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ABSTRACT

KEYWORDS: Dispersion tolerance; Optical duobinary; Polarization Division

Multiplexing ; Polarization Mode Dispersion; spectral efficiency.

Demand for greater bandwidth to home grows continuously and so research has
been focused on developing new optical access network architectures to satisfy the
bandwidth demands. In addition to the band width, another significant trend in access
network is to achieve longer reach. Polarization effects in light wave system is a big
concern when we think about long reach and higher band width. One of the promising
and easy way to double the bandwidth without doubling the bandwidth of the electron-
ics is to use a polarization division multiplexing scheme. Then we need to be more
concern about PMD impairment. For long reach networks another difficulty is the SBS
threshold of the fiber which will set a higher power level that can be launched into the
fiber. So we study these three aspects here PMD, PDM system and SBS threshold of
PDM signals.

In this thesis we present the simulation results of the PMD induced penalty in differ-
ent operating conditions like bitrates, fiber length and modulation format. We report
the OSNR penalty in each case. We also describe the simulation and experimental
results to demonstrate the better performance of Polarization Division Multiplexed Op-
tical Duobinary (PDM-ODB) modulation format in terms of OSNR requirement for
propagation of upto 100 km with an effective data rate of 20 Gbps. In this thesis we
also investigate the SBS threshold of PDM signals.

il
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CHAPTER 1

INTRODUCTION

1.1 Introduction

There has been increasing demand for the traffic capacity due to the increasing use of
voice, video and data in optical communication systems. The capacity explosions of
optical fiber links have taken place due to the techniques such as Wavelength Division
Multiplexing (WDM). With this technique it is difficult to accommodate for smaller
wavelength channel spacing and wider wavelength ranges due to many factors such as
optical filters, wavelength shifts, signal bandwidth, EDFA bandwidth, dispersion and
nonlinearities. One of the readily accepted techniques for the maximum utilization of
the available bandwidth is Polarization Division Multiplexing (PDM). Here indepen-
dent signals are simultaneously transmitted in two orthogonal polarizations. PDM sig-
nals can be then carried over WDM, thus, increasing the capacity two-fold. The major
problems with PDM are the coherent cross talk due to misaligned polarizers or polar-
ization beam splitters (PBS) and that due to polarization mode dispersion (Nelson and
H.Kogelnik, 2000). Mitigation of the PMD is very important for the practical impli-
mentation of PDM and hence people have come up with all optical signal regeneration
schemes (A.L.Yi1 et al., 2011) with a polarization diversified loop using HNLF which
proved its ability to mitigate PMD to certain extent. PDM is generally used in conjunc-
tion with advanced modulation formats like PM-DQPSK, which are in a way resistant

to polarization related issues in data transmission.

With the increase in bitrate, light wave systems are found to be more sensitive to po-
larization mode dispersion. So, PMD has been a subject matter of research even before
PDM got implemented. Study on the system tolerance to PMD, with different modula-
tion formats says that PMD induced OSNR penalty is less for chirped RZ formats and
duobinary modulation formats compared to NRZ (C.Xie et al., 2003). Similarly, com-
pared to NRZ, PMD induced inter symbol interference (ISI) is less for DPSK (C.Xie
et al., 2003). Jopson and Nelson studied the NRZ and RZ modulated signals and its



PMD induced impairment (Jopson et al., 1999) and they found that RZ is more robust

to PMD impairment as compared to NRZ.

We also propose a long-reach access network using PDM systems. The benefit
of the increased bandwidth and spectral efficiency with the use of advanced modula-
tion formats in the long-haul core networks can be passed on directly to the customers
by bypassing the metro networks and directly resorting to long-reach optical access
networks. Passive optical links with longer reach reduces the bottle neck due to the
optical-electrical-optical conversion in the metro nodes and switches, thus providing
an increased bandwidth with improved cost and energy efficiency. This idea was first
demonstrated with a 100 km long-reach access link with 1024 nodes with 10 Gbps data
rates with OOK modulation format in 2007 (D.P.Shea and J.E.Mitchell, 2007). Am-
plifiers are included in such networks for extending the reach, thus making them not
strictly passive. There has been a recent study on the use of digital coherent receivers
for long-reach access networks (D.Lavery et al., 2013). Countering fiber dispersion
without the use of electronic dispersion compensator or digital processing is one of the
challenges in such long-reach networks. Optical duobinary (ODB) modulation format
has been well known for its dispersion tolerance (T.Franck et al., 1996) because of its
smaller spectral width and hence it is an attractive format which could be adopted for
such networks (J.D.Downie et al., 2009). Increased spectral efficiency is another aspect
of interest. Increased reach of upto 350 km was demonstrated in the past with the use
of PDM-ODB format with dispersion compensation and active control of polarization

(P.Boffi et al., 2008).

In this work we demonstrate the experimental implementation and the dispersion
resilience of the aforementioned PDM-ODB technique without an extra penalty com-
pared to the single polarization system for a propagation length of up to 100 km length
of fiber. The BER performance of PDM-NRZ, single polarization ODB and PDM-ODB
are compared when 10 Gbps data is propagated through different lengths of fiber. The
reduced OSNR requirements with the use of PDM-ODB compared to PDM-NRZ for-
mat are demonstrated. The proposed system could thus be used for increased spectral
efficiency without including any active elements in the system, for long-reach access

networks.



1.2 Organization of the thesis

Chapter. 1 gives an introduction to polarization mode dispersion. It also describes the
PDM system and its relevance in long reach access network. Chapter. 2 describes the
Polarization Mode Dispersion in detail and the results of simulation on the effects of
PMD on different modulation formats and bit rates. The simulation on the effect of
dispersion and nonlinearities with a PDM system for different modulation formats are
described further in Chapter. 3. Chapter. 4 describes the Experimental setup of PDM-
NRZ and PDM-ODB system and the analysis of PDM experimental results in detail.
Chapter. 5 gives an introduction of the SBS threshold related previous works and its
importance in long haul communication systems. Then describes the theoretical cal-
culation of SBS threshold of CW, NRZ and ODB signals. Finally it explains the ex-
perimental setup to find out the threshold in single polarization and PDM systems and
analyses the experimental results. Chapter. 6 concludes with the works done and gives

the scope for future work.



CHAPTER 2

POLARIZATION MODE DISPERSION

2.1 Introduction

Polarization mode dispersion is one of the major impairments in the high speed opti-
cal communication.This impairment is more severe in the network operating at a data
rate of more than 10 Gbps. PMD occurs when fiber birefringence causes a signal prop-
agating through the fiber to experience a polarization dependent group delay (Jopson
et al., 1999). Optical pulses propagate in an optical fiber with a speed determined by
its refractive index. If the fiber was absolutely symmetrical the speed of light should
not depend on the polarization of the light. But the refractive indices in the X and Y
directions are different in actual fibers and this difference is called birefringence. Thus

the speed of light in the fiber becomes dependent on the polarization.

Core asymmetry Built in Stress
External stress Bends and twists

in cable

-0~ == ¥

Figure 2.1: Causes of birefringence in the fiber(source: White paper,Corning)

The different causes of birefringence in the fiber are shown in Fig. 2.1. It can be
arised due to core asymmetry or can be introduced through internal stresses during
manufacturing fiber, or through external stresses during cabling and installation. Any
non-uniform loading of the fiber cross-section, or bends or twists that are introduced to
the fiber will result in an external stress on to the fiber (S.Ten and M.Edward, 2006).
First order PMD is the distortion that exhibits a behavior similar to that of simple bire-

fringence; it causes the input polarization to rotate in Stokes space about a single axis.



Any incident signal can be projected into orthogonal principle state of polarizations
(PSP) and the two orthogonal states experience different delay. The difference in the
transmission delay between two PSPs is called Differential Group Delay (DGD) shown
in Fig. 2.2 and is usually denoted as AA7. A signal launched exactly to the PSP will not
suffer any first order PMD impairments (Jopson ef al., 1999). In higher order PMD,
the birefringence is modeled as a Stokes vector with linear frequency dependence and
it causes random mode coupling (Serena, 2009). Generally we use coupled nonlinear
Schrodinger equation (CNLSE) in its vector form (equation. 2.1) to model the PMD

impairments in the fiber.

0A(z7) o, Db (z (2) .5) PR (i (2) .5) o4

0z 2 2 2 0T
BHPA . 1 @D

+Z?ﬁ — |:|A| A— g (A O'3A) 0'3Ai|

Where A denotes the complex electric fields; A = [A,, A,]"

«- attenuation i.e; the power loss along the distasnce

A By- Frequency independent birefringence.

A\ ;- differential phaseshift induced by the PMD; Ay = DGD,.pps X w

AL = Bsiow (W) — Brast (w), strength of birefringence which has both frequency depen-
dent and frequency independent term

By = % |o=wy» Where wy is the central frequency of A (z,1).

