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- ABSTRA_CT

A theoretlcal analySIS 1s' provided for optlcal DPSK transmission system
consldelmg the effects of laser phase noise and chromatic dispersion of optlcal
fibre. The analysis is carried out for correlation receivers with direct detection as
well as heterodylne detection schemes. The single-mode fibre is modeled as a
bandpass filter with flat amplitude response and linear group delay over the optical
bandwidth of the modulated optical signal. The statistics of the signal phase
fluctuations at the output of the fibre caused by non-linear filtering due to fibre
chromatic dlspersmn are detemined in terms of its moments and the probability
densﬂy function (pdf) of the random phase fluctuation due to laser phase noise and
fibre chromatic dispersion is evaluated. The total phase noise power at the output of
the receiver photodetector is also expressed in terms of the powers of the cross-

modulation and intermodulation frequency noise components.

The expressions for the conditional bit error rates, conditioned on a given
value of random phase error and a given transmitted bit is derived as a function of
the SNR for both types of detection schemes. The average bit error rate (BER) is
then compﬁted numerically by averaging the conditional BER over the probability
distribution of the random phase error at a bit error rate of 10 Gb/s. The receiver
“sensitivities are determined at BER=10" for dispersion shifted (DS) and
nondispersion shifted (NDS) fibres at wavelength of 1.3 pm and 1.55 pm for
different values of receiver and system parameters. The penalty due to phase noise |
and chromatic dispersion suﬂ‘ered by the system is then determined. At a BER of
107, the maximum allowable fibre span for a specified power penalty of 1 dB is
determined for dlﬂ"erent values of the fibre dispersion coefficients and normalized

' laser lmew1dth
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1.1 Introduction to Optical Communication

The modern era of optical communication may be said to have originated
with the invention of laser in 1958 and the first develoi)ments soon followed the
realization of the first lasej_'s‘ in 1961.Compared 1o the coﬁvemional sources of
thical freqlieﬂcy, laser radiation is highly monochromatic,coherent and very
intense. In fact, it is much more like the radiation generated by a normal
microwave transmitter. It is thus a natural step to think of its potential as a carrier
for telecommunications. Initially the principal Imotivation was  the enormous
bandwidth that would be &vailable, if it were possible to modulate the laser light at
only a few percent of its fundamental frequency. |

| The electromagnetic spectrum shown in fig. 1.1 indicates that visible light
extends from 0.4 to 0.7 pm. An appreciable portion of the electroinagnetic
spectrum is occupied by the optical frequency band. The inquisitive idea of guiding |
light through a dielectric media strikes human mind to investigate the viability of
using this wide optical band for reliable and economical communication with large

information capacity.

In 1960, Maiman [I] reported about a ruby laser capable of prbviding an
intense, coherent light source operating at a single wavelength. This development
started a number of research activity’ in optical communication. In 1966, Kao and

~ Hockman [2] reported about an optical fibre of low transmission loss.
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Subsequeﬁtly, sufficient progress has been made in the area of optical fibre
communication in various fields. In 1968, the loss in optical fibre was extremely
large, about 1060 dB/km at A=0.82 pm [3]. In 1970, Coming Glass Works
developed a new fibre of transmission loss of 20 dB/km. At present, single mode
fibre of transmission loss of 0.2 dB/km allowing a tranénﬁssién distance of 850 km

is avaiable [3].

In optical communicaﬁon- system electrical signals are first converted into
optical !signals by means of an optical transducer, such as light emitting diode
(LED) or laser diode (LD) and transmitted over fong distance via silica glass fibre
and then optical signals are again converted to electrical signal'.b); another

transducer such as Avalanch photodetector (APD) or PIN photodetector.

1.1.1 Advanthges of optical communication

Optical fibre offers some " atlractive advantages over conventional
microwave and RF waveguides. Some important advantages of optical fibre

communications are given below [4].

i. Very low line attenuation: Compared to co-axial cable, the loss in optical fibre
is very small. For example, a high frequency signal on a conventional co-axiai
cable losses half of its power after only a few hundred meters, whereas the
correspondmg figure for optlcal power in a good optical fibre 1s 15 Km. -

2. ngher information capaclty Since the frequency of the optical carrier is of
the order of 10" Hz, which is exceedingly higher than microwave range by a factor
of 10°, optical communication provides higher information capacity. Due to -
extremely large bandwidth of optical fibre (approkimately 10"*Hz), transmission
rates exceeding 10 Gbit/sec are possible [4,5]. On the other hand, about 1 Gbit/sec

is now achieved with co-axial cables.
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3. ﬁnmunlty to electromagnetic interference (EMI) and cross talk: Due to

dielectric nature of the fibre, optical systems are virtually immune to cross talk and |
electromagnetic interference (EMI), unlike co-axial cables and microwave links.

4. Considerable reduction in cable size and weight : Due to small fibre

diameter (together with a protective plastic coating of 0.25 to 0.5 mm compared to

about 10 mm for copper co-axial cables) and low cable weight with considerably

greater mechanical flexibility, optical communication provides the advantages of
better transport, in'siallatidn and the less space required in cable duct.

5. No electrical hazards : The fibres need not to be grounded or protected against
lightning. '

1.1.2 Limitations of optical communication

Optical communication has several difficulties. Since optical carriérs have
extremely small wavelengths, optical component design is more sophisticated than
 that of radio or microwave devices. A significant advance was made by the advent
of laser as a relaﬁvely high powered optical carrier source. Further progress was

made by the development of wideband optical modulators and efficient detectors.

Another drawback of optical communication is the effect of the propagation
path on the optical carrier wave. This is because optical wavelengths are
commensurate with molecule "and particle sizes and propagation- effects are
generated that are uncommon to radio and microwave frequencies. Furthermore;
these effects tend to be stochastic and time-varying in nature, which hinders

accurate propagation modeling,

An optical signal becomes increasingly distorted as it travels along a fibre.
This distrotion is the consequence of intermodal dispersion and intermodal delay

effects. This distortion effects can be explained by examining the behafiour_of



gfoup velocities of the guided modes, where the group velocity‘is the speed at
which energy in a particular mode travels along the fibre. Intermodal dispersion is
pulse spreading that 6ccurs within a single mode. Since the group velocity is a
funcion of wavelength A , intennodal dispersion is, therefore, often referred to as
chromatic dispersion. Since intermodal dispersion depends on the wavelength, -its
effect on signal distortion increases with the spectral width of the optical source.
This spectral width is the band of wavelengths over which the source emits light.
For examples if the peak emission wavelength of a light emitting diode (LED)
source 1S 85l0 nm, a typical source spectral width would be 40 nm; that is, the
source emits most of its ‘optical poweer in the 830 to 870 nm wavelength band.
Laser diode opﬁcal sources have much narrower spectral widths, typiical value
being 1 to 2 nm.
The two main causes of intermodal dispersion are:

(i) material dispersion, whiéh arises from tlie variation of refractive index of core
material as function of wavelength. This causes a wavelength dependence‘of the
group velocity of any given mode.

