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Performance Evaluation of OOK, DPSK and
Duo-binary Modulation Format based
Mixed-Line-Rate (MLR) Optical Network

Rochak Bajpai, Sujata Sengar, Sridhar lyer and Shree Prakash Singh

Abstract—With the steady increase in the heterogeneous
Internet traffic, the optical wavelength division multiplexed
(WDM) networks based on a mixed line rate (MLR) strategy
have emerged as an efficient-solution. Also, with the migration
from the legacy to the higher line rate(s), the advanced
modulation format(s) (MF) is/are required. However, use of
appropriate MF(s) for the higher line rate(s) still remains an
open problem. In this article, we compare the performance of an
On-Off Keying (OOK), Differential Phase Shift Keying (DPSK)
and Duo-binary (DB) MF based MLR network in the presence
of various physical layer impairment(s) (PLIs) for which, we
propose a mathematical model based on various MFs. As a
novelty, we validate the proposed theoretical model’s results by
comparing them with the results obtained through simulations
from OptSim, which has not been conducted in any existing
study(s) thus far. Our simulation results show that the DB MF
is perfectly suitable for high spectral-efficient MLR systems
owing to its high resistance to various PLIs.

Keywords—Duo-binary, DPSK, MLR, OOK, Q-factor.

I. INTRODUCTION

With the continuous advancement in the telecommunication
networks, the Internet traffic has grown significantly which
has led to a rapid increase in the bandwidth requirement in
the long-haul networks. In order to meet the diverse service
requirements, the traffic flow in the backbone networks has
become increasingly heterogeneous. For satisfying the
requirement of the diverse traffic, the concept of mixed line
rate (MLR) optical wavelength division multiplexed (WDM)
network has evolved in which, the channels are combined as
sub-bands, each of which operates at the same bit rate; hence,
the channels at various line rates are combined and
transmitted over the same fiber [1]. However, in the MLR
networks, when the signal traverses for long distances, the
effect of the various physical layer impairments (PLISs)
become prominent which results in the degradation of the
signal quality and hence, an increase in the bit error rate
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(BER) [2]. The various major PLIs which affect the MLR
network performance are: (i) chromatic dispersion (CD), (ii)
cross phase modulation (XPM), (iii) four wave mixing
(FWM), (iv) accumulated noise (i.e., amplified spontaneous
emission (ASE) noise), and (V) inter- and intra-channel
interferences [3, 4]. Further, the impact of these PLIs on the
performance of a MLR network, in terms of the quality of
transmission (QoT), is strongly dependent on the (i)
accumulated power, and (ii) individual power of the other
optical channels which are transported simultaneously on the
same fiber [4].

In the legacy 10 Gbps optical WDM networks, the intensity
modulation direct detection (IM/DD) scheme is utilized and
since the network is of a fixed grid type, it follows the
International Telecommunication Union (ITU-T) defined
fixed channel spacing of 50GHz [4]. Hence, a modulated
signal at 10 Gbps, using IM/DD, requires a spectrum of less
than 15 GHz which implies that, such a system has a spectral
efficiency (SE) of 0.2 b/s/Hz which leads to a poor spectrum
utilization. Hence, the use of higher line rates such as 40 Gbps
is necessitated which, compared to the legacy line rates, under
similar conditions, fundamentally decreases the CD tolerance
of a system [5]. However, higher line rate(s) systems require
advanced modulation formats (MFs) with narrow optical
spectrum and also enhance SE [6].

At a line rate of 40Gbps, compared to the IM/DD scheme,
owing to its inherent improved receiver sensitivity of 3db,
differential phase shift keying (DPSK) is the preferred system
MF [7, 8]. Duo-binary (DB) signalling is an alternate MF
which provides high tolerance to CD in the systems whose
performance is primarily limited due to dispersion [9, 10].
Further, the DB format is easy to implement, and has small
optical bandwidth which results in more channels being
placed close to each other leading to improved SE. Also, the
SE can be improved by adopting a gridless network, in which,
the channel spacing within the sub-bands and between the
different sub-bands is reduced [4]. In addition, with guard
band (GB), the channels are separated by an amount equal to
the spectrum of its signal, which implies that there occurs a
tighter packing of the channels. However, this reduction in
inter-channel spacing gives rise to the inter-channel crosstalk
which results in channel performance degradation [4].