~- Non-linear coefficient.

o- (a tensor) spin vector whose elements are spin matrices.

<5 (2) .5) - scalar product yields a unitary Jones matrix which acts on the elements of
Electric field A and produces mode coupling,

i (z)- unit magnitude real vector (a Stokes vector).

The Pauli matrices are,
1 0 0 1 0 —1

0o = , 02 = , 03 =

01 10 ¢t 0

The computational time required for solving the CNLSE is large and hence Man-
akov introduced a simpler equation known as Manakov PMD equation (Marcuse and

Menyukl, 1997) given by equation. 2.2 .
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Solution of this equation requires much smaller computational time compared to CNLSE.
It averages the impact of signal polarization over the nonlinear term in equation. 2.1
and we can see the only difference in equation. 2.2 is the last nonlinear term, 7| A A
which includes the effect of Ker nonlinearity averaged over the Poincare sphere with

the well known 8/9 factor (Serena, 2009).

Power Power

t t

Figure 2.2: A pulse seperation into X and y axix due to DGD at output (source: White
paper, Corning)

PMD and DGD are related in more complex way as the fiber birefringence varies
along the length both in terms of refractive index asymmetry and the relative orientation
of slow and fast axis. So to understand the nature of PMD we should represent fiber as
concatenation of birefringent sections of fiber coupling by coupling sites as shown in

Fig. 2.3.

Mode Coupling
(Light polarized along

~3 o one axis becomes
split into twa)

Figure 2.3: Physical model of fiber PMD as a concatenated series of birefringent fiber
sections (source: White paper, Corning)

If we measure instantaneously the value of DGD at output of the fiber, it would be

6



a random value. Histograms of repeated DGD measurements shows that it follows a
"Maxwellian" statistics. From the statistics the average DGD or < A7 > is known as
the PMD of the fiber (S.Ten and M.Edward, 2006). Numerous experiments with fibers
of different lengths have shown that PMD of fiber is proportional to the square root of
the fiber length.

PMD =< A1 >= PMD¢oes VL (2.3)

The PM D¢y 1s the parameter usually available in the specifications of the commer-

cial fiber. For G652 the value of PM Dcess is 0.5ps/ vV km.

2.2 Simulation

We have used Optilux Software for simulating the PMD in fiber. Optilux is an open
source package containing collection of Mat lab functions. The algorithm used for
simulating the PMD in optical fiber was studied. It solves the PMD-Manakov equation
(equation. 2.2) using basic vectorial Split Step Fourier Transform Method, but the step
size used is not constant; it varies with different power (at different length of the fiber).
First we calculate the nonlinear step size and we apply the nonlinear effects. Before
applying the linear effects (GVD,DGD and birefringence) we divide each wave plates
into many number of trunks (equivalent to PMF) and apply the linear part of the SSFM
into each trunks. Thus the whole length of the fiber is divided as shown in Fig. 2.4 for

the PMD evolution. Algorithm in detail is given in Appendix. A.

Wave plate 1
P Wave plate k

. ; ; I
iLin step:Lin step @ ¢ Linstep

_______ Lin stepi Lin stepi Lin stepi”ff ' ; P ' o
EPMFl oME2 pme3 | NERP omek ipMEker i NS pvEn T
Trunk 2 in wave plate 1 Trunk 1in wave plate k

Figure 2.4: Fiber length is devided into waveplates and trunks for simulating PMD ef-
fects; NL step: Non-Linear step, Lin step: Linear step, PMF: Polarization
Maintaining Fiber



2.3 Simulation results

First we studied the basic impact of PMD in the pulse propagation. For that we used a
40 Gbps data and introduced both first order PMD and higher order PMD in the simu-
lation. We used 100 km fiber with the impairment as PMD alone. The PMD coefficient
of the fiber is, Pp = 0.5ps/\/%. Average DGD (ps) = Pp X V'L, where L is the
length of the fiber in km. In simulation we used normalized DGD= AverageDGD/ bit
period, where bit period=1/bit rate. The results are as shown below. We initialized our
simulation with the data only in the x polarization and made y polarized component
zero. At the end of the 100 km fiber we could see power both in x and y components.
The Transmitted and received total power is shown in Fig. 2.5. At 40 Gbps, a fiber
length of 100 km introduces an average DGD (normalized to bitrate) of 0.2 symbols.
In these conditions higher order PMD is not that significant enough to produce pulse
distortion. However the first order PMD causes a pulse broadening which leads to inter
symbol interference (ISI). In Fig. 2.5, we can see the received total power has a small

pulse broadening (0.2 bits).

total received power

20 5 BB o s o
T = T (N
15 : ' . e <l | |
gm E_' q 5[ - E— /N — |
5 10F il e y % ' :
: Wil 5 4 |
1 | i I o | 1
Glesmnmmannnerined Moo J!l ............ N ;I ..... '
: | ! 1 i b
F ! \ | | i :
% 2 4 6 8 % 2 4 8
time [symbols] me [symbols]
(a) First order PMD case (b) Higher order PMD case

Figure 2.5: Transmitted power (black color dotted) and total received power (red) at the
output of 100 km, higher order PMD

In Fig. 2.6, the plots show the splitting of each pulse into two shadow pulses, due to
first order PMD, as it propagate along the fiber. These pulses (corresponding to x and y
polarization) arrive at the fiber end with a mutual delay. In higher order PMD "random
mode coupling", i.e., the exchange of energy between the field components causes a
distortion of the pulse shapes and hence the signal will undergo both signal degradation
and ISI (Serena, 2009). In Fig. 2.6, the plots "Total x power" and "Total y power" show

the random coupling between x and y field components and hence a pulse distortion



when higher order PMD is included in the simulation.

In equation. 2.2, the birefrengence is modeled by a Stokes vector,
W (z,w) = (ABy + APw) i (2)

with a linear frequency dependence (Serena, 2009). The variation in z of its orientation
cause "random mode coupling". If 7 is constant along z, random mode coupling will
not happen and it evokes only first order PMD as shown in Fig. 2.6 (a) & (c) without
pulse distortion. If 7 (stokes vector) is not constant along the length of the fiber, then in
addition to the ISI, the pulse distortion also happen because of the higher order PMD
as shown in Fig. 2.6 (b) & (d). It is also noticed that the y component is present in the
entire pulse width. This is because of non zero value of frequency independent term
A By, and the overshoot is happening at the rising and falling edges due to frequency
dependend term AS; which in turn in the time domain gives time derivative. At the
output we will get y components only in rising and falling edges of the pulses in the
first order PMD case if we give the frequency independent birefringence ASy = 0.

This is due to the presence of only the frequency dependent term AJ; (w) in the total

birefringence.
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Figure 2.6: (a) & (c) show the evolution of both z and y polarization power after, af-
fected by first order PMD. (b) & (d) show the evolution of both = and y po-
larization power, after affected by higher order PMD, when the fiber length
was 100 km and datarate is 40 Gbps; dotted line in all these figures represent
the total transmitted power.



2.3.1 Transmission impairments due to PMD in presence of CD,

SPM and XPM

Now we study the transmission impairments due to PMD in the presence of chromatic
dispersion (CD), self phase modulation (SPM) and cross phase modulation (XPM).
We study the impairment using the metric OSNR penalty, for a BER of 107. The
parameters used for simulations are bit rate =10 Gbps (NRZ-OOK), length of the fiber
= 142 km, calculated average DGD= 0.059. The back to back measurement (b2b) gives
the OSNR of 13.25 dB/0.1nm in the above simulation. Based on the b2b result we

calculated the penalty and is tabulated as below.

I

—o—CD+SPM
—&— CD+SPM+PMD

BER

PMD onby
fi—*—b2b

|
§ 10 185 20 26 30 35 40 45
OSNR [dB/0.1nm]

Figure 2.7: BER vs OSNR when the effects of CD, PMD and SPM is included. The bit
rate used is 10 Gbps (OOK) and the length of the fiber is 142 km

Table 2.1: OSNR penalty with different system impairments

Impairments present OSNR(dB/0.1nm) | OSNR penalty (dB)
CD+SPM+XPM 42.85 29.60
CD+SPM+XPM+PMD(1%"order) 42.77 29.52
With dispersion compensation PMD+SPM 13.33 0.08
With PMD only 13.29 0.04

In this study we restricted our fiber length to 142 km because of higher OSNR
penalty (around 30 dB) when all the impairments are included. This is a representative
length, good enough to get a rough idea about what is happening in each case. When
PMD is introduced with the other impairments the penalty is reduced slightly. Thus
PMD is not the major limitation at these length scales, especially in the presence of

CD and nonlinearity induced impairments. At more stringent conditions i.e., at higher
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bit rates and at longer fiber lengths (since the average DGD is more) this effect can

be clearer. Now to study the effects of PMD in a more standard way we assume that

all other impairment except PMD is compensated. So further in all simulations we are

assuming only the presence of PMD. For the penalty calculation we studied all possi-

ble back to back measurements, i.e., for different bitrates and for different modulation

formats.