(if) waveguide dispersion, which occurs because the modal ﬁropagation constant {3
is a function of /A (the optical fibre dimension relative to the wavelength A, where

r is the core radius).

~ The other factor giving rise to pulse spreading is intérsymbol delay which
is a result of each mode having a different value of group velcity at a single
frequency. Of these three, waveguide dispersion usually can be ignored in
multimode fibres. Howeveer, this effect can be significant in single mode fibres.
The full effects tend to be mitigated by other factors, such as nonideal index
profiles, optical power launching conditions (different amounts of optical power
launched into the various modes), nonuniform mode atfenuation, mode mixing in

the fibre and in splices, and by statistical variations of these effects along the fibre.



1.3 Modulation and Detection Schemes

Depending 6n the specific application, various modulation and
demodulation formats similar to . those of traditional radio frequency
communication are also employed in coherent lightwave transmission. These /
includes: binary PSK (BPSK), quadri PSK (QPSK), orthogonal QPSK (OQPSK),
continuous phase FSK (CPFSK), discontinuous phase FSK (DPFSK), minimum
shift keying (MSK), differential PSK (DPSK), binary pulse position- modulation
(BPPM), etc. Each of the .modulation schemes viz. ASK, FSK, DPSK, etc.
combination thereof, with homodyne, heterodyne or diversity receivers has its own
merits and weaknesses and none has emerged as absolutely preferable. Hrowever,
in optical communication, FSK systems are more promising than ASK or PSK for
the following reasons [5]

(i) modulation can be easily performed using direct modulation of laser diode (LO)
through its injection current,

(i) direct FSK modﬁlation gives large transmitting power without external
rhodulatdr loss, |

(iii) -distributed feedback (DFB) LDs without external cavities achieve stable
operation, |
(iv) optical frequency division multiplexing is possible.

In optical communication system, broadly categ_orizing,- two important
detection sirategies are normally employed,viz. direét detection and coherent
detection. In direct detection reception, the intensity of the received optical field is
directly converted to a éurrent by a photodéteclor while in coherent detection, the
recerved optical field is combined with the light output from a local oscillator (LO)

laser and the mixed optical field is converted to an intermediate frequency (IF)

B



signal by heterodyning or directly to the baseband by homhdyning. The first optical
commu'nicalion system employed intensity modulation direct detection (IMDD) -
technique and in spite of low receiver sensitivity, this scheme is still very popular
for commercial application due to its low cost and simplicity [2,6]. However, the
direct detection technique has the limitation in data rate for application in power
“limited free space optical channels due to relatively low optical power output of
semiconductor laser diode [6]. To increase the data rate throughput -of all
semiconductor free space optical channels, extensive research for bandwidth, power
- efficient coding and modulation scheme were carried out in the last decade. Direct
defedion optical communication systems are very promising for future deep space

~ application, inter-satellite links and terrestrial line of sight communication [6,7].

Coherent optical transmission systems using heterodyne or homodyne
Hetectipn are attractive due to their improved receiver sensitivity compared to
conventional IMDD systems and its enhanced frequency selectivity in optical
frequency division multiplexing (OFDM) system [8]. Heterodyne detection systems
have 10-20 dB performance improvement over direct detection system because of
the use of local oscillator (L.O). Significant progress has been made on coherent
optical systems durihg the last decade and it has become more than just a promise
for future application. Although some technical and financial difficulties have still
to be completely overcome before coherent systems become of common use, field
 trials have begun to be successfully reported upon by the most important indusiries
in the world for long-haul (point-to-point) transmission and also for multi-channel

appliéationé [9].

To achieve high receiver sensitivity using coherent detection, there are a
number of practical problems which one encounters. The performance of coherent
receiver can be severely degraded by i) the intensity fluctuation of the receiver’s

local oscillator (LO), ii) the phase noise of transmitting laser, iii) the transmission



medium limitations such as the polarization problems and chromatic dispersion of

the optical fibres in a coherent transtnission system.
1.4 Review of previous works

_ Considerable progress accomplished in the last few years in the development
of very high speed optical fibre systelils has resulted successful transmussion
experimers at bit rates of about and above 1G Gb/sec [10]. However, at these bit
rates direct intensity modulation of semiconductor lasers | produces éigﬁiﬁcant -
linéwidth broadening. A sufficient amount of research works have been reported,
which encounters the degrading effects of laser phase noise,nonuniform FM
response of distribute& feedback (DFB) laser,nonlinear effects of optical fibre etc.
on coherent and direct detection optical tranémission systems, A key problem for
high speed (>5Gb/sec) lightwave systems at 1550 NM wavelength is a high
chromatic dispersion of conventional single mode fibres which are optimized for
transmission at 1310 nm. When distributed feedback: (DFB) lasers are ihi.ensity
modulated for direct detection (IMJDD) systems, they are normally driven with
current that swing from near threshold to well above threshold, producing
sigmificant chirp along with the desired intensity modulation , which éauses severe
systém degradations when fibre dispersion is present [11]. DFB lasers can be
directly mbdulated to produce frequency shift keying (FSK) and differential phase
shift keying. (DPSK) signals by driving them with a bias current far above threshold

and adding a relatively small modulation current{12}.

In single-mode fibre transrﬁission systefns operated at high modulation rates
over long fibre spans, chromatic dispersion can produce distortion in the
demodulated waveform, resulting in intersymbol interference in the received signal
and a reducticn of transmission system performance. Using computer simulation -

and laboratory experiments the chromatic dispersion limitations for direct detection
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and coherent optical frequencfy shift keying (FSK) and differential phase shifi
keying (DPSK) transmission systems are determined from eye-closure benallies
[13]. The chromatic dispersion limitations were also studied by considering the
effect of PM to AM conversion for a sinusoidally phase-inodulated source [14,15].
The dispersion penalt}; associated with this effect for random data sequence was not
evaluated because of the complexity involved in solving the problem analytically.
Prior to this work, the chromatic dispersion limitations for FSK transmission
systems with direct detection have been evaluated [10]. In order to quaﬁtify the -
effects of chromatic dispersion on optical DPSK in presence of laser phase noise ,

an accurate analysis is required.
1.5 Objectives of the Thesis.