In this article, we compare the performance of a 40 Gbps
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MLR WDM network based on (i) NRZ-OOK, (ii) DPSK, and
(iii) DB MFs, with the variation of power and in the presence
of various PLIs. The main aim of this article is to present a
rigorous analysis of the performance of OOK, DPSK and DB
systems at 40 Gbps in the presence of CD, XPM, FWM and
ASE noise. Further, the novelty of our work that distinguishes
it from the existing studies is that we (i) mathematically detail
the MLR network considering various MFs, and (ii) validate
the proposed theoretical model’s results by comparing them
with those obtained through simulations from OptSim, which
to our knowledge has not been done thus far. Our results show
that the DB MF based system outperforms the OOK and the
DPSK MFs based system.

Since our current study extensively uses many acronyms,
for the ease of readability, in Table I, we list the various
acronyms used in the study, and their corresponding
description.The rest of the article is structured as follows: In
Section 11, we describe the system model. Section 111 details
the theoretical performance evaluation considering the
various modulation formats. Section 1V discusses the
obtained simulation results. Finally, Section V concludes the
study.

Table | List of acronyms used in the study, and their corresponding
descriptions.

Acronym Description
ASE amplified spontaneous emission
BER bit-error rate
CD chromatic dispersion
DB duo-binary
DPSK differential phase shift keying
FWM four wave mixing
MLR mixed line rate
OOK on-off keying
PLI physical layer impairments
SSMF standard single mode fiber
Q-factor quality factor
DC dispersion compensation
XPM cross phase modulation
QoT quality of transmission
IM/DD intensity modulation direct detection
Pe probability of error

I1.SYSTEM MODEL

The MLR WDM link architecture considered in the study is
shown in Fig. 1, which emulates a WDM link in a network
topology. The MLR WDM link corresponds to eleven users
transmitting at different line rates using various MFs. All the
signals are then multiplexed and transmitted over a standard
single mode fiber (SSMF) of length L kms with dispersion
compensation (DC). The values of the dispersion, the
attenuation, the core area, and the nonlinear refractive index
of the SSMF are 17 ps/nm km, 0.2db/km, 50 um?, and
2.7x1072 m?/W, respectively. In the WDM link, the center
channel transmits at 40Gbps, and the surrounding channels
(i.e., five channels on either side of the center channel)
transmit at NRZ-OOK 10Gbps. Two MLR cases are
considered: Case-1 does not deploy an amplifier i.e., L = 80
Kms, whereas, Case-2 deploys an amplifier (EDFA) i.e., L =
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Fig.1. WDM link architecture considered in the study.

120 Kms. Further, in each case, three different configurations
are studied in which, the central channel is modulated at
40Gbps using the following MFs: (i) Non-Return-to-Zero
(NRZ)-OO0K, (ii) NRZ-DPSK, and (iii) NRZ-DB.

I1l. PERFORMANCE EVALUATION

In the MLR network, different MFs are used to modulate the
signals at various transmission line rates and hence, different
performance evaluation models are required. In the following
sub-sections, the performance of the central channel is

evaluated in terms of the probability of error (P,) when
different MFs are used.
A. Central channel with OOK Modulation

a. Without Amplifier

When the central channel at 40Gbps is OOK modulated, then
performance of the central channel is worst affected by

FWM, and the P is given as [3, 11]

_1 Q 1)
Pe > erfc{ (2)1/ 2 :|

where
_ (i) (i)
o(@) +o(0) @)
In (2), for the Q-factor, the numerator and denominator terms
are defined as [11]

(i@) = R )
. 1 1

o) 2o 5 = rDeT TR
k=l=m k=l=m (4)
2 =O'|2:vww —signal (1)+O'szh +o'T2h (5)
c2(0) =t 6)
respectively. In (3) and (4), Rgis the responsivity of photo-
detector, Ps(r) the signal power received at receiver, Pk(lr%
the FWM component generated on the central channel due to
signal on kth,lth and mt channels. In (5) and (6),