Table 2.2: Calculated values of OSNR at BER of 1072 and 10~ in the back to back

systems
b2b OSNR (dB/0.1nm) for BER of 1073
Bitrate(Gbps) | NRZ | 50%RZ || 33%RZ | 67%RZ
10 7.99 |7.29 8.57 7.29
28 12.46 | 11.76 13.04 11.76
40 14.01 | 13.31 14.59 13.31
100 17.99 | 17.29 18.57 17.29
b2b OSNR (dB/0.1nm) for BER of 10~
Bitrate(Gbps) | NRZ | 50%RZ || 33%RZ | 67%RZ
10 13.25 | 12.23 13.41 12.26
28 17.72 | 16.70 17.95 16.73
40 19.27 | 18.25 19.50 18.28
100 23.25 | 22.23 23.47 22.26
For BER 1e-3 back to back
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Figure 2.8: OSNR requirement for different data rates for NRZ, RZ and CRZ modula-

tion formats

This values can be graphically shown as in Fig. 2.8. The results shows that even for

b2b system, OSNR requirement increases as the bitrate increases. This can be justified
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directly from the definition of the OSNR.

OSNR — SN R x Jaudrate (2.4)
2 X Bref

Equation 2.4 tells that with baud rate (or bitrate) OSNR required for given BER in-

creases.

2.3.2 PMD and bitrate

To study how the bit rates are related to the PMD impairment we ran a simulation fixing
all other parameters same and changed the bitrates. We tried it with 100 km and 1000
km fiber.

Back to Back
T

— 10Ghps

- 28Ghps
— 40Ghps ||
—100Gbps

5 10 15 20 25
OSNR [dBA.1nm|
100 km 1000 km

— 10Gbps
- Z6Ghps

— 10Ghps
.\; - 26Ghps
— 40Gbps i N | —— 40Ghps

RN —— 100Ghps ||
\.\ \
5 o0 %5 &0 5 10 15 20 2 30

OSNR [dB/.1nm] OSNR [dBM.1nm]

5 10

Figure 2.9: PMD impairment on bit rates (NRZ-OOK) at fiber lengths of 100 km and
1000 km

The OSNR penalty obtained from the above simulation with different bit rates is
shown in Fig. 2.10. Here we did the simulation for first order PMD to see how different
bit rate is affected by the PMD impairment and found out the OSNR penalty for obtain-
ing a BER of 107 and 10~ (which is used with Forward Error Correction (FEC)) at
two fiber lengths 100 km and 1000 km.

Thus we can see that as the bit rate increases the OSNR penalty also increases. And
it is more severe in the long haul communication (say 1000 km). First order PMD
causes a penalty of 7.05 dB at 40 Gbps and even higher for 100 Gbps at this length.
The higher order PMD is highly random and it is difficult to predict the exact penalty.

So we ran simulation multiple times and took an average of the penalty introduced and

12



we could clearly see that the randomness is more for higher bit rates and especially at

larger fiber length.
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Figure 2.10: Bitrate and PMD impairment

2.3.3 Maximum optical reach of the system at different bit rate and

at different OSNR penalty

We attempted to study the effect of PMD at different length of the fibers where we ex-
tended our fiber length to 4800 km to see the maximum reach of the system when only
the PMD impairment is present.We saw that the PMD impairment is directly propor-
tional to the square root of the length of the fiber and hence with fiber length the average
DGD increases and so the OSNR penalty. The simulation result can be consolidated in
a single graph which shows the OSNR penalty variation with the fiber lengths which

we performed at different bit rates.

Here we limited our maximum penalty allowed to be below 30 dB and hence with
the bitrate 40 Gbps maximum fiber length we could use is 2300 km at BER of 10~ and
2400 km at BER of 1072 . At 28 Gbps we could use up to 4800 km (BER10~? ), and we
restricted our all simulation within 4800 km for plotting all the cases in a single graph.
In practical situation, if allowed OSNR penalty is fixed to be 6 dB, then from Fig. 2.11
we can tell the reach is around 1200 km for 40 Gbps NRZ, 2500 km for 28 Gbps NRZ
and for 10 Gbps the PMD effect is negligible.
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Figure 2.11: OSNR penalty vs. fiber length

2.3.4 PMD tolerance of RZ formats compared to NRZ
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Figure 2.12: Comparing OSNR penalty for NRZ and RZ with different dutycycle

At different modulation formats PMD impairments are also different. We tried to
study this problem also through simulation. As of now we are using only OOK, however
studying different cases such as NRZ, 50% RZ, 33%RZ and 67%CSRZ. The simulation
results are as shown in the Fig.2.12. The simulation was done with fiber length of
1000 km. As we saw in (Jopson et al., 1999) RZ is more robust to PMD impairments
compared to NRZ. Here we consider only the effect first order PMD. First order PMD
impairment introduce only ISI and this is reduced in RZ as pulse width of RZ is lesser

compared to NRZ.
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CHAPTER 3

POLARIZATION DIVISION MULTIPLEXING
SYSTEM

3.1 Overview of PDM system

Polarization Division Multiplexing (PDM) is one of the methods used to double the
bit rate with in the available bandwidth where a single fiber can carry two independent
optical signals at the same wavelength since they are launched in orthogonal polariza-
tion states. A new scheme for coding optical signals using the polarization of light is
described by (Herard and Lacourt, 1991). This was the consequence of the vectorial
nature of electromagnetic waves and they described experimentally 50 m link for the
first time. Then (P.M.Hill et al., 1992) came up with an optical polarization multiplex-
ing system using BPSK coherent heterodyne detection to transmit 4 Gb/s over a 45-km
standard single-mode fiber optical link at a receiver sensitivity of -35 dBm. Although
it is relatively simple to multiplex two orthogonally polarized optical signals into a sin-
gle fiber, it is far more difficult to demultiplex the two signals at the end of the optical
transmission line because conventional single mode fibers do not maintain the state of
polarization (SOP). Although the multiplexed optical signals remain orthogonally po-
larized in the fibre over distances of more than 100 km, their absolute SOPs at the
receiver are generally unknown and even change with time. So for the first time a fully
automatic polarization demultiplexer for PDM transmission systems was introduced by
(Heismann et al., 1993). Operation of the demultiplexer is demonstrated in a 20 Gbps
PDM transmission experiment at a wavelength of 1540 nm, where two 10 Gbps chan-
nels are automatically demultiplexed after traversing 134 km of dispersion-shifted fiber.
Then people studied the coherent cross talk between the orthogonal polarizations which
is the main drawback of this technique. There will be combined effect of PMD and PBS
misalignment. The simplified expression for complex amplitude at the output takes the

form (Nelson and H.Kogelnik, 2000),



Apy = A+ikgB + (AT/2) B (3.1

Here it is assumed a 45° worst case launch into the fiber. A7 is the Differential Group
Delay (DGD), k is coupling constant generally a complex number whose phase de-
pends on nature of misalignment. A and B denotes the two orthogonal polarization
channels and the second term in equation. 3.1 denotes the crosstalk due to the mis-
alignment of the PBSs and the third term in equation. 3.1 denotes the crosstalk due to
PMD (Nelson and H.Kogelnik, 2000). Then studies on PDM systems progressed and
(Z.Wang et al., 2009) investigated polarization mode dispersion (PMD) and polariza-
tion dependent loss (PDL) impairments in polarization division multiplexing (PDM)
signals with optical polarization demultiplexing and direct detection. In their work they
show that time alignment between the bits in the two polarization has a significant im-
pact on PMD impairments and it also depends on the PDM signal bandwidth where as
Polarization Dependent Loss (PDL) is independent of all these factors. This work also
shows that by proper configuration of polarization demultiplexing, the PDL induced
crosstalk can be completely eliminated. And impairment from one effect (either PMD
or PDL) does not enhance that from the other. Then studies were concentrated on com-
bining PDM with higher order modulation formats. Optical transmission characteristics
of wavelength-division multiplexed (WDM) and polarization-multiplexed (POLMUX)
signals using high-order optical quadrature-amplitude-modulation (QAM) formats was
studied in (K.Kikuchi, 2011). The research has gone through PDM-OFDM also other
than PDM-WDM systems. In (Wang et al., 2012) experimentally demonstrate a direct-
detection polarization division multiplexed (PDM) orthogonal frequency-division mul-
tiplexing (OFDM) scheme without dynamic polarization tracking. Recently studies pro-
pose a polarization demultiplexing method in Stokes space for coherent optical PDM-

OFDM without inserting training symbols (Z.Yu et al., 2013).