The main ob_’ecuve of this the513 is to analyze optical DPSK transmission -
syslem with random non-return to zero (NRZ) data taking into account the effects
of laser phase noise and fibre chromatic dispersion. The analysns will be carried out
for both' Mach-Zehnder interferometer (MZI) based direct detection receiver and

delay demodulation heterodyne receiver.

.Further objective is to develope an analytical expression for the probability
density function (pdf) of the random phase function due to combined effect of
chromatic dispersion and phase noise and to derive the bit error rate (BER)
expressions for both direct detection and heterodyne DPSK receivers. Following the
theoretical development , the bit error rate performance results will be evaluated at
a bit rate of 10 Gb/sec for dispersion shifted (DS) fibres at an wavelength of 1.3
pm and NDS ﬁbres at 1.55 pm for several dispersion coefficients. The
degradatio'ns.of the sys't.em perfonnalecel in terms of power penalty due to above
effects will also be estimated for ;1 specified bit error rate and the maximum

allowable fibre length for a specified system penalty will be determined.
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1.6 O!rganization' of the thesis

~ In chapter 1, a brief introduction to optical communication is presented. The
major features of optical communication system are discussed in brief. A reviw of
the research works currently going on in the related field is also presented in this

chapter.

In chapter 2, a theoretical analysis for optical DPSK system is presented to
evaluate the bit error rate (BER) petfonnaﬁce with MZI based dired detection
recéiver including the effects of laser phase noise and fibre chromatic dispersion. -
The results are presented for a bit rate of 10 Gb/s with several sets of feceiver and

fibre parameters.

In chapter 3, a theoretical analysis is presented to evaluate the bit error rate
(BER) performance of heterodyne optical DPSK receiver taking into account the
above system imperfections and the results are presented at a bit rate of 10 Gb/s for

different values of receiver and fibre parameters..

In chapter 4, concluding remarks on this work and some recommendations

for future work are presented.
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'CHAPTER 2

PERFORMANCE ANALYSIS OF DIRECT
| DETECTION ,
OPTICAL DPSK SYSTEM IN THE PRESENCE OF
FIBRE CHROMATIC DISPERSION

2.1 Introduction

Diﬂ‘mdﬁiai -phase shift keyin.g' (DPSK) is one of the most attractive
modulation scheme in direct detection and coherent optical communication system
due to the fact that it has a compact spectrum and it can take the advantage of
direct frequency modutlation charaderistics of distributed feedback (DFB) laser
[16]. However, the performance of the system is highly degraded due to the laser
phase noise and fibre chromatic dispersion. Coherent systefns, in general, offer 10-
20 dB performance gain over direct detection systems [17]. However, the whole
system is more complex and costly compared to the direct detection system,

because of the requirement of the narrow line width (L.W) laser at both transmitter
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and receiver for the coherent case and the additional circuits for polarization
matching betﬁreen the received optical field and lo'cally generated optical field.

The direct detection systems, on the other hand, are less sensitive to laser
phase noise because the detection does not utilize the phase information. Although
the direct detection systems are less sensitive than heterodyne detection system,
they provide the advantage of low cost and simplicity. As a result, there has been a
growing research interest in direct detection for optical DPSK systems. Recently a
direct detection DPSK receiver which utilizes a Mach-Zehnder Interferometer as an |
optical discriminator is reported [16]. However, performance degradation of this
type of receiver due to fibre chromatic dispersion is yet to be determined
analytically.

In this chapter, we provide the theoretical analysis of direct detection optical
receiver with- Mach-Zehnder Imterferometer (MZI) as an optical frequency
discriminator (OFD) considering the effects of laser phase noise and fibre
chromatic dispersion. This éhapter begins with an introduction of the receiver
model which is fo_llowed by a brief description of the-OFD, the Mach-Zehnder
interferometer. The theoretical a.ﬁalysis of the recetver is provided to evaluate the
bit error rate (BER) considering ﬂw effects of laser phase noise and fibre chromatic

dispersion. The chapter has been concluded with results and discussion. -

2.2 The receiver model

The block diagram of the DPSK direct detection receiver with MZI
considered for analysis is shown in Fig. 2.1. The MZI acts as an optical filter and
differentially detects the ‘mark’ and ‘space’ of received DPSK signal which are
then directly fed to a pair of photodetectors. The difference of the two photocurrents
is applied to the amplifier whose output is then passed through a baseband filter.
_ The output of the baseband filter is sampled periodically and then compared with a
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Fig2.1 Block diagram of a DPSK direct detection receiver.



threshold of zero value in order to determine whether the transmitted symbol

| corresponds to a ONE or a ZERO.

2.3 Mach-Zehnder Interferometer (MZI)

The most common iﬁterference filters are designed to transmit a narrow
band of wavelengths and blocks all, \;vavelengths outside the band. Two common
filters used as OFD are Mach-Zelnllder interferometer (MZI) and Fabry Perot
interferotneter (FPI). In our receiver model, the first one, MZI is employed.
Integrated MZI, consisting of silica based wa{/eguide, is a very promising device in
wavelength division -multiplexing (WDM) and frequency division multiplexing
(FDM) systems and extensivé work is now going on employing MZI as OFD,
~ channel selective filter and modulator [18]. Recen_tly an experimental
demonstration employing 10 Gbit/s inodulation using a III-V semiconductor MZ
interferometer-has been repbrted 9.

2.3.1 MZ1 conﬁgurﬁﬁon and 'bperation

The basic configuration of MZI is shown in Fig. 2.2. They have two input
ports, two output porté, two 3 dB couplers and two waveguide arms with length
difference AL. A thin film heater is placed in one of the arms. It acts as a phase
-shiﬁer Because the liglﬂ path length of the heated waveguide arm changes due to
 the change of refractive index. .The phase shifter is used for precise frequency
tuning. These outputs are differentially detected by the photodetectors with

balanced configuration.
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" 9.3.2 MZI Characteristics

If E(t)— represents the signal input to the MZI, then the signals received at the
output ports can be expressed as[20,21]

IEM lE(t)Im[ G ‘ﬂ | | . @1
-1 . \ :
| ]El(t)l:IE(‘)'cos[ﬂzz’—ll} | 22)

where 1; and |, arelthe length of two arms of MZI and k is the wave number which

can be expressed as

2 S .
k:E"_:ji_z“f"eff | @23)

v A c
N> £ and ¢ are the effective refractive index of the wave guide, frequency of optical
input signal and velocity of light in vacuum, respectively.