0'52h o, O"Igh and o—,%WM _signal "epresents the variance of
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shot noise, thermal noise, and FWM-signal beat noise, which
are given as [11]

o3, =2eRyPL{IB,

(7
2 4K gTBg
OTh RL (8)
L oyl P L RY 1 RO
O-FWM—signaI( )=2(R")"R, §k=|2=m Ps(r) +Zk$;=s Ps(r) +Zk§m Ps(r)
)

respectively. In (8), R_is the receiver load resistance and Bg
the electrical bandwidth of the receiver which is assumed to
be equal to the data rate.

b. With Amplifier

In this case, an in-line amplifier is deployed which has a
uniform gain G over the optical bandwidth By . In addition to

amplifying the signal, the amplifier will also generate the
ASE noise. When the ASE noise and the signal are incident
on a photo detector, the noise beats with itself and also with
the signal. As a result the ASE-ASE, ASE-signal and ASE-
shot noise beat components are generated. In addition, FWM-
signal and ASE-FWM beat noise components are also

generated. The P,and Q-factor are given by (1) and (2),

respectively, and in (2), the numerator and denominator terms
are defined as [11]

(i) =R,P" +R;S,,B, (10)

(i(0)) = RyS,, B, +2R0[1 > RE W1 Zpki2:| (12)

k=l=m 4 k=l=m
The noise variances for bit '1' and '0' are given by [11]
(1) = 26Rg[P{") + Sg By 1B, + 4R 2 PS¢, B, + Ry?SZ[2B, By — BE] +

oM —signal®) + oBwm —ase (1) + 4KgTBe / R
(12)

2(0) = Ry?S5[2B,By — BZ]+ 26RgSsy BoBe + oy _ase (0) + 4KgTBe /Ry

(13)
respectively. In (12) and (13), By is the optical bandwidth of
the filter used to limit the ASE noise, Bg the ideal electrical
filter bandwidth in the receiver, and S sp represents the power
spectral density (PSD) of ASE noise, given by
Sp =Ngp (G-1)hv (14)
where N, is spontaneous emission factor ranging from 1.4 to
4 for EDFA. In (12), GEWM—signal(l) and o2, ase (@) are
given as [11]
" Q) 0]
halz By R

#lzm=s T'g s

(15)

; 1
O-}EWM—signal (1) = Z(Ps( ))2 Rg |: Z

8 ksl=m

1P o1 P 1 ¢« Pl
2 _ap2)opm| L im , L s, + kkm
Orunnse (D) = 4R; {ZPS {8 k;m Ps(r) + 4kzgm::s pn + 4k§m p(n SspBe

(16)
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Fig. 2. DPSK demodulator.

respectively. In (13), &Zyym_ase (0) is given as [6]

r 1 r
> g+ wells,e, @7

k#l=m 4 k=l=m

1
O-IiWM—ASE 0) = 4R02 {2|:8

B. Central channel with DPSK Modulation
a. Without Amplifier

When the central channel at 40Gbps is modulated using
DPSK, it is highly susceptible to the XPM induced by the
neighbouring OOK channels. Also, XPM affects the 40Gbps
channel only when bit ‘1’ is transmitted over the
neighbouring OOK channel. The DPSK modulated signal is
detected using a standard delay demodulator followed by a
low pass filter, as shown in Fig. 2.

Let the received signal at frequency f be represented as

r(t) =P cos(27 fst +by ) (18)
where b, = 0or LforkTy <t <(k +1)T,depending on

bit ‘0’ or ‘1°. In our analysis we consider the worst case
scenario in which, bit ‘1’ is transmitted on all the neighboring
OOK channels and bit ‘0’ is transmitted on the central
channel using DPSK modulation with a delayed bit ‘1°. As
symbol ‘1’ is transmitted on the co-propagating 10Gbps
signal, it generates XPM on the central 40Gbps channel. If bit
‘0’ is transmitted, then the received signal is expressed as

r(t) = P"” cos(2xf t) +n(t) (19)
where PS(') represents the signal power at the receiver and