In this chapter we describe the simulation of PDM system. We concentrate more on
PDM-NRZ and PDM-ODB here, as our experiments were carried in those modulation
format. Increased reach of upto 350 km was demonstrated in the past with the use
of PDM-ODB format with dispersion compensation and active control of polarization
(P.Boffi et al., 2008). We conduct experiment with fiber length up to 100 km. In order

to find the extent of the dispersion tolerance of the PDM-ODB system we simulate the

16



performance of the system for longer lengths of the fiber and at the end of the chapter

we compare the OSNR penalty to achieve BER of 10~ for different formats.

3.2 Simulation of PDM system

Usually PDM system is used with higher order modulation formats like QPSK, QAM
etc. But we are dealing with NRZ and ODB formats in the experiments. So here we sim-
ulate PDM-NRZ and PDM-ODB systems. For simulation we used the matlab functions
provided in the optilux package. For single polarization systems ( ordinary systems)
we initially put data only in one of the polarizations of electric field (either £ or E,).
But in PDM systems we put two different data in both £, and £,. Then the procedure
is same as that of what we did to study the PMD effects. It solves the PMD-Manakov
equation. After propagation we need to retrieve the data in two polarization. But the
detector does not know (or can’t distinguish) between F, and F,. So in the receiver
side we used a linear polarizer function polarizer(d, €), which has two arguments az-
imuth angle (f) and angle of ellipticity (¢). We simulated the same scenario as that of
two slow axis of PBS (which are perpendicular to each other) by providing 90° phase
shift between the linear polarizer. In our experiment we got an extra penalty of around
3.5 dB in b2b PDM system. This is mainly because of the lower extinction ratio of the
PBS (15 dB only) which is due to the misalignment in the slow axis. So to simulate the
same scenario we used some misalignment in the polarizer w.r.t the signal at receiver

side.

3.2.1 NRZ and ODB system

Fig. 3.1 shows the simulated results of NRZ systems at 10 Gbps. We simulated for
different fiber lengths (25 km to 120 km) and we observe that after 25 km of fiber length
the OSNR required to achieve a BER of 10~ increases drastically. This is mainly due
to chromatic dispersion limit of the system, as at 10 Gbps PMD impairment at these
fiber lengths is found to be negligible (discussed in chapter. 2). More or less the same

trend is obtained in our experimental results which will be discussing in chapter. 4.
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Figure 3.1: BER calculated for different values of OSNR for the NRZ modulation for-
mat at 10b Gbps datarate for different lengths of the fiber
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Figure 3.2: BER calculated for different values of OSNR for the ODB modulation for-
mat at 10b Gbps datarate for different lengths of the fiber

Fig. 3.2 shows the simulation results of ODB system. We can see the b2b ODB
result shows more penalty than b2b NRZ case. But for fiber length more than 50 km
the OSNR penalty (at BER of 107) is lesser in ODB than that in NRZ. This is because
of the chromatic dispersion tolerence of ODB modulation format, which is due to the
narrow spectrum of ODB. Carrier also absent in ODB as we bias modulator at its null

point (see Fig. 3.3).
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This dispersion tolerance was quite clear in the experimental results also which we

discuss in chapter. 4.

3.2.2 PDM-NRZ system

Now we explain the simulation results of PDM systems. As we mentioned in the begin-
ning, here we put two different data in two polarization and multiplexed signal is fed to
the fiber. The total power of the combined signal was kept at 0 dBm which is similar
to what we used in the experiment. As the SOP will keep on changing along the length
of the fiber, at the receiver we changed the Polarizer angle such that always the data
quality in the two polarization channel in PDM are equally good. Same thing we do in
our experiment where we manually control the polarizer before the receiver such that
both port of demultiplexing PBS show same BER for a given OSNR.
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Figure 3.4: BER calculated for different values of OSNR for the PDM-NRZ modulation
format for different lengths of the fiber observed in two different ports of
the PBS

Fig. 3.4 shows the simulation results of PDM-NRZ system. We can see port 1
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and port 2 results are more or less the same, i.e; performance-wise both polarization
channels are same. The trend of the OSNR penalty with increase in fiber length is same
as that of NRZ case (Fig. 3.1). If we do not consider the effect of misalignment of slow

axis of PBS, here also we will get exactly the same OSNR penalty as that of NRZ case.

3.2.3 PDM-ODB system

PDM-ODB simulation was also done by keeping all previously mentioned conditions
like same performance in both polarization, misalignment of PBS slow axis etc. Fig. 3.5
shows the results of the simulation. Both port 1 and port 2 results are almost same.
Here to see the extent of dispersion tolerance we simulated up to a distance of 200 km.
Similar to what we saw in Fig. 3.2 the b2b PDM-ODB shows more OSNR penalty than
that of b2b PDM-NRZ.
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Figure 3.5: BER calculated for different values of OSNR for the PDM-ODB modula-
tion format for different lengths of the fiber observed in two different ports
of the PBS

Atlonger length (>50 km) the system shows better performance due to its dispersion
resilient nature. Upto 100 km the OSNR penalty was decreasing with increase in fiber
length. After which it starts increasing with fiber lengths. But upto 200 km penalty was
below that of b2b PDM-ODB case.
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3.2.4 OSNR Penalty comparison of NRZ, ODB, PDM-NRZ and

PDM-ODB systems through simulation

Fig. 3.6 shows the OSNR penalty comparison of different modulation formats like NRZ,

ODB, PDM-NRZ, and PDM-ODB.
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Figure 3.6: OSNR penalty for different modulation formats, calculated as a function of
the length of the fiber

Here OSNR penalty is calculated for a BER of 107°. For NRZ and ODB case the

penalty calculation is done w.r.t OSNR value corresponding to b2b NRZ. And for PDM

case the OSNR penalty is found w.r.t OSNR value of b2b PDM-NRZ. Fig. 3.6 gives

the overall idea of the variation of OSNR penalty with fiber length and the modulation

format in both the polarization channels. It is shown that the ODB is having more reach

for a given OSNR value. And it is also interesting to note that in PDM-ODB case the

penalty is lesser than that of ODB case. We are investigating the reason for this. The

same effect we could see in the experimental results as well.
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Figure 3.7: OSNR penalty calculated as a function of the length of the fiber, PDM sys-
tem at 10 Gbps (effective data rate 20 Gbps) and NRZ and ODB at 20 Gbps
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Fig. 3.7 shows the importance of PDM system for sending higher data rates. Here
we simulated the single polarization channel for NRZ and ODB with 20 Gbps data.
OSNR penalty is calculated using b2b NRZ value at 20 Gbps. It is compared with the
OSNR penalty of PDM-ODB and PDM-NRZ case. In PDM case as mentioned before,
penalty is calculated with respect to b2b PDM-NRZ OSNR value. Even though the data
rate in each polarization channel is 10 Gbps, the effective datarate of the PDM signal
is 20 Gbps. From Fig. 3.7 it is very clear that at 20 Gbps single polarization case even
ODB signal reach is very less. So attaining spectral efficiency using PDM and hence

by increasing the datarate is more convincing and promising technique.
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CHAPTER 4

EXPERIMENTAL RESULTS OF PDM SYSTEM

In experimental part we want to demonstrate the dual polarization scheme and how it
helps to double the bitrate with in the available bandwidth using the single wavelength.
As a first step of the experiment we identified the components required and character-
ized those components. Among those components Polarization beam splitter (PBS) (

Fig. 4.1) was the most important one.

