, 30dB Input opti cal 8
si gnal -to-noi se ratio. o
OSNRg,s 23dB Optical signal-to-noise Q
ratio for QS 2
criterion. = 0’01'5 3
B 40 Cbps Transmission bit rate. 8 1l —m— NF = 3dB
B, 100 GHz Optical filter m 1 e _
bandwi dt h. ]| —®—NF =5dB
36 Nunber of wavel engt hs NF = 7dB
in an optical Iink. 1E-3-+— T T T T T T
Af 100 GHz Channel spaci ng. -20 -15 -10 -5 0 5 10
i 1550.12nm { The 'gf;"ﬁr wavel ength of Input optical power per channel (dBm)
o 1510nm Zero di spersion Fig. 5. Blocking probability as a function of input opticadyeer per channel
wavel engt h. for different amplifier noise figure values.
[ 0.2dB/ km Fi ber loss coefficient.
Lpfuz 3dB Mul ti pl exer |oss.
Lpemuas 3dB Denul ti pl exer | oss. ) ) )
Lswitch 3dB Switch | oss. saturation power values. The input optical power per channe
Fo 3.162 Amplifier noise factor that corresponds to minimum blocking probability is equal t
%’;t iorsrdegponds to 0dBm. For a amplifier that ha®,,; = 13dBm, we have
A, 100 Noi se factor nodel 16.81 9% of blocked calls, fot?,,; = 16dBm, we havel.41 %
par amet er . and for P,,;, = 19dBm, we have around.33% of call
Az 4w gg'r zﬁe‘; actor model blocking. Note that & dB increase in the amplifier saturation
p —40dB Swich Tsolaiion power leads to a reduction in the blocking probability by enor
factor. than1 order of magnitude.
0 10% Maxi mum pul se
br oadeni ng. 1 )
Dpup 0.05ps/ km'/2 | PND di spersi on EE Tan, ! !
coefficient. 1
Load 60 Er I angs Net wor k T oad. 1 x\“ a8 =3
> L T T Ly
= 0,14 gy () .
120 km 8 e, o¢°
1 2 o) LY 1d
o
S
o
g 0.015 E
&) ] ]
- e} —n—Psat = 13dBm
~ @ —e— Psat = 16dBm
S
Q Psat = 19dBm
1E-3 T T T T T T T T T T T T T
20 -15  -10 -5 0 5 10
Input optical power per channel (dBm)

Fig. 6. Blocking probability as a function of input opticabyer per channel
for different amplifier output saturation power values.

Fig. 4. The optical network used in our simulations. Nodeadises are

shown. There are different types of fiber installed in the optical

communication systems all over the world. To analyze

the network performance with different types of fiber, we
amplifier saturation gain and FWM effect cause more impacbnsidered the standard fiber (STD), with = 1310nm,
on OSNR degradation. For laser transmitters with opticdlspersion shifted fiber (DSF), withy = 1550nm, and non-
power lower than-2dBm, the blocking probability increaseszero dispersion shifted fiber (NZ-DSF), witthy = 1510nm.
because of the ASE impact. F&f F = b5dB, the ideal Fig. 7 shows the blocking probability as a function of
input optical power per channel value is1dBm and for input optical power per channel for different zero dispeansi
NF = 17dB it is 0dBm. Note the dependence of thavavelength values. For any fiber type the blocking probghili
optimum input optical power per channel with the amplifiersncreases as the signal power increases due to FWM. We
noise figure. can note that there is no difference in network performance