N(t) is due to thermal, shot and XPM noise owing to bit ‘1’

on the neighboring OOK channel. The band pass noise is
given as

n(t) = n, (HCos(2Af ;t) —n, (t)Sin(2f 1)
Hence, the received signal is given as
r(t) =/ P.” cos(27f t)+n, (t)Cos(27f t) — ng, (t)Sin(27f t)
(21)
If the delayed bit is bit ‘1°, then the delayed signal
r(t—T)is given as

rt—Ty) = v P cos(2afs(t —Ty) +1.7) + Ny (t — T )Cos(2fst)—
ng (t —Tp)Sin(27ft)

(20)

or
rt—Ty) = f\/@ cos(27ft)+ Ny (t — Ty )Cos(2Ast)— (22)
ng (t — Tp)Sin(2f st)
In (22) it is assumed that 24f T, = 27N , and hence, (22)
can also be represented as
rit—Tp) = [\/@ +ny (t —Tb)Jcos(Zzzfst)—

ng (t —Tp)Sin(2fst)

(23)
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Therefore,
rOrt-T)= {[\/@ +ypm, (t)}Cos(27zfst)— e, (t)Sin(2;szt}.
{[\/@* NXPM, (t’Tb)}COS(Z”fst)’nXPMQ (t*Tb)Si”(Z”fst)}
= [\/@* NXPM, (t)}[Ps(r) +nxpw, (t *T)}:OSZ(Zﬁfst) -
- (t)[\/@ +ixpm, (t—T)}Sin(Zﬂfst).Cos(Zn‘fst)—
e, (- T)[F iy (t)}Cos(an B)Sin(2Af )+

nxpm, (ONxpm, (t-T)sin? (27 )
(24)
The corresponding low pass filtered signal is given as

y(t)=%{ p{ +n(t)} { P it - Tb)}- Ny (Ong (t—Tp)
(25)

y(t) = %[fps(f) +4 Py € =Tp) =y POy () +ny (N (t=Ty) +
no (Mg (t—Ty)]

or

(26)
Assuming a high signal to noise ratio (SNR) condition, and
neglecting the terms {n (t)n; (t—Tp) + ng (N (t—Ty) }
results in

() =5 1-P RN, (- T,) - @

RING)
In (27), n,(t-T,) and n, (t) are Gaussian with zero mean
and variance aﬁ ; the term \/@nl(t_Tb)_\/@nl(t) will
be Gaussian with zero mean and variance 2Ps(r)g§. Under the

Gaussian approximation, P, can be expressed as

P, = P(0)P(1/0)+ P(1)P(0/1) (28)
s 1 (X + (r))
h = —_— f—
where P(l/O)—fmexp P s L )dx

M2 .
(X—(P)S 2) )dx respectively.
4P o

and p(o/1) = j

W

The average P, can be expressed as [17]

P, = ;erfc ‘/26(7;) :;erfc[%j (29)
where
\/@
Q= o 2 (30)

In (30), aﬁ represents the sum of the noise variances due to

shot, thermal and XPM noise. The shot and the thermal noise
variances are given by (7) and (8), respectively. The XPM
noise variance is given as
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2 R’’ —2al (31)
Oxpm = A+e"7)
d;;
o5

b. With Amplifier

With the introduction of an in-line amplifier, ASE noise is
also generated. In our analysis we consider the same case as
discussed in the DPSK without amplifier i.e., bit ‘0’ is
transmitted on the central channel using DPSK modulation
with a delayed bit ‘1°, and bits ‘1’ are transmitted on the
neighboring OOK channels. The received signal is given as

rt) = [\/ P+ Nasg, (1) + Nxpm, (t)}COS(Zﬂfst)— (32)
[nASEQ () +nxpm, (t)]Sin(Zﬂfst)

The output of the low pass filter will be [17]

y© =r®Ort-T,) (33)

or

1
y(t):i Ps(r)*'nASE‘ (t)+nXPM‘(t)} {— Ps(r)+nASE, (t‘Tb)anXPM,(t‘Tb)}r

%[nASEQ () +nxpm, (t)] [nASEQ (t=To)+nxpm, (t —Tb)]