4.1 Polarization Beam combiner/Splitter(PBC/PBS)

We used Thorlab’s SMF based PBS. It has two legs of polarization maintaining (PM)
fiber on one side of calcite prism and a single mode fiber on the other. The legs on
the side with the two PM fibers have the slow axis of the fiber aligned for maximum
transmission of one polarization state. If an unpolarized signal is sent into the single
mode fiber (port 3), the calcite prism splits light into orthogonal linear polarizations.
The slow axis of each PM fiber is aligned to each of the polarized beams emitted from
the prism ( port 1 and 2). Light incident on port 1 and 2 should be aligned to the slow
axis. Light incident at port 1 and 2 aligned to the fast axis of the fibers will refract
differently through the prism and will not exit port 3. Slow axis of port 1 and port 2 are

designed such that they are orthogonal to each other.
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Figure 4.1: Polarization Beam Splitter internal structure (source: Thorlabs)



4.1.1 Insertion loss of Polarization Beam Splitter

To find the insertion loss of the PBS we used the setup as shown in Fig. 4.2. By simulta-
neously monitoring power from portl and port2 we can identify the polarization of the
source used. We directly gave the input from the SFP module of the PRBS generator
(1.65 dBm) into the port 3 of the PBS and tried to control the polarization using the
polarization controller. At the maximum we could get only -9.5 dBm in one port and in
other port with a maximum extinction ratio of 24 dB (-33.5 dBm). But the maximum
insertion loss (as per the given data sheet of the PBS) is 0.7 to 0.8 dB only. But here we
are getting higher (more than 10 dB) insertion loss. So we could conclude that PRBS
source is only partially polarized. Since PRBS is giving partially polarized light the
calcite prism splits light into orthogonal linear polarizations and some of these linear
polarizations may not be aligned to any of the two slow axes corresponding to either
port 1 or port 2 and hence those will be contributing loss. We did the experiment with
the TLS directly instead of PRBS generator and then we got insertion loss of 0.3 dB
only as TLS is highly polarized. One more thing we realized is even with the PRBS
if we use PBS in the reverse way (i.e., if we give input to the portl or port 2 and take

output at common port (port 3) the insertion loss is lesser (around 7.7 dB).
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Figure 4.2: Experimental setup to find the insertion loss of the PBS

4.2 Polarization Division Multiplexing experimental setup

(without noise loading)

As an initial part of a Polarization Division Multiplexing experiment, we put data only

into one of the orthogonal polarization states. This was accomplished by using input to
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one of the input ports of PBS1 (say portl) and by using the PC the output at port 3 is
made maximum. Then to see the cross talk (coherent) in back to back transmission we
gave this output to the port 3 of an another PBS2 and observed the power levels at port
1 and port 2. Now as expected we got the maximum power (almost the same power in
port 3 of PBS1) in the port 1(of PBS2) and a very little amount of power in the port 2
(due to cross talk). Then we captured the eye from the portl of PBS2, and we compared

the eye that we captured from the port 3 of PBS1.

Here we did not specify any specific data sequence. Our aim was to see Polar-
ization beam combining and polarization beam splitting were working fine, with the
single polarization scheme. From the above results (the eye diagrams and the power
levels) we could conclude PBSs can be used for polarization division multiplexing and
we preceded the experiment to study the transmission quality of a polarization division
multiplexed signal using dual polarization scheme as shown in the experimental setup
in Fig. 4.4. We used PRBS in user defined sequence (used 10101110 sequence). 50:50
coupler was used to split the power equally (almost) in both channels. Now to decor-
relate the data in two channels we used a 5 m SMF (which gives a delay of 25 ns) in
one of the channels. By adjusting the PCs these two different data were sent in orthog-
onal polarizations. VOA was used in the other arm to adjust the power level such that
the power levels in both the channels were made almost equal if at all any difference
was there. Wave forms and eye diagrams were captured for the different data and the
polarization division multiplexed data (PBS1 port3). Then the combined signal was
sent to the next PBS (PBS2) which was used to demultiplex the data. As we did in the
previous step, we captured waveforms and eye diagram of the demultiplexed data also
(in portl& port2 of PBS2). At each stage we noticed the power levels (indicated in the

experimental setup) and used the proper attenuation for getting better results.

The PDM data is obtained as shown in Fig. 4.4 (the output of PBS1, port3). We
expected 3 levels only (0, 1, 2) after the delayed data are combined. Here we can see
the data has not exactly the three levels. This is because of the unequal power levels
present in the two data. Even though we try to make the amplitudes equal, due to very
small random fluctuations in the polarizations those amplitude won’t be exactly equal.
Thus we can transmit 20 Gbps data (2 x 10Gbps) with in the same bandwidth and in

the same wavelength.

25



Finally we could successfully demultiplex the two data from the multiplexed data.
The waveforms obtained are as shown in Fig. 4.3 and Fig. 4.4. From the eye of the two
data streams (PBS1 port 1& port2) we can see the BER (eye) is very low. The eye dia-
grams of the two demultiplexed data are shown at PBS2 portl&port2. The BER (eye)
is becoming higher (of the order 10~%).
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Figure 4.3: Experimental setup with single polarization (without noise loading)
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Figure 4.4: Experimental setup for PDM system (without noise loading)

We introduced the noise loading mechanism and then repeated the experiment at
different noise level. BERT is used to take the BER vs OSNR for this back to back
setup for the PDM signal. To begin with the noise loading part, we first characterized
the EDFA.
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4.2.1 Noise loading EDFA (home made) characterization

The experimental setup for the EDFA characterization is as shown in Fig. 4.5. The

Tunable Band Pass Filter (TBPF) is used to limit the broad band nature of the ASE

from the EDFA. We also noted down the OSNR at different received power levels.
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Figure 4.5: Experimental setup for EDFA characterization and OSNR calculation
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Figure 4.7: Pump current and OSNR range of EDFA

Fig. 4.6 (a) shows the signal saturation characteristics of EDFA. For signal satura-

tion we kept pump current constant and observed EDFA output for different input power
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by varying the attenuation in VOA and the signal saturation curve was plotted with out-
put signal power vs. input power. We repeated this experiment for three different pump
current (140, 240 and 340 mA). The pump saturation of EDFA is plotted in Fig. 4.6
(b) with pump current (mA) vs.output signal power. Here signal power is kept constant
and varied the pump current and noted down the output signal power and repeated the
same for three different signal power. In Fig. 4.7 (a) pump current (mA) vs. pump
power (dBm) is plotted. This plot gives an idea about pump power corresponding to a
pump current and which in turn we can refer to Fig. 4.6 (b). Fig. 4.7 (b) shows OSNR
variation we could get from the homemade EDFA. For a particular signal input (-19.15
dBm) varied the pump current and found the OSNR corresponding to each received
power and we could find that the EDFA gave a 15 dB (15 dB/0.1 nm to 30 dB/0.1 nm)

OSNR variation for received power varied from -40 dBm to -25 dBm.

4.3 Experimental setup for BER vs. OSNR measure-

ments

"BER vs. OSNR’ is a generally used performance measure of any communication sys-
tem. It generally contains three major part: Modulation and transmission, Noise load-
ing, and OSNR and BER measurement at receiver side. Here we are discusing four
types of systems.(1) NRZ, (2) Optical Duobinary (ODB), (3) PDM-NRZ and (4) PDM-
ODB.

4.3.1 Experimental setup for NRZ/ODB system

The experimental set up for the propagation of data in the ODB format, through a
100 km of standard single mode fiber is shown in Fig. 4.8. Light output from a DFB
laser at 1550 nm is modulated using an external Mach-Zehnder modulator biased at
its null. It was modulated with 27 — 1 PRBS data at a rate of 10 Gbps derived from
BERT (Optellent). The PRBS data is allowed to pass through low pass Bessel filter of
bandwidth 2.75 GHz to result in a three level duo-binary signal. The output of the filter

is amplified using an RF driver and is fed to the RF port of the modulator.
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Figure 4.8: Experimental setup for NRZ/ODB system

The 10 Gbps ODB signal thus generated is transmitted over different fiber lengths
(50 km, 75 km and 100 km). An EDFA with low noise figure is used to amplify the
signal after 50 km fiber length. A noise loading stage consisting of an isolator, semicon-
ductor optical amplifier (SOA) and EDFA is used at the output of the propagation fiber
to vary the OSNR at the receiver. Bias current of SOA and pump current of EDFA are
changed to obtain the desired noise. We used WDM application of the Optical Spec-
trum Analyser (OSA) with the resolution bandwidth of signal is fixed at 0.2 nm and that
of noise 0.07 nm for the OSNR measurements. We tap 10% of the received power to
the OSA and 90% for BER measurement using a 90:10 coupler. Now this signal is fed
to a 10 Gbps Avalanche Photo diode (APD) and this detected signal is fed back to the
analyzer of the BERT to measure the corresponding BER. The VOA before detector is
used to ensure that the power falling on the detector and hence the shot noise contribu-
tion does not change with the OSNR. We use the same experimental setup to generate
10 Gbps NRZ by removing Bessel filter and biasing modulator in the linear region of

its transfer curve.