The transmittance of arm 11 of MZI

Exf” ORI |
CTy(f)= lE(t)|2 =sin’| —_— |=sin 0 (2.4)
and that of arm 1 of MZ1is
ol [k(l 1)] : -
| TI(f)—‘?(t)l—z—c_os 7 cos” © ‘ (2.5)
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where,  is the phase factor related to the arm path difference AL = 1,- I; and can

be expressed as

kAL nf B
0= _ minegral @)
. : c - ’ :

' Normally AL is chosen as .

C
Al = .
AL' 4rleﬁ'Af (2 )
" Therefore,
nf
| T (2.8)
Then we get
2 Tlf] ’ :
T (f) = sin [4Af _ - (2.9)
and,
_ 2 ﬂf) ' .
Tl(f) cos [4Af . . (2.10)

" The outputs of the MZI are therefore anti—symmetric and are shown in fig. 2.2 |

For an MZI used as an OFD, Af'is so chosen that[20,21], Af-

frequency of the DPSK signal and n 1s an mteger

The MZI is used in our analysis only as optical delay fine discriminator as
our analysis.is based on-single channel operation. The complete potential of an

MZI can be extracted when a muitipiexer/ demultiplexer or a ﬁequency‘ selection
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switch for a multi' channel WDM/ FDM systeni is fabricated utilizing the
periodicity of the transmittance versus frequency characteristic of an MZI1[20,21].

2.4 Theoreﬁcal analysis

An schematic diagram of a DPSK direct detection system using a dual
detector optical receiver is shown in fig.2.1. The DPSK modulated optical signal at
the output of DFB laser is given by o

1, (0= 2Py exp{i[t+bs(0) + OaV)] @11

p
where, Pg = average optical power at the input of fibre
" @, = optical carrier angular frequency
0(t) = modulating phase,and

O,(t) = instantaneous laser phase noise due to the transmitter laser

i

" The modulated phase ¢,(t) is modeled by

¢s(t)=2¢iuT(t—iT) - | | (2.12)
.l |

where, up = unit amplitude rectangular pulse of duration T

r
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¢; = data phase transmitted during the interval irst< (i-1)T
which is given by
¢i=¢i—1+A¢i=¢_1-1+ﬂ(1-ai)/2 | | (213
where {a;} is the binary data sequence, which assurnes values +1 ‘and -1,

corresponding to symbol ONE and ZERO, with equal probability of occurance.

The low-pass etluivalent model for single-mode fibre transfer function which

includes the chromatic dispersion effect can be modeled as [13],

- H(f) =e;"_l-‘3‘-fz = expl:~j{aB2(%T}} . (2'14).
where, o= n:D(?\.)L? - D()) is the fibre chromatic dispersion factor, A is the

wavelength of optical carrier, ¢ is the speed of light and L. is the length of fibre, B is
the data rate. '

The optical signal at the output of the fibre can be obtained as

Xo(f) = j h(‘F)xi(t— 1)dt

0 ' . |
o0 . . . .
= [2Pg _" ht) e 12nhet ¢ J4(t=1) |o2nfitgy (2.15)
0

The total output phase of the optical signal at the fibre output is given by the

-argument of the modulation factor in equation (2.15). Thus, output phase

| eO(t) = Im‘:log_" h('t)e_jznfct ejd"{t—'[) d’[:|

=]m[log _fh(t) gi#(t-7) dt]+ Imlog‘e_z"fcT }
. 0 .
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=6(t)+ Po | (2.16)

where, 6(t) is the time-dependent component of the output phase 8, (1) and

Bo is the carrier phase shifl. Following Ref. [13], it is shown in Appendix that the
output phase 8 (t) can be expanded as

0= el 5L )

n=2 .
= B5(t)+6,(1) (2.17)
where, ¢o(t) = Ih(‘t)d)(t —1)dv (2.18)
| 0 S A
and the coefficients f, are given by [22]

f,=F, '

fy =F;

fy = F, -3F,’

f5 = F5 "10F3F2
fs = F6 —15F,F;— 10F;* + 30F,’
f; = F; ~21F,F, ~35F,F, +210F,F,

£

and, F,= J:Dh(t)[djg( t— 1) — (1)) "de (2.19)

In equatidn (-2.‘17), Os (t) represents the output phase due to linear
ﬁllerihg and 8, (t) represents the phase arising out due to non-linear filtering effects
of fibre dispersion, and consists of cross-modulation and intermodulation phase
noise terms.

The fibre output signal can be rewritten as

: xo(t) =mej(1t)+j2ﬂfet
— "ZPS ejzﬁfct+j95(t)+jen(t) - . (2.20)

The linear phasé 05 (1) can be expressed as
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0,(t)=Re 71(1:)4)({— t)dt}
Yo

"= Re .:h(t){q:s(t—r)+¢)“(t—r)}dt]

= Re| | h(xo(t- r)dt]+ Re[ _ﬁ(t)d}n(t _ r)dt]
) ] ' G

—

= 05 (1) + 6, (1) ' ' (2.21)
where Og(t) and 0,(1) represents the output phase corresponding to
modulated phase ¢ () and laser phase noise ¢,, (1) respectively.

The optical signal at the input to the balanced photodetector is now given by
Eg(t) = y2Pg exp[j{2nf t +05 (1) +6;, (1) +6, (1}] @)

2P5 expli{wot+05 (1) +6, (D3] '
where, 0,(1) =9, ()+0,.()

The output current of upper photodetector is given by

i(t)= RdlEz (t)l2

_RP (2.23)
d [1-cosf2n £, + AG,(t, 1)+ AB,, (1, ©)} ]+ n,y (1) |

| where, R is the responsivity of the photodetector, n, (t) represents the
photodetector shot noise and pre-amplifier thermal noise.
A9, (L) =0, (1) - 0, (t-1) and, (2.25)
A (D)= By (1)~ O t-7) . (2.26)
- Similarly, the output current at the lower photodetector can be expressed as

iy(1) = Ry, )

Rd (2.27)
= [l+cos{21tft+A9'(t T+ A0 (1, T} +my(t)
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The output of the balanced photodetector is then found as
i() = in (1) — iy (1)

. , - (2.28)
= RdPsZ“T (t-iT)cosfoct + AO5(L, 1)+ ABpe (1,7)]+ np(t)
For DPP'SK demodtllation, =T and, ®.t = 2nx
For a “mark’ transmission, a; =+1, A8 =0.0, we get
im(1) = RgPs 2 ur(t-iT)cos[(2nm+ AO5(1,T)+ A0y (1, T)] - (2.29)

= RdPs[x(t)] |
»\{here, X (t) =cos[AB, (1)]