(34)
or
y(t)%[—&“) +Mase, (E=Ty WP 4 e, (8 =Ty WRE) —npge, (DYPE) +
Nase, (Dase, (E=To )+ Nase, (Dypw, (E=Tp) = nypny, (DYPLT) +
Nxpm , (ENase, (t=Th )+ Nxpm, (DN, (E=Tp )]+
~ Dseq (Onaseq (1T )+ Mase (Do =Ty ) +
Nxem g (ENaseq (t=To )+ Nxpm g (ENxem g (t=To )]
(35)
In (35), under the condition,
Nasg, (DNasg, (t—Tp)
Nxpm, (ONxpm, (€ =Tp) Nase, (ONase, (t—Tp)
_ | hich
and nXPMQ(t)nXPMQ(t Tp) can be neglected, whic

high  SNR

results in [17]

1
Y(t)=5[-Ps(r) +Nasg, (1=Ty WrED +Nypm, (t=Th WRE -

NASE, (t)\/@“‘A&;EI (tnxpm, (t=Tp ) —nypwm, (1) P{T) +
Nxem, (N ase, (t=Tp ) +Naseq (ENxemg (E=Tp )+
Nxemg (DN aseq (1=Tp )]

(36)
The various beating terms are a function of the random phase
which average out to zero i.e. the means of each beating term

will be zero; whereas the variance for each can be expressed
as
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0'5|g ASE,l = =Rg I:)s( )Ssp,lmc

oéig-xpm,1 = RGP Pypy, 1 AF (37)
2 2

OASE,I-xPM,I = RgSsp, 1 Pxpm, 1 BoAf

Usug xpm.1 = REPL) Pyp | Af

2
O ASE.Q-xPM,Q = REPxpM,QSsp. o BoAf

where Ry, P{", Sept+ Pxpmir Sspar Prpmg:Bos AT are

the responsivity of photo-detector, received signal power, In-
phase component of PSD of ASE noise, In-phase component
of the XPM power component, Quadrature-phase component
of the PSD of ASE noise, Quadrature-phase component of the
XPM power component, Optical and Electrical filter
bandwidth, respectively. The PSD of ASE noise is given as

Sgp =(G—Dngphv (38)
Power of the XPM component is given as [12, 13]
Pypm =27 <Ps > Y Py (0,0)Hp (@) (39)
p#s
where <P, >, Py (0,0), HSIBA (w) are time averaged signal

power of the reference channel, PSD of the co-propagating

signal p, and IM/XPM/IM filter respectively. Further,
HSIBA (w) is given as

k-1

HIM (@) = %Cgme(‘“’;d*'insly ©y  (40)
k=1
or
2 » l_e(—am(ds:’w—%mwznlk
exp j%(lkokmg))mz -
Ofk*J'(ds(;l;)w*/LDW2
Hsp k)(0’)_J e

. 7
1 e(*akﬂ(df:]m*%')sz))lk
)| 1-

A2 .
exp —j%(lka +D|gk))a)

: A2
—_id®He 2 D, w2
ag - j(dsp’@ i k@)

(41)

The Py under the Gaussian approximation is given as [17]

1
P, = 2erfc£%j (42)
where
p(l’)
=33 43
Q o2 (43)
and

2 2. 2. 2 2 2 2
On =0gy T 0 T Ogigase,l T Osig-XPM,I + Tig_asE,| T O ASE,I-XPM, |

2 2 2 2
+Osig-XPM,1 T Oxpm,1-ASE,I T 9 ASE.Q-XPM,Q T 9 XPM Q-ASE,Q
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In DB modulation, pulses are affected by crosstalk, however,
in controlled limits [10]. As shown in Fig. 3, on the

transmitter side, the input bit sequence b, is passed through
a pre-coder (to avoid error propagation) to generate an output
data a, = bn @a, ;. The pre-coder output enters a level

shifter to generate C, = 2a, —1. Assuming that the input
bit sequence is b, € {0,1}, it follows that @, € {0,1}.
Now,C, € {—1, 1} and the transmitted signal S; (t) at a
carrier frequency f is given as