4.3.2 Experimental Results and discussion of NRZ and ODB sys-

tems

Fig. 4.9 shows the BER vs. OSNR curve for NRZ data in single polarization. At 10
Gbps we know the PMD effect is negligible. So the penalty is mainly due to the chro-
matic dispersion. And the OSNR penalty is calculated for BER of 10~? , with respect
to the b2b NRZ performance. As the fiber length increases the penalty also found to be

increased. The experimental results shown in Fig. 4.9 tell that the OSNR requirement
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for a BER of 1079 at a fiber length of 100 km is very high (around 23 dB/0.1nm). So
we can infer that without chromatic dispersion compensation it is difficult to get the
long reach if we use NRZ modulation format for transmission. So we tried dispersion

resilient ODB formats for longer reach.
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Figure 4.9: Experimental results of NRZ sytems
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Figure 4.10: Experimental results of ODB sytems

Fig. 4.10 shows the BER performance vs. OSNR for 10 Gbps ODB data in single
polarization, measured for different lengths of the fiber. The BER for the NRZ b2b
case is also shown for comparison. We observe that the OSNR requirement is larger for
ODB b2b compared to that of NRZ. However, it is interesting to note that, the OSNR
required to achieve a given BER decreases with the increase in the length of the fiber for
the ODB case. This is due to the inherent dispersion tolerance property originating from
the narrow spectrum occupied by the ODB signal as discussed earlier. Thus, long-reach
PON networks of up to 100 km are possible with the use of ODB modulation format

with dispersion resilience.
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4.3.3 Experimental setup for PDM-NRZ/PDM-ODB system

The experimental set up for the propagation of data in the PDM-ODB format, through

a 100 km of standard single mode fiber is shown in Fig. 4.11.
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Figure 4.11: Experimental setup for PDM-NRZ/PDM-ODB system

The light is modulated using the same setup explained in Fig. 4.8. The modulated
light output is split and the data in the output ports of the splitter is uncorrelated us-
ing a 50 m fiber. Two independent and manually controlled Polarization Controllers
(PCs) are used to align these two signals into the orthogonal axes of fiber based Polar-
ization Beam Combiner (PBC), thus producing polarization multiplexed optical duobi-
nary/NRZ signal at a data rate of 20 Gbps data rate with 10 Gbps data in each of the
orthogonal polarizations. The VOA in one of the channels is used to equalize the power
in both the polarizations. The PDM signal thus generated with an average power of 0
dBm is transmitted over different fiber lengths (50 km, 75 km and 100 km).Then the
noise loading part is also as same as in the Fig. 4.8. In this setup we measure the OSNR
before demultiplexing two orthogonal channels, as we are equalizing the power in the
two polarization states. The resolution bandwidth of signal is fixed at 0.2 nm and that
of noise 0.07 nm for the OSNR measurements. We use another manually controlled
PC and a fiber based Polarization Beam Splitter (PBS) to demultiplex the two orthog-
onally polarized channels. Now this signal is fed to a 10 Gbps Avalanche Photo diode
(APD) and this detected signal is fed back to the analyzer of the BERT to measure the
corresponding BER.
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4.3.4 Experimental Results and discussion of PDM-NRZ and PDM-
ODB systems

Fig. 4.12 shows the variation of BER with OSNR of both the port of demultiplexing PBS
(port1 &port2) for different lengths of the fiber, in the polarization division multiplexed
case, when the modulation is NRZ at 10 Gbps. The Fig. 4.12 also shows the data for
a single polarization case, in the back-to- back (b2b) configuration. It is evident that,
in the b2b PDM case we see an extra OSNR penalty which is characteristic of the
polarization dependent loss of the PBS used in this experiment. This penalty can be
reduced drastically with the use of a high extinction ratio PBS (P.Boffi et al., 2008).
We adjust the PC manually before the demultiplexing PBS so that rotation in the state
of polarization due to fiber propagation can be compensated. As in the case of single
polarization, the OSNR required to achieve a given BER increases with the increase in

length of the fiber.
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Figure 4.12: Experimental results of PDM-NRZ systems showing output of both
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Figure 4.13: Experimental results of PDM-ODB systems showing output of both

(a) PDM-ODB o/p at portl

portl& port2 of PBS
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We now proceed to demonstrate the possibility of increased spectral efficiency with
the use of polarization division multiplexing. ODB data is generated and polarization
multiplexed as discussed in the previous section, and Fig. 4.13 shows the experimental
results of PDM-ODB system propagated over 50 to 100 km fiber lengths. Fig. 4.13
shows the results obtained at Port1 of PBS and that of Port2. We can see that results are
exactly similar to that shown for the single polarization case for ODB modulation. The
additional penalty for PDM case seen in Fig. 4.13, compared to the single polarization

case 1s only because of the lower extinction of the PBS used in the experiment.

4.3.5 Experimental set up to investigate the additional penalty present

in the PDM system

To investigate the origin of the penalty in the PDM b2b system we removed the data
from one of the polarizations (here we removed parallel polarization) and transmitted
and received through the PDM set up (i.e; through the two PBS, PCs etc.) and we
measured the OSNR after splitting (i.e; after PBS2) as shown in Fig. 4.14.
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Figure 4.14: experimental set up to investigate the additional penalty present in the
PDM system

Fig. 4.15 shows the BER vs. OSNR plot with results of NRZ b2b case, PDM-NRZ
b2b case and NRZ b2b case when the single polarized NRZ data passes through two
PBSs and PCs (i.e; the polarization dependent components in the PDM setup). This
study helps us to observe the extra penalty present in the aforementioned two systems
compared to b2b NRZ. From Fig. 4.15, at BER of 1075, the OSNR penalty is 2 dB in
the NRZ b2b with data only in port 2 case, where it is 3.5 dB in the DP-NRZ b2b case.

So it clearly shows there is a penalty due to some PDL and PBS misalignment.
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Figure 4.15:
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4.3.6 OSNR measurement after PBS and before PBS in a PDM sys-

tem

Fig. 4.16 shows the PDM-NRZ experimental setup. It differ from the initial setup (
Fig. 4.11) in the OSNR measurement part, where we did the OSNR measurement before
demultiplexing the PDM signal. Here we do OSNR measurement after demultiplexing
the signal. We conduct this experiment mainly to confirm two aspects. One is to ensure
that by doing the power equalization in both polarization channels, we can do a OSNR

measurement before demultiplexing PDM signal. Second is to confirm that the extra

penalty in PDM system is not due to some mistake in OSNR measurement.
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Figure 4.16: Experimental setup showing OSNR measured after the denultiplexing PBS

in PDM system
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Figure 4.17: BER vs OSNR when OSNR measured before and after the PBS

Fig. 4.17 shows BER vs. OSNR plot obtained from this experiment. It gives detail
about two polarization channel present in two port of the PBS and it also compare
the results with that we obtained from the initial setup (Fig. 4.11). We can see both
Port 1 and Port 2 plots are falling on one over the other. This ensure that the data in
both polarization are equally preserved and their performance are similar which also
due to the power equalization in two polarization. This results also show that the OSNR
measurement in PDM system can be done before or after demultiplexing if we are doing

power equalization in both the channels.

4.3.7 OSNR penalty comparison of NRZ, ODB, PDM-NRZ and

PDM-ODB systems from the experimental results

OSNR penalty is the key word used to compare the performance of different modulation
formats. The penalty plot is shown in Fig. 4.18. It shows the OSNR penalty for different
lengths of fiber, with the penalty calculated to obtain BER of 10~°. Here penalty of
single polarization is calculated with respect to the back to back (b2b) NRZ at 10 Gbps
and that of PDM, with respect to the b2b case corresponding to PDM-NRZ. It is evident
that the OSNR penalty in the case of PDM-ODB format is significantly smaller than 7
dB, corresponding to a 10 Gbps NRZ case. It is instructive to note that, the improvement
in OSNR penalty in the PDM-ODB case is observable only in the presence of dispersion
in the fiber. It is also noted that the penalty for the PDM-ODB case is smaller than the

corresponding number for single-polarization case, which is currently investigated.

35



-~

i #
g : /
A G .................................... ................................ o
g ST St “l ‘A
= B =TT P R bR TRTS PP RPIIN 4 S
s | §
5 At s __*
o .| —®=NRZ-Exp S :
& | —=— PDM-NRZ-Exp T
O 2 _*_'PDM-ODB-EXP .
1| —--ODB-Exp e e e T R ]
L o ‘-f"'_.”"f
c___--u:::: —————— ——— i ]
0 20 40 60 80 100

Fiber Length (Km}

Figure 4.18: OSNR penalty comparison from experimental results
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Figure 4.19: OSNR penalty for PDM-ODB data estimated through simulations and Ex-
periments

We have explained the simulation results of PDM system in Chapter. 3. Fig. 4.19
shows both simulation and experimental results together for confirmation of the results.
As we mentioned, in order to find the extent of the dispersion tolerance of the proposed
PDM-ODB system, we simulate the performance of the system for longer lengths of the
fiber. Fig. 4.19 shows the OSNR penalty for different lengths of the fiber, for achieving
a BER of 107%. As the experimental results up to 100 km follows the PDM-ODB sim-
ulation results we can expect that the achievable penalty in the experiments for longer
lengths of the fiber would be similar to that in the simulations. Thus an extended reach
of >100 km with dispersion resilience and increased spectral efficiency is demonstrated

with a format conversion from NRZ to PDM-ODB format.
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CHAPTER 5