2.4.1 Power spectral densities of the phase noise components

The psd of the balanced photodetector output noise n, (t) is given by {21]
8pd () = eR 4 Ps +05R g Ps2[Sy — X 25(F)] (2.30)

where,

Sx (f) = Wag_ (f)

and, Wg (f) = Wag ()@ Wag_ ()

where, W g, (f) is the psd of laser ph’a.ée noise and is given by [23]

- Wag, (D) = 4mAv [l“msm‘ﬁn o l
a8, | - 0 @2 l [(co— 0)2 + 1"2][(&)+ Q)2_+ F2]J

(2.31)

where, Av, = Schawlow-Tones linewidth
o = linewidth enhancement factor
(2 = angular frequency

I' = damping rate of relaxation oscillations
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‘Total noise power at the LPF output is

o =0’ =[ [S pa ())+ Sy (OfH pr (£ of (232)

4KT
Here, S, (f) =

where, K is the Boltzman’s constant, T is receiver temperature in °K and

Ry 1s the receiver load resistance.
- The psd of non-linear signal component is

Wag (B) = W+ wel(h) (2.33)

where, W, (f) and W,'(f) represent the psd of the Cross-power

components and inter-modulation components and are given by [ Appendlx A]

Wo© () = 2W, (DI Wy (p)[cos{2a(f +ip+p?)}- l]dp (2.34)
I {© 0 : 2 .
We' (f)=¢ f wdpf_ _ do Wy (p)Wy (0)Wy (F =~ p=0)fS(f) (2.35)
where,
s =[s1 (6] +18,0) - (2.36)
$1(f) = 2cos(aa)-cos(ab) — cos(arc) — cos(xd)+ cos(oe) (2.37)
8,(f) = 2sin(aa) + sin{ab) + sin{ac) + sin(od) - sin(ae) (2.38)
with,

a=2p% +20% +f2 - 2f p+2po-2fo
b=£2 +2p? +202 - 2fp+ dpo— 26

c=f2+2p~2fp |
d=1%+2¢° - 2fo

e=f2 ,
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* The final form of | S(f) ? is found to be |
| |!S(t)| ? = 8-4cosaL (a+b) —4cosa (a+c)- 4cosa (a#d) + 4cosa (a—_—e)
+ 2cosa (b-d)-2cosa (b+e) +2cosa (b—c) + 2cbsot (c-d)
—2cosa (c+e) ~2cosa (d+e) ' ' ‘ (2.39)

2.4.2 Bit error rate expression

The expression for the average bit error rate is given by [23.]

:
[ZRdPSCOSAG“‘ IP(A6,,)d(40,) (2.40)
J A I n

1-"'D
BER:-i erfc

Lk

where P(A8y ) is the }idf of AB, which have a zero mean Ganssian

distribution with variance o’ and is given by

A8
] -
 P(ABpy) = e 20 | @2.41)
- 21:0,2(
Here, total phase noise variance is given by
B,
, ,
| % = j.[wae,, (1)® Wag, (£ )}IHLpF(f)I df (2.42)
_B. |
2
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2.5 Results and discussion.

FolloWin‘g the theoretical analysis, the bit error rate performance of DPSK
direct detection system ié computed at a bit rate of 10 Gb/sec with different sets of
receiver and system parameters. Bit error rate perfc;nnances are evaluated for
dispersion shifted (DS) fibres at an waveiengﬂl of 1300 nm and nondispersion
~ shifted (NDS) fibres at an wavelength of 1550 nm for several dispersion
coefficients D.. | |

The bit error rate (BER) performance of direct detection DPSK system is
shown in fig. 2.3 without considering the effect of fibre chromatic dispersion i.e.
D.=0.0. The BER is plotted as a function of the received optical power Pg (dBm)
for lsevera'l values of normalized linewidth AvT and the receiver sensitivity is
defined as the optical power required to obtain a BER .of 107 . The figure shows
that the BER decreases with the increase in the input power. For AvT= 0.0 the
receiver sensiﬁvityl is found to be -19.65 dBm. At increased value of laser
linewidth, the required amount of sig_nal power is lugher to achieve the same BER.
- The additional signal power compared to the case of zero linewidth (AvT= 0.0)
may be termed as the power penalty at BER= 10~° due to the effect of laser phase
hoise caused by non-zero linewidth. Phase noise céus'es the spectrum of the DPSK
signal to be broadened and for a given receiver bandwidth, the signal power is less
at the output of the receiver baseband filter. As a result, more signal power is
requiréd to obtain the same BER. The effect of phaée noise is more at higher values

of linewidth.

‘In presence of fibre chromatic dispersion, t_hel BER performance of DPSK
direct detection transmission system is shoWﬁ in fig.2.4 for fibre length L=25 Km,
chromatic dispersion factor D.=1.0 ps/Km.nm, waveiength A=1550 nm for several
values of laser linewidth AvT. Comparing this figure with fig.2.3 , we notice that
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the performance of the system is degraded due to the effect of fibre bhroﬁnatic
dispersion. At a givén input power, the BER: is higher in the presence of dispersion
compared to the case when there is no dispersion. The receiver sensitivity thus
degrades and there is an ‘additional power penalty due to the effect of dispersion.
For exampl'e, in absence of laser phase noise ( AvT= 0.0), the receiver sensitivity

to achieve BER=10" is -19.65 dBm when there is no dispersion (D=0.0) whereas

_ in presence of dispersion with D.=1.0, the receiver sensitivity is found to be -19.60

dBm. For AvT=0.005, the receiver sensitivity is -19.1 dBm when D.=0.0 (from

ﬁg 2.3) and it is found to be -19.04 dBm when D.=1.0 (from fig.2.4),

It is also observed that the penalty due to the combined effect of laser phase

noise and chromatic dispersion is higher at higher values of normalized linewidth

AvT,

When the dispersion coefficient D, is increased to 3.0 ps/Km.nm; the bit
error rate performance is shown in fig. 2.6 for several values of normalized laser
linewidth AvT. Comipared 1o fig. 2 4, where D=1. 0, 1t 1s evident that increased
d:spersnon factor causes the system performance to be more degraded For the same
value of ﬁbr¢ length BER is plotted in fig. 2.7 for higher value of dispemlon
coefficient. Similar conclusion can be drawn from fig. 2.7 when compared to fig.
23 andfig. 24. B '

It is further obsez;ved that at increased value of AvT, there occurs bit error
rate (BER) floor at increased signal power, i.e. BER does not decrease with
mcrease in sngnal power. As seen from fig. 2.6, the BER floor occurs around 2x10°

’correspondmg to AvT—O 005. Also, the BER floor goes upward for the same
value of AvT when dispersion factor y is increased from 0.0191 to 0.0254 as is
evident by coinpa:ing fig. 2.6 with fig. 2.7. Thus we can draw the conclusion that,
the system suffers BER floor at lafger values of the chromatic dispersion coefficient |
D and / or larger fibre length. |
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at an wavelength A=1550 nm for sevsral values of normalized
laser linewidth AvT.
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Fig. 2.7 Bit error rate vs. receiver input power of direct detection optical

DPSK transmission system at a bit rate of 10 Gb/s with fibre
chromatic dispersion D=4.0 ps/Km.nm, fibre length =25 Km,
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laser linewidth AvT.
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The bit error rate performance vs. input signal power for several values of

dispersion coefficients are shown in fig. 2.8 through fig. 2.12 at an wavelength
A=1300 nm. From these figures, similar conclusions can be drawn as observed

from the plots for A=1550 nm.