St(t) = {\/Fs > cault— nT)}e"Z” it

n

(44)

The received signal is passed through optical filter. The
transfer function of the optical filter is given as

- i <f< i (45)

2T 2T

The receiver is a quadratic receiver using a standard direct
detection technique. It is assumed that noises affecting the
performance are shot, thermal and FWM noise. The signal at
output of the receiver filter is assumed to satisfy DB pulse

constraint X(0) = X(T) = 0and X(nNT) =0vVn = 0,1

, and hence, the received optical signal at an optimum
sampling instant is given as

SR tOpt {\/PTd X(O) + P(r) e Jgklm} (46)

where Ps(r) is the average power of the received signal at

HR(f):T[l+e’2j’th ]: 2T cos 7 fTe 17T

frequency f,. Pk(nrn) and 8, are the average power and
phase of the FWM components generated by the kth, " and
m" channel satisfying k+l-m=s. Also,
d,=c,+C,,+Nn, where C, is the transmitted
sequence of amplitudes and N, is a sequence of independent
Gaussian random variables which in our case is assumed due
to FWM noise. If we assume C, =1 with equal

probability, then

0 if Ch #Ch1 (47)
dy=4 2 if Ch=Cph1=+1
-2 if Ch=Ch_1=-1

Also, when the sample at the output of the optical filter d o Is
2 or -2, it corresponds to the bit sequence b, =lwhereas,

d, = Ocorresponds tob, = 0.The optical signal is detected
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using a photo-detector, whose expression at optimum
sampling instant is given as

[\/PT d X(0)+ﬁ COS(lem)TWTh (topt) +(48)

Nsh (topt)

ID (topt

Assuming P >> P{" and neglecting P\" in comparison
to P results in

ip (topt )= R [ P d, [x(0)]% +2x(0) P,

Nsh (topt)

PP k(|rr3, 005(9k|m)}+ N (topt) +

or

D (topt): Ro Ps(r)dn [X(O)]Z +NEWM —signal (topt) + N7h (topt) + (49)

Nsh (topt)

where Ny signai (1) represents the FWM-signal beat noise.
In (49), apart from FWM-signal beat noise, there will also be
thermal and shot noise represented as Ny, (t) and Ngp(t).
Now, the bit-by-bit decision is employed and the P can be
calculated as

o _ p| [ioCopd)]> RoPLVIXOF (50)
e~ d,=0
2 (51)
P, == Iexp[ i2/202 ]ds
V27 rpelxo]
Pe_eﬁ[Rpm[z ]] (52)
or
P, = erfc(%} (53)
where
o- BPLo

In 52), 62 = o4 + ol +5§WM75ignal, and thermal and
shot noise variances are as given in (7) and (8), and signal-
FWM variance (i.e., oﬁWMfsigna,) is given as [11, 13, 14]

1

2 (M2 (o2l L R 1 R 1 Pien | 7 2
N — - m, =~ _Kls =+ m
rbum —signa = 2(P{)?[x(O) RS Bkt%m&(”* a2 0" 4k£m o) jl\HRm\ df
T
1
(r) (r) (r)
1 P, 1 P 1 P,
=2(P('))2[X(O)]2Rg =y kim , 1 > Tkis 1 z kkm |2T cos AT (f
° 8 iim P 4y PO 4 PO j
2T
(54)
) p(r) p(r)
2 _ 6] 1 kim , 1 kis 1 kkm
2R 0)RE - =
OFWM —signal = { ( [X( )] {8 E S( *2 ;t;n SP(r)+4 ) Ps(r)
(55)

b. With Amplifier

The schematic of the DB system for this case is as shown in
Fig. 4. To simplify our analysis, and also to have a fair
comparison with the MFs discussed before, we assume the
ASE noise to be real.
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The received signal at receiver in this case will be given by

SR(t)={\/2P720nuTt nT)+ Z [25 e 1 (2HAN4) 1 Jap() =1 }eJMt

(56)
where ¢, is a random phase for each component of the
spontaneous emission. In (56), first term is the signal

component and the second and third terms represent ASE
noise and FWM components respectively. Also, in (56),

P, =S., - BoWhere s, = Ng, (G —Dhvandy — 2?‘/.