SBS THRESHOLD OF PDM SYSTEMS

5.1 Introduction

Stimulated Brillouin scattering (SBS) limits the optical power that can be transmitted
through a single mode fiber in long distance optical communication systems. SBS gain
and threshold characteristics of different modulated light was first carried out in (Aoki
et al., 1988). It describes higher SBS threshold in modulated light than CW. Depen-
dence of SBS threshold on the laser linewidth and modulation was experimentally con-
firmed by (Fishman and Nagel, 1993). They showed that broadening the laser linewidth
reduces the system degradation from SBS. The polarization dependence of SBS in sin-
gle mode fibers was studied in (Deventer and A.Boot, 1994). They explained that probe
mode with its polarization orthogonal to the pump experiences a brillouin gain half (in
dB) of the probe mode with its polarization identical to the pump. Then Dispersion tol-
erant Optical duobinary transmission system was introduced to get higher SBS thresh-
old as its optical signal has no carrier frequency component (K.Yonenaga and Kuwano,
1997). But for the first time it is shown experimentally that the data coded signal can get
higher SBS threshold by employing duobinary modulation format in (T.Franck e? al.,
1997). It describes very interesting aspects of SBS threshold with respect to modulation
formats. The paper investigated the dependency of threshold versus PRBS word length.
For NRZ, as the carrier power is dominant and magnitude of carrier is independent of
PRBS length no dependency can be seen. But for ODB, SBS threshold is significantly
lower for short word length compared to longer word length. Then (E.S.Hu et al.,
2004) introduces polarization modulation to increase the SBS threshold due to absence
of SPM. Here we are interested in the SBS threshold of NRZ, ODB ,PDM-NRZ and
PDM-ODB systems. We do theoretical calculation of SBS threshold and then compare

the value with that of the experimental results.



5.2 Theoretical calculation of SBS threshold

One criterion for determining at what point SBS becomes a limiting factor, is to con-
sider the SBS threshold power, Pspg. This is defined as the signal power at which the
backscattered light equals the fiber input power. Here we calculate theoretically (a) SBS
threshold for CW siganal, (b) SBS threshold for NRZ case, (c) SBS threshold for ODB

case.

5.2.1 SBS threshold for CW

The SBS threshold for CW pump light, assuming Lorentzian linewidth profiles, is ap-
proximated by (Aoki et al., 1988):

5.1

A, K A AN
ng‘g:ﬂ £ X SBS'( Vsps + VP)
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where Avgpgg is the spontaneous Brillouin bandwidth, Avp is the pump light band-
width, A.ss is the effective cross sectional area of the propagating wave, kgpg is the
polarization factor, varying between 1 and 2 depending on the relative polarizations of

the pump and Stokes waves, and L. is the effective interaction length given by:

1 —e b
Lesy = — (5.2)

where o in m ™. For our calculation we used standared values,

Acpp=52.8x 10712 m?, Kgps=2,Brillouin gain gp=4.6x 10~'* m/W, Av,=5 MHz,
Avgps=20MHz

For L=50 km and a=0.2dB/km, L.;=19.6 km, then P§3= 3 mW =4.77 dBm.

5.2.2 SBS threshold for NRZ

The SBS threshold for NRZ is given by (Fishman and Nagel, 1993),
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NRZ Pg}%
Psps = - N (5.3)
= (1)

For 10 Gbps NRZ, B=10 Gbps and f;=10 GHz and substituting the PS} we get,
Pipe=5.99 mW =7.77 dBm.

5.2.3 SBS threshold for ODB case

For ODB case there is no direct equation as such to calculate the SBS threshold. But
logically we know that the threshold will be much higher as carrier is absent in ODB.
But to get an approximate number we use the same equation as that of NRZ. We need
to substitute half of the bandwidth for ODB compared to NRZ (i.e; for 10 Gbps we take
fo=5 GHz). If we use the equation. 5.3 for ODB and substitute fo= 5 GHz , we get
POX=1.5 W =31.7 dBm

5.3 Experiment

The Experimental setup for NRZ/ODB is shown in Fig. 5.1. We calibrated the insertion
loss of VOA, circulator and included in the power calculation at each stage (for reflected
power, transmitted power and input power). The modulated signal is given as the input
to the high power EDFA. The amplified signal is then fed to port 1 of the circulator via
a variable optical attenuator (VOA). Port 2 of the circulator is then connected to 50 km
fiber spool. Angle connector is used at the end of the fiber to minimize the back reflec-
tion. In port 3 of the circulator the reflected power was monitored using a hand held
power meter. By varying the attenuation of the VOA different optical power, starting
from minimum to maximum, is fed to the fiber and noted down the reading (both o/p and
reflected power) at each time. Fig. 5.2 shows the setup for SBS threshold measurement
of PDM-NRZ/PDM-ODB case. Here we generate a PDM signal (either PDM-NRZ
or PDM-ODB) and it is given to input of EDFA. The remaining experimental setup is

similar to what we discussed in Fig.5.1.
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Figure 5.1: Experimental setup for finding SBS threshold of ODB

Bias < SMF 50 km
Voltage

DFB
Laser

10Gbps pannel

PRBS

Figure 5.2: Experimental setup for finding SBS threshold of PDM-ODB

5.3.1 Experimental results

Experimental results showing the SBS threshold is shown in Fig. 5.3. We plot reflected
power(dBm) in y axis and input power(dBm) in x axis. Here the steeper slope of the
curve is extended to touch the x axis to find the SBS threshold.

Reflected power vs. input power
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o
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Figure 5.3: SBS threshold for CW,NRZ,0ODB,PDM-NRZ,and PDM-ODB case

If we define the SBS threshold as the input power level at which there is sudden
increase in the refleced power, and hence the threshold is obtained by extending the
steeper slope of each curve to the x axis. From the Fig. 5.3, P§}.=2.9 dBm, P{1%#=3.5

dBm, and PLYPM=NEZ—-4 1dBm. The ODB (both SP and PDM case) SBS threshold is
SBS
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pretty high as we expected and we were not able to get the threshold with in an input

power level of 15 dBm.

Output power(after 50 km fiber) vs. input power
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Figure 5.4: Output power at the end of 50 km fiber for CW,NRZ,0DB,PDM-NRZ,and
PDM-ODB case

The output power vs. input power plot obtained is shown in Fig. 5.4. One interesting
thing we can notice from the experimental result is that, the PDM-NRZ case the SBS
threshold is higher than NRZ. We did not get the threshold point in ODB case, but we
can expect the same trend in the threshold point for the PDM-ODB case also (that is
threshold should be higher for PDM-ODB than ODB). It is well known that SBS is
polarization sensitive. When we have had two specific polarizations launched into the
system, then the interaction with acoustic waves is effectively reduced, so the threshold
is expected to go higher. This may be the reason for the higher threshold for PDM

systems.
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CHAPTER 6

CONCLUSION

6.1 Summary of the work done

We have done simulation to study the impairment due to PMD in high speed com-
munication system. We carried out simulation with different modulation formats and
compared the PMD tolerance. The bitrate dependence of PMD impairment also stud-
ied. The maximum reach of the system when PMD impairment alone is considered, for

different bitrate also conducted.

We have studied about the Polarization division multiplexing techniques and con-
ducted simulation to understand its performance in NRZ and ODB modulation formats.
We conducted experiments to demonstrate PDM-NRZ and PDM-ODB systems and val-
idated the results with the simulation results. Also conducted experiments to study the
SBS threshold of PDM-NRZ and PD-ODB system and observed higher SBS threshold
for PDM-ODB format.

We demonstrate the utility of the PDM-ODB system for access networks with ef-
fective data rate of 20 Gbps with dispersion resilience and higher SBS threshold. The
OSNR penalty for propagation through 100 km length of fiber is only 1.5 dB compared
to back to back case. So we propose a simple but effective system without changing
any active elements in the system level design with minimum cost consisting of opti-
cal passive components like Polarization Beam Splitters and Polarization Controllers.
Polarization Mode Dispersion (PMD) and its compensation is not a concern in these ex-
periments since the lengths of the fiber used and the bitrate are not sufficient to invoke
them. The format converter from NRZ to ODB is a Bessel filter, which can be used
as a "plug and play" device for those link that require longer reach. Thus the proposed
format conversion is energy efficient as compared to advanced modulation formats and

OFDM.