The penalty in signal power suffered by the systein due to the combined
effect of laser phase noise and fibre chromatic dispersion are determined from bit
error rate (BER) curves at BER=10"". The plot of power penalty versus chromatic
dispersipn coefficient D, (ps/Km.nm) is shown in fig. 2.13 . From the figure, it is

observed that for zero and smaller values of linewidth, the penalty is below 1 dB.
When the normalized linewidth AvT 2 0.003.and D, >5 ps/Km.nm, the penalty is
more than 1 dB and further increases with increase in  AvT and / or dispersion

coefficient D..

To get more insight into the effect of dispersion on the system performance,
the penalty in sigﬁal power at BER=IO"9 is piotled as a function of the normalized
linewidth AT in fig. 2.14 with dispersion factor as a parameter. In the absence of
dispersion (y=0.0) i.e. when only laser phase noise is present, the penalty is
significantly less compared to the case of non-zero value of y. When AvT=0.0, the
penalty suffered by lhé system is only due to chromatic dispersion and for AvT>0.0
and Dc. >0.0, the penalty is due to the combined effect of dispersion and phase
noise. From the figure, it is obsreved that, for a given linewidth, the penalty
increases with increase in the valuer of dispersion factor y. For a given power
penalty, ‘say 1 dB, the altowable value of dispersion factor y depends on the value
of AVT and vice versa. For 1 dB penalty, comresponding to y =0.0127, the
allowable value of AvT>0.005. For an increased value of 7y =0.0254, the
allowable laser linewidth AvT< 0.004. For a fibre span of 7y 20.0318, the
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Bit error rate vs. receiver input power of direct detection optical
DPSK transmisston system at a bit rate of 10 Gb/s with fibre
chromatic dispersion D,=1.0 ps/Km.nm, fibre length 1.=50 Km,
at an wavelength A=1300 nm for a sevsral values of normalized
laser linewidth AvT,
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Fig. 2.9 Bit error rate vs. receiver input powef of direct detection optical

DPSK transmission system at a bit rate of 10 Gb/s with fibre
chromatic dispersion D=1.0 ps/Km.nm, fibre length 1.=75 Km,
at an wavelength A=1300 nm for a sevsral values of normalized
laser linewidth AvT.
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Fig. 2.10

DPSK transmisston system at a bit rate of 10 Gb/s with fibre
chromatic dispersion D,=1.0 ps/Km.nm, fibre length L=125 Km,
at an wavelength A=1300 nm for a sevsral values of normalized
laser linewidth AvT. '

37




Ber

10 77

10 ~®

10 °°

10 ~10

10 *"

BER=10"
Ry=10 Gb/s

AvT=0.007
0.005
0.004
0.003
0.002

Fig. 2.11

-30 = —26 -22 -18 =14 ~10

Input power (dBm)

Bit error rate vs. receiver input power of direct detection optical
DPSK transmission system at a bit rate of 10 Gb/s with fibre
chromatic dispersion D.=2.0 ps/Km.nm, fibre length L=50 Km,
at an wavelength A=1300 nm for a sevsral values of normalized
laser linewidth AvT. |

38



Ber -

10 ™
10 *
10 3
10~
10 ~°
10 ~*

1077

]
<

o

O

10 -10
107"

10 ™"

BER=10""
i Ry=10 Gb/s
=R “‘
- AvT=0.005 “‘:
% 0.004" A
7 0.003 7}
e 0.002°
3 0.001
] 0.00
31 =TT 7 T T 7T T 7 T T T 7 LN T D I B H B B
—34 ~30 ~26 ~22 -18 ~14
’ Input power (dBm)
Fig. 2.12  Bit error rate vs. receiver input power of direct detection optical
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at an wavelength A=1300 nm for a sevsral values of normalized

. laser linewidth AvT.
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Penalty in signal power due to combined effect of laser phase noise -
and fibre chromatic dispersion at BER=10"" versus dispersion
coefficient D, (ps/Km.nm) with fibre length L=25 Km for several
values of normalized laser linewidth AvT.
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factor y . ‘
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AvT .
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allowable laser linewidth AvT< 0.004. For a fibre span of v 20.0318, the
allowable laser linewidth is further reduced to < 0.0023. Thus we can say that,
chromatic dispersion imposes restriction on the allowable laser linewidth tor a

specified system penalty at a given BER.

The variation of power penalty with dispersion factor-y is plotted in fig. 2.15 -‘
- for-different values of normalized linewidth AvT. It is observed that the penalty
" increases with increasing values of disbemion factor y and normalized linewidth
AvT. Further, we also notice that for a given AvT, at BER=10"" there is an‘upper
limit on the dispersion factor y for power penalty <1 dB. The upper limit or
maximurn allowable dispersion factor is less in the presence of phase noise and is
significantly less at higher linewidth values. Corresponding to maximum allowable
dispersion factor, we get an upper limit on the maximum fibre length for a given

value of dispersion coefficient D, corresponding to BER=10"° and penalty <1 dB.