If received signal satisfies the DB pulse constraint, complex
envelope of filtered output optical signal can be expressed as

SR (topt) = [\/ 2P{" d,x(0) + N asg () + NEwm (I)J (57)

The detected signal at the optimum sampling time is given as
[17]

2
ip® = Ro[ 2P k(@) npse ) +npuna 0] )

Assuming a high SNR, P®™ >> p® and P >>n2 (),

thus P{), and N2 (t) in (57) can be neglected. After

photo detection, electrical signal at the optimum sampling
instant is given as [17]

ip (topt) = Ro Ps(r)dn [X(O)]2 +Nase-signal (topt) + NFwm - AsE (topt) +
NEWM —signal (topt) + Nsh () + Ny (1)

(59)
where
NasE-signal (topt): NFwM — AsE (topt): N"FwMm —signal (topt)
represent the ASE-signal, FWM-ASE and FWM-signal beat
noise. In (57), the second, the third and the fourth terms have
zero mean and the variances are given as [17]
= %[4R02 PS(”X(O)SSpBe]

O AsE-signal

4 ooy L 5 P L 1 PY 1« PO
O bwmase =”{4R02{2Ps( )X(O){B Z k(lr) +Zk |Z: Pk(li) +ZKZ Pk:,) S4B,
#lzm=s g =lzm g

kl=m Ps

CTZ . 2(p(r)) [X(O)]z z Pk(l:n) +£ Z l:’k(lg) +£ z Pkm
FWM*SIQHN 8 ksl=m Ps(r 4 k#l2m=s Ps(r) 4 k=l=m Ps(r)
(60)

The Py is given as

i (topt)] > RoP” [X(O)° 61

Pe:p( w) AN ECY
P, = erfc(%} (62)

where
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o - RePXOF (63)
On
and

2_ 2 2 2 2 2
On = Ogh T OTh T O ASE_signal T OFWM —ASE T 9w —signal

IV. RESULTS AND DISCUSSIONS

For simulations, we used MATLAB and the commercial
package Rsoft OptSim™ simulation software (Version 4.0)
that gave us an environment almost like exact physical
realization of a WDM system. Through the aforementioned
we are able to validate the proposed model simulated on
MATLAB (referred to as ‘Theoretical’) with the results
simulated on OptSim (referred to as ‘Simulation’). The
essential components to build the WDM link architecture
shown in Fig. 1 is as detailed in [14], assignment of the central
wavelength of the channel is based on the ITU-T
recommendation G.694.1 [15], and the configuration and
various parameter values of the transmitters, receivers, filters,
SSMF and DCF are as detailed in [16]. The required BER
value is set to 1072 (i.e., Q-factor value of 7 or 16.9 dB on
the electrical scale) with BER (Q-factor) values being
evaluated for the most distorted channel; the amplifier used
has a fixed output power level of 10 dBm and the other
physical layer parameters are identical as in [11, 12, 14, 16].

From Fig. 5 and 6 it can be observed that the Q-factor
values degrade with the introduction of the amplifier owing
to the ASE noise. Also, it can be seen that compared to when

Vol. 7, No. 3 (2018)

the channel spacing is set to 12.5 GHz; better Q-factor
performance is obtained when the channel spacing is fixed to
25 GHz. However, in both the channel spacing value cases,
DB MF outperforms the DPSK and OOK MFs as it is more
resilient to various considered PLIs. Overall, in all the cases,
with increase in transmitted power, the Q-factor increases and
reaches a maximum at 0dBm since PLI effects are low at
lower transmitted powers; however, as transmitted power is
increased beyond 0dBm, the Q-factor values start to decrease
since the wavelengths begin to overlap and the PLIs start to
dominate.

Another important point to note from Fig. 5 and 6 is that
the results obtained via OptSim provide degraded values of
Q-factor in comparison to the exact theoretical approach. This
occurs since OptSim simulates the non-linear fiber using the
Split Step Fourier or Time Domain Split Step technique
which provides an approximate solution to the Nonlinear
Schrodinger equation (NLSE) that defines pulse evolution
inside a SSMF [14]. However, even with minor deviation(s)
in the Q-factor values, Fig. 5 and 6 shows that the simulation
results follow the theoretical result suggesting that that the
proposed MLR model accurately calculates Q-factor for the
considered MFs.