Fig. 6 shows the blocking probability as a function ofvhen using NZ-DSF or STD fibers, for a transmission bit

input optical power per channel for different amplifier auitp rate of 40 Gbps and channel spacing ®60 GHz. However,
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when DSF fiber is considered, we have more blocked caltxrease, which causes the shift of the minimum blocking
caused by FWM effect. For laser transmitters with opticg@lrobability towards lower input optical powers.
powers lower than—9dBm we note that the type of the

optical fiber employed in the network does not affect the 1§ T ey T
network performance, since the calls are blocked mainly due ] % X ]
; . ] - ]
to accumulation of ASE noise. . ] _\’“ ““yv:...o ]
= ‘.\ )
1 ] Tr——————— T T T T T e 0,1 _E .\..\. ‘.... f _E
e 1] o ] \ Yoo, 0% ]
S Q ] n “eo ]
- 9 ] \ i
\,. Q n
z X N 2 \
= " o8 2 0,015 —m— 30 Erlangs " / E
@ \ 8 1| —e— 60 Erlangs " ]
S o014 \- __ o ] 90 Erlangs
> ] \ ] —v— 120 Erlangs
£ 1 1 1E-3 — T T T T T 7T
§ { —m=—x,=1310nm f 1 20 -5 10 5 0 5 10
3 || —®—A,=1510nm ] Input optical power per channel (dBm)
)‘o = 1550nm Fig. 9. Blocking probability as a function of input opticabyer per channel
0,01 7 for different network loads.

20 45 40 5 0 5 10

Input optical power per channel (dBm) V. CONCLUSIONS

We presented a novel model to consider several physical
impairments in transparent optical networks. Our model is

Fig. 8 shows the blocking probability as a function of inpuifaseOI on the degradation of OSNR along the lightpaths

. . oo . and it considers the effects of gain saturation and amplified
optical power per channel for different switch isolationtfars. . o o

. . . spontaneous emission noise in amplifiers, homodyne cikssta

The network performance is very sensitive to this paramete

Fore — —40dB we havel.41% of blocked calls, while for ;pbgfstmal switches, and four wave mixing in the transmissio
¢ = —35dB we havel0.15%. Consideringe = —30dB ! '

we have more than5.94 % blocked calls for the input optical .TO our knowledge, we are the f'.rSt to propose a
simple model based on OSNR to consider these effects all
power per channel equal te1 dBm.

together, using analytical equations obtained from wediviam
1 re—— . . . . . fundamental or experimental behavior of network devices.

Fig. 7. Blocking probability as a function of input opticabyer per channel
for different zero dispersion wavelength values.

'l'-.‘ Moreover, we are also the first to consider de dependence
Ly I-...“"““I“. of gain, n(_)ise factor and overall amplifier noi_se power on
- °\ o*® the total signal power. We presented an application of our
= 2 o*° ] model for the evaluation of network performance in terms
§ ®e. .ﬁ' of blocking probability using a routing (shortest path) and
o 0,1 ®e0e®’ 4 wavelength assignment (first fit) algorithms.
g ] ] Our results show the impact of each impairment on network
£ 1 1 performance as a function of device parameters. For lonasign
8 || —m—¢ = = - 30dB ] powers the blocking probability is mainly due to the ampisie
3] || —e—g==-35dB ] noise, whereas for high signal powers the main contribution
¢ = =-40dB the blocking probability comes from the FWM effect. We note
0,01 . . . . . . . that the optimum signal power depends on network topology
20 5 -0 5 0 5 10 and network device parameters.
Input optical power per channel (dBm) Our simulation results also show that network performance
Fig. 8. Blocking probability as a function of input opticadywer per channel ishighly dependent on device pqramete_rs, Su_Ch as ampllfler
for different switch isolation factors. output saturation power, amplifier noise figure, switch

isolation factor, and fiber type. These device parameters ha

Fig. 9 shows the blocking probability as a function of inputonsiderable impact on device costs. Therefore, we betiave
optical power per channel for different network loads. Amodel have application in routing and wavelength assigrimen
expected, the blocking probability increases as the nétwalgorithms, and also in network planning to balance costks an
traffic load increases. However, Fig. 9 shows that the minimuperformance.
blocking probability for each load occurs for different was
of input optical signal powers. This is because of the baanc ACKNOWLEDGMENTS
between the different effects. For high loads more wavaleng The authors acknowledge the financial support from CNPq
are used. Therefore, the FWM effect and the switch noisead Capes (Brazilian Research Council).
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