For 1 dB power penalty at BER=10"°, the allowable fibre length (Km) is
plotted in fig. 2.16 as a functioﬁ of normalized linewidth AvT for chromatic
dispersion coefficient’ D, =1.0,2.0 and 3.0 ps/Km.nm. It is observed that the
allowable fibre length is about 300 Km when AvT¥0.0 and D=1.0. When
chrématic dispersion coefficient D, is increased to 2.0, the allowable fibre leﬁgth
reduces to around 175 Km and around 100 Km for D¢=3.0.' Further, the allowable

fibre length exponentially decreases with increasing linewidth,
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CHAPTER 3

PERFORMANCE ANALYSIS OF OPTICAL
HETERODYNE DPSK SYSTEM IN PRESENCE OF
LASER PHASE NOISE AND FIBRE CHROMATIC

| DISPERSION -

3.1 Introduction

Coherent optical communication systems offer significant improvements
over direct detection in two main areas: a 10-20 dB increase in receiver sensitivity -
and the possibility of using frequency division multiplexing to utilize more of the
fibre bandwidth [ 25]. The major limitations of optical transmission systems, .
however, are laser phase noise and fibre chromatic dispersion. The phase noise is-
caused by random spontaneous emission events within the laser and manifests itself
as a random walk in the phase of the laser output [26]. The chromatic dispersion is

caused due to the variation of group velocities within the fibre.
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~ The effects of laser phase noise and fibre chromatic dispersion on coherent
optical communication systems are to degrade the receiver sensitivity [27]. For a.
fixed bit error rate (BER), this necessitates an increase in received signal power
cohlpa.red to the ideal situation. In some cases (notably DPSK), the preseﬁce of
phase noise creates a minimum BER (error ﬂobr) below which the systemn can not
operate no matter how much signal power is available {27-31] This BER floor is a
function of the ratio of the laser linewidth o the system bitrate: the higher the
amount of phﬁse noise relalive to the -bil rate, the higher the BER floor.Thus,
systerﬁs Vlike.DPSK that suffer from this phenomena are only viable at high bitrates.
Also, analysis of various modulation schemes in the presence of laser phase noise
have shown that phase modulations are particularly badiy degraded by even small -
amounts of phase noise. Despite this sensitivily, phase modulation schemes are
generally attractive in that they can achieve very good receiver sensitivities [27]
and are spectrally efficient {32-33] Binary DPSK has the further advantage that the
recetver has a very simple structure, with only a slight performance penalty relative
to coherent PSK. Previous works on the effects of fibre chromatic dispersioh on the
performance of optical DPSK and FSK systems were reported only for direct
detection receivers [24].The results lweré reported experimentally. Although
computer simulation results are recently available [23] for direct detection DPSK
system , no theoretical analysis is yet available which accounts for the effect of

‘fibre chromatic dispersion and laser phase noise on the performance of such system.

In this chapter, we provide the theoretical analysis for evaluating the BER
performance of an optical heterodyne DPSK transmission system considering the
effects of laser phase noise and fibre chromatic dispersion. The'statistics of the
phase fluctuations due to chromatic dispersion in the ﬁrésenée of laser phase notse

are determined analytically and the expression for the bit error probability of the



DPSK receiver is developed. Performance results are also computed at a bit rate of

10 Gb/s for several system parameters and fibre dispersion factors.

3.2 The receiver model

* The block diagram of optical heterodyne DPSK receiver considered for the
theoretical analysis is shown in fig.3.1 . The incoming optical signal of frequency f;
is mixed with ﬂle local oscillator signal of ﬁequency-fw . The photodetector
outpﬁt is then at an intenﬁediate frequency (IF) given by fr = f; —fio . The
bandpass filter (BPS), centered at the IF and matched to the received signal , serves
to limit the shot noise that is introduced by the detection process. Demodulation of
the resultant IF DPSK Signai is performed by splitting the signal into two, delaying
one branch by the bit period T and then multiplying the two branches together. The
lowpass filter (LPF) serves to remove double frequency terms introduced by the -
multiplication and may also further limit the noise. The LPF output is sampled at
the end of each bit period and a data decision is made according to the sign of the

sample: a positive output is decoded as a zero, a negative output as a one.

3.3 Theoretical analysis

The optical DPSK modulated signal ihpul to the fibre can be expressed as

2 (0)=2Ps oxp {2nft+oq ()} Zur(t-iT) exp{ joi) G-

where, u; is a rectangular pulse of duration T sec
@, isthe instantaneous phase noise of transtmitting laser, and

; 11.(1 - ai) . :
®; =91 +AQ; =@t 5  32)
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where, {a;} is the binary data sequence which assumes values +1 and —1

with equal probability. -
Following the steps mentioned in section 2.3, considering the normalized

fibre transfer function H(f) as before, the optical signal at the output of the fibre in

- the receiving end is given by,
Kol t) = 2R, exp[j{Z‘nfct + 0(1)”

= 2P, exp|i{2ni.t +0,(t) +6,(1)}] (3.3)

where, 05 (t) represents ihe iinear signai term and B, (t) represents the non-linear

filtering terms consisting of the cross-terms and the inter-modulation terms.

As in section 2.3 we can wrile Og (L) as,

og(t) = Rc':_[?(t)(p(t? T)dt}

- ‘ | 1
= Rﬁ_‘[) hit) {(ps(t— ‘t)+(pn(t—-‘t)}d‘tJ

=R

_LO;I(T)QDS“ - T)}+ Rc[ _[?‘l(‘t)(pn(t — t)d‘r}

]

=0's (1) + 0'p(t) | (3.4)
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So, we can write,

1o t) = /2Py exp|j{2nf,t +65(t) + Oemi(1) +0,(0)}]

= V2P, exp|j{oct +65(t) +8,(0)}] - (3.5)
where, B(t) =0 pm(t) + B,(1)

The IF signal at the output of photodetector is given by,
r(t) .=(A cos[2nfizt +0'g -(t) +0 ()] + n(t) -
= Acos[2nfyt + §(©] +n(t) - (3.6)
where, A= ZRG‘/P?P[; |
| Ry is the responsivity of photodetector, P,y is the power of the local
oscillator lasér-with pilase_noise OLo(t)
and, 0. (1)=0,(t)+ 00 (1)
=0 (1) + 00 (1) + 0, (1)
=665 (0 + 0, ¥

 The output of the IF filter can be written as,
y(1) = (1) @ q(t) +ny(t)
:_[:;(t)r(t —t)dt' + no(tj | (3.7
=Aco§[21rflpt + W(t)]+ny(t)
where, W(t) is the output phase and n, (t) is the filtered additive noise with variance
c?,

q(t) = F{Q(f)} is the impulse response of the IF filter. |



The IF signa]-td-noisc ratio (IF SNR) can be defined as
IF SNR -A—2
2
where, o’ = Pt + Py

Defining the normalized equivalent baseband filter impulse response as

A1) - jonfyt (3.8)
QUIF)

the output phase vy (t) can be expressed as [28]

hip(t) =

@
y(t) = Refhip (1) @ ¢'(1)] + Zﬁhﬂ[jn fnl
n=2
In the above equation, the first term represents the linear filtering of the iniput phase
¢'(t) and the summation represents various orders of distortion introduced by the
filter. Assuming that the linear filtering term dominates, we get the output phase

process relative to the carrier phase at the IF filter output, as

W(t) = hip (D@ (1) .
= hjp(t) ®6(t) + hip () Q@ 6} ()