In order to evaluate the variation of Q-factor with channel
spacing, we varied transmitted powers as -5, 0, and +5 dBm,
and also considered deployment of an amplifier. Again,
results (see Fig. 7) are found for worst affected (central)
channel. From the figure, it can be observed that (i) in all three
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Fig.5. Variation of Q-factor with transmitted power for channel separation of 25 GHz and 12.5 GHz, without amplifier (i.e. L = 80 kms) for the
worst affected (central) channel as (a) OOK, (b) DPSK, and (c) DB.
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Fig.7. Variation of Q-factor with channel spacing for various transmitted power values for worst affected (central) channel as (a) OOK, (b) DPSK,
and (c) DB.
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Table 11 Minimum channel spacing values required to achieve Q=7 by the various considered modulation formats.

Transmitted Power -5dBm 0dBm +5dBm
Modulation Format
00K E 2 5 25.7 16.1 15.0
E S T
DPSK - 155 24 17
E (73]
DB 2.6 1.3 0.6

Table 111 Spectral Efficiency achieved by the various considered modulation formats for different transmitted powers.

Modulation Format Transmitted Power -5dBm | 0dBm | +5dBm
OOK N 1.556 2.4844 2.666
DPSK % % ; 2580 | 16.666 | 23.529
DB & E é‘j 15.384 30.769 66.666
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Fig.8. Variation of Q-factor with distance for various values of transmitted powers for the worst affected (central) channel as (a) OOK, (b) DPSK,
(c) and DB.

MFs, for given channel spacing, performance improves
with increase in transmitted power, (ii) for given channel
spacing, performance (in terms of Q-factor) of DB is better
than OOK and DPSK, and (iii) if MF is OOK or DPSK, with
transmitted power of -5dB and channel spacing of 10GHz, it
is not possible to achieve Q = 7, whereas the same is possible
in the case of the DB MF.

For the considered MFs, the minimum channel spacing
values in order to achieve a Q-factor value of 7, and the
corresponding spectral efficiency(s) are shown in Table Il
and 111, respectively.

Finally, in order to observe the performance of various
MFs with variation in distance, for the worst affected channel,
we plotted the Q-factor with distance for various values of

transmitted powers and set the channel spacing to 12.5 GHz.
It can be seen from Fig. 8 that with increase in both, the
distance and the transmitted power, the Q-factor decreases
and OOK shows the worst performance whereas, DB
maintains the best performance since it better alleviates the
effect of all the PLIs. Also, for the shorter distances, the
DPSK and the DB MFs show similar performance; however,
for longer distances, DB MF outperforms DPSK as it is much
more resilient to all the PLIs.

Overall, from all the results it can be inferred that an
increase in the number of users is possible provided (i) the
bandwidth is increased simultaneously by setting the same
channel spacing, or (ii) the channel spacing can be decreased
simultaneously by keeping the bandwidth as narrow as
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possible. Hence, each MF has its own advantage(s) and /or
disadvantage(s), as the service providers are usually
interested in both, narrowing the bandwidth and reducing the
crosstalk between the channels. Also, the reduction in the
channel spacing implies an imposition of stricter
requirements on the system characteristics; however, it leads
to stable system characteristics.

V.CONCLUSION

In this work we have compared the performance of a 40Gbps
MLR WDM network based on the (i) NRZ-OOK, (ii) DPSK,
and (iii) Duo-binary modulation formats, with the variation
of power and in the presence of various PLIs. In view of the
aforementioned, we have mathematically detailed the MLR
network considering various modulation formats, and have
also validated the proposed theoretical model’s results by
comparing them with those obtained through simulations
from OptSim, which to our knowledge has not been done in
any existing study thus far. Our simulation results show that
the Duo-binary modulation format is perfectly suitable for
high spectral-efficient MLR systems owing to its high
resistance to the various PLIs.
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