6.2 Scope for future work

Simulation to study the PMD effect can be extended to higher order modulation formats
like DQPSK,QAM etc. In our experiment Polarization multiplexing and demultiplex-
ing is performed using passive elements; the possible polarization rotation in the fiber
can be countered with the use of electrically controlled polarization controllers with a
feedback. Study should be conducted to understand the interesting physics behind the
lesser OSNR penalty of PDM-ODB compared to ODB. The SBS threshold experiment
can be conducted with different PRBS word length and can see the difference in the

threshold with different word length in PDM-ODB system.
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APPENDIX A

Algorithm used for simulating the PMD in optical fiber

A.1 Algorithm for simulating PMD

There are two equations to model the PMD in optical fiber. One is Coupled nonlinear
Schrodinger equation (equation. 2.1) and another is Manakov equation (equation. 2.2).
It uses the Split Step Fourier Transform [SSFM] method in vector form to solve these
equations. The basic idea is to resolve the field in to two orthogonal components prop-
agating through the fast and slow axis of the fiber. The algorithm follows the following

steps;

A.1.1 Stepl: First check which equation (CNLSE or Manakov) is

to be solved

In this step we have option to select the equation we want to solve. It can be either
CNLSE or Manakov (see equation. 2.1 and equation. 2.2). We choose PMD Manakov

equation as it is computaionally simple.

A.1.2 Step2: Calculate the Propagating step size (d2)

The step size is chosen to have maximum nonlinear phase rotation (¢;,q, , which we
can define in the simulation). This method of calculating the step size will allow, short
steps in region of higher power ( usually at the beginning of the fiber) and large steps in
regions of low power (usually at the end of the fiber).

Largest normalized power =maz (| A, 2+ A, %)

Non linear coefficient is v (1/mW/km) and the attenuation constant is « (1/m).

Effective length of the step can be calculated as, L.y = Pmas

normalizedmazximumpower X~y




The propagating step size (dZ) can vary from L. to the maximum step size that we

define in the simulation based on the power, v and a.

A.1.3 Step3: If the total propagating distance calculated is less than
fiber length proceed to step 4 else to step 7

Every time the code updates the propagated distance and if it is less than fiber length go
the step 4 which calls the function that deals with the non linearity in the fiber else go

to step 7.

A.1.4 Step4: Call the function which deals with non-linearity of the
fiber. Here x and y components of Electric fields are propa-
gated through purely nonlinear fiber having nonlinearity and

attenuation

This function is to solve either CNLSE or Manakov equation. Here we are dealing only
with the Manakov equation. So the effect of nonlinearity on the field components is

calculated as follows,

power = (| As [*+1 4, °) .

lyr =dZ ifa =0,
1 —exp(—a.dZ)

leff = ifao#0

then fields are calculated as,

A, =exp(—iv.derU) A,

A, =exp(—iv.ler.U) Ay
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A.1.5 Step5: Call the function which is used to calculate the Bire-

fringence step

Call the function which is used to calculate the Birefringence step and how many such
steps are there with in propagating step size (dZ). Throughout the Birefringence step
the birefringence is constant and the section will be like a PMF(polarization Maintain-
ing Fiber). So one Wave plate (length equal to propagating step size) will contain many

such randomly oriented PMF each of which can be called as the trunks.

A.1.6 Step6: Call the function which applies the linear vectorial
step including birefringence and PMD to all the trunks within

the same wave plates

First we will take the FFT of x and y electric fields. Then calculate the matrix R,
making use of the Pauli’s matrix, azimuth angle 6 , and the angle of ellipticity €, which
describes the change in the basis (the set of linearly independent vectors) over Principal

State of Polarizations (PSPs) as follows,

R () = cost x o¢ — i.sinf X o3

cost) —sinb (A.T)

sind  cos6

R (€) = cose X og + i.sine X o9

COSE  1.8iN€ (A.2)

1.81M€  COSE

R=R(H) x R(e) (A.3)

Now we calculate a diagonal matrix D which contains birefringence, DGD and GVD;
GVD parameters are the derivatives of order greater than 1 of 5 (w) at w = wy. Usually
only 5 and (3 are included inthe NLSE, and hence the NLSE becomes:

oA B4

_—_ﬂ%+
TS TS s T e o

52 (A4)
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In the frequency domain equation. A.4 can be written as (Agrawal, 2008) and (Serena,

2009),

5A
= 51w+@w2+53 3) A (A.5)
0z 2
The solution of equation. A.S5 is,
1 3 B2 2 53 3
A(z,w) = A(0,w)exp | frw + —w + = (A.6)
k .
where, §; = ﬁ’ wewo

For energy conservation principle the energy carried by frequency w must remain unal-
terd, i.e;

| A(z,w) |*=| A0, w) |? (A.7)

Hence GVD parameters include only a pure phase roatation. Now we calculate the

diagonal matrix which include DGD, GVD and birefringence effect in it.

p_ | epi(B+ARL) 0 AS)
0 exp (=i (6 — AP) L)

B = <ﬂ1w - @uﬂ + B 3) (A.9)

AB=0.5x (Ao + LBy (w)) (A.10)

A fy is the frequency independent birefringence,

A\ is the differential phase shift induced by the PMD; ASy = DG D, X w,

— DGD
DGD””S " numberofwaveplatesx symbolrate ’ first order PMD
3T xDGD .
DGD,,,s = ; higher order PMD.

\/numberofwaveplates X symbolrate’

Now we use the basic linear algebra for change of basis (similarity transformation) and
(RDR')[A,A,])" gives the resultant electric field vectors. Finally we take the IFFT of
calculated = and y electric fields. The calculation of the Matrix 1? and the following
electric field calculations will be carried out for all the trunks within the same wave
plates. So this function is used to model the fiber as the concatenation of PMFs with
PSPs randomly oriented.

Again go to step2 to calculate next propagating size.
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A.1.7 Step7: Find the last Step size

The last step size means the length of the last wave plate constituting the length of the
fiber. And again repeat the same steps from 3 to 6 and at last we will get the x and y

components of electric field after propagating through entire length of the fiber.
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APPENDIX B

Duobinary modulation format

B.1 Duobinary Modulation

Duobinary modulation is a scheme for transmitting R bits/sec using less than R/2 Hz of
bandwidth. By Nyquist’s criteria, in order to send R bits/sec with no ISI, the minimum
bandwidth required of the transmitted pulse is R/2 Hz. This implies that duobinary
pulses will have ISI, but this ISI is introduced in a specific way so that it can be sub-

tracted out to recover the original pulses.

B.1.1 Duobinary encoder

Duobinary signal can be implemented by digitally filtering the data bits with two tap
finite impulse response (FIR) filter with equal weights and then low pass filter the re-
sulting signal as shown in Fig. B.1 (H.Shankar, 2002). FIR filter and low pass filter can
be combined to a single analog filter of appropriate bandwidth (10 Gbps data stream
need 2.8 GHz Bessel filter). This duobinary signal is a three level signal. Since the FIR
filter output is correlated signal, all possible sequence of the three value cannot occur.
For example output of FIR filter will not contain 1 followed by -1 or vice-versa, and
1 and -1 will always have a zero between them (H.Shankar, 2002). This is one of the

reasons for its resilient nature to dispersion.

fdpt
10k _ . Low-pass filter
T is equivalent to | o annropriate
| Gain= | p| LPF | p —» bandwidh [P
Binary 0.5 {cy
input data T

Three-level signal here

Figure B.1: Differential encoder for ODB [source: (H.Shankar, 2002)]



B.1.2 Duobinary in optical system

Light has to be modulated with three level duobinary signal which gives three level
optical signal. This is done with Mach-Zehnder (MZ) modulator biased at null point
and with a driving voltage signal swing of 2V volts. The complete duobinary modulator

setup is shown in Fig. B.2.

d Cr =G ® (?L
To
—p lnvertor e AND Divide-by-2 Low-Pass Driver with MZ modulator | fiber
Gate »| Counter —| Filter P 2V swing | biased at null
—»
10 GHz
Clock < > < >

Differential Encoder  Duobinary Encoder

Figure B.2: A Complete ODB modulator [source: (H.Shankar, 2002)]

With zero input, no light is transmitted, but +1 is transmitted as + £ and -1 as —E.
It becomes two level signal in terms of optical power. The Fig. B.3 shows the reason
for better dispersion tolerance of ODB compared to NRZ (H.Shankar, 2002).

1 0 1
NRZ sequence

B (e e T Dispersed NRZ pulses.

f B X*—/’/‘ﬂ E fields add up here to raise

f! ‘\ the level of the 0.

. - Al Duobinary
e T .
/ +E \\ sequence
f \4—— [ Dispersed duobinary pulses.
/ \\ -E / E fields cancel here and ISI 1s
1 reduced for the 0.

Figure B.3: Effect of dispersion on NRZ and ODB [source: (H.Shankar, 2002)]
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APPENDIX C

Experimental set up

C.1 Photograph of basic setup

Basic experimental set up is shown in Fig. C.1 and Fig. C.2. The components are

numbered as shown.

Figure C.1: components in Polarization division Multiplexing (NRZ/ODB) experimen-
tal setup

Figure C.2: components in Polarization division Multiplexing (NRZ/ODB) experimen-
tal setup
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13.
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. RF driver

. Polarization Controllers

MZ modulator

. Fiber spool
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