= Welt) + wpp (t) + wy, (1)
SuMv) SR

wpN (1) = hp(H) @ Op (1)
Wn(t) = () @6y (t)

wher, ® denotes convolution.
The accumulated phase over the demodulation interval t with respect to IF carrier
phase (2nfy1) is given by,

Aykt, 1) = y(t) — y(t - 1)
' = Ayg(t, 1) + Ay/(t,T)

~ where, Ayg(t,7) = wy(t) - we(t— 1)
Ay(t,t) = ¢(t) - y(t-1)
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The total accumulated phase over the demodulation interval can be written as

Ay = 2rfjpt + Ay(t, 1)
= 2RAET + Ayg(t, 1) + Ay(t, 1)

The IF center frequency fir is adjusted such that 2nfrt=2nn , n=1,2,......

(3.9)

we get
' AwT = 2nm+ Ay (t, ) + Ay'(t,T) 3.10
= znn"'AWS(t:T)"'AWN(t:T)"' AWH(t,T) ( . )
The average probability of error can be expressed as [28],
. .
P(e)= J:m PAlpn (Ayy )P(GIAWn)dA‘Pn ' (3.11)

where, Pyy, (AY, ) is the probability density function of A%, and Gaussian with
zero mean and variance Gy’
_ Ay?
Ppy, (Bwy) = 2——'—e o | (3.12)

9

Pe

and, .
Z%cxl{m ,(Zn;- 1)? A"’TJ

Awn)————mcw[ (1 +p2)
70 - | - (3.13)
[In [ J+1n+l(mJ:[In(p22)+In+l(F; )]cos( 2n +1) Ay

Here, p; = p; =p

52



_ e | 2 7 | 1
P(e]Alpn = %f"ge_xg{—g__ (ani i ex[{— (Zn;- ) AvTJ ZLIn(gj+ In+l[§JJCOS(2“ + 1Ay '

n=0

The variance 624y, of AY, (t) can be obtained as

By

fpt—
2 .
2 j |
Ay, = W aw, (Ol df S
. Br
F 2

and, Way, ()= W5, (D+ Wy, ()
3.4 Results and discussion

Following the theoretical analysis, the bit error rate performance of
heterodyne optical DPSK transmission system is comnputed at a bit rate of 10
Gb/sec for different sets of receiver and 'system parameters. Bit error rate
performances are evaluated for dispersion shifted {DS) fibres at an wavelength of
1300 nm and nondispersion shifted (NDS) fibres at an wavelength of 1550 nm for

several dispersion coefficients D..

. The bit error rate (BER) performance of heterodyne optical DPSK' systém is
shown in fig. 3.2 without considening the effect of fibre chromatic dispersion i.e. D,
.=0.0. The BER is plotted as a function of the received optical power Fs (dBm) for
severa] vaIu'es df normalized linewidth AvT and the receiver sensitivity is defined
as the optical power required to obtain a BER of 10~ . The figure shows that the

" BER decreases with the increase in the input power. For AvT= 0.0 the receiver
- sensitivity is found to be -41.96 dBm. At increased value of laser linewidth, the

required amount of signal power is higher to achieve the same BER. The additional
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Fig, 3.2 Bit error rate vs. receiver input power of optical heterodyne DPSK
transmission system at a bit rate of 10 Gb/e without fibre chromatic
dispersion (D=0.0) for several values of normalized laser linewidth
AvT ., ' : E ‘
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signal power compared to the case of zero linewidth (AvT= .0.0) may be termed as
-‘the power penalty at BER= 107" due to the effect of laser phase noise caused by
'no'n-zer,o linewidth. Phase noise causes the spectrum of ﬂle DPSK signal to. be
broadened and for a given receiver bandwidth, the signal power is less at the output
of the receiver baseband filter. As a result, more signal power is required to obtain

the same BER. The effect of phase noise is more at higher values of linewidth.

In presence of fibre chromatic ’dispersion, the BER perfomiance of
heterodyne optical DPSK transmission system is shown in fig. 3.3 for fibre length
L=100 Km, chromatic dispersion factor D~=1.0 ps/Km.nm, wavelength A=1550

-nm for several values of iaser linewidth AvT. Comparing this figure with fig. 3.2,
we notice that the performance of the system is degraded due to the effect of fibre \
chromatic dispemibn. At a given input power, the BER is higher in the presence of
dispersion cdmpared to the case when there is no dispersion. The receiver
sensitivity thus degrades and there is an additional power penalty due to the effect
of dispersion. For example, in absence of laser phase noise ( AvT= 0.0}, thé
receiver sensitivity to achieve BER=10"" is -41.96 dBm when there is no dispersion
(D=0.0) whereas in presence of dispersion with D:=1.0, the receiver sensitivity is
found to be -41.53 dBm. For AvT=0.005, the receiver sensitivity is -41.36 dBm
when D,=0.0 (from fig. 3.2) and it is found to be -39.47 dBm when D¢=1.0 (from
fig.3.3). R

It is also observed that the penalty due to the cémbinéd effect of laser phase .
noise and chromatic dispersion is higher at higher values of normalized linewidth

AvT.

35



Ber

1 -
10 =1 _ BER=IO-9
' Ry=10 Gb/s

10 % 3
107

10 ™

10 ° =

10 °°

10 7 - %

AVT=0.005 ““
S 0.004 “‘
10 0.003~ XX
©0.002
10 °° 0.001-
0.00

10 7°

10 "

10 ™ 11—+ R0 A BN BN [N B BN B B S S Buane e B

—44 —43 —42 41 -40 -39
" Input power (dBm) |
Fig. 3.3 Bit error rate vs. receiver input power of optical heterodyne DPSK

transmission system at a bit rate of 10 Gb/s with fibre chromatic
dispersion D,=1.0 ps/Km.nm, fibre length I =100 Km, at an
wavelength A=1550 nm for several values of normalized laser
linewidth AvT .
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Fig. 3.5  Bit error rate vs. receiver input power of optical heterodyne DPSK
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Fig. 3.7

transmission system at a bit rate of 10 Gb/s with fibre chromatic
dispersion D=1.0 ps/Km.nm, fibre length L=200 Km, at an
wavelength A=1550 nm for several values of normalized laser
linewidth AvT .
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When the dispersion coefficient D, is increased to 3.0 ps/Km.nm, the bit
error rate performance is shown in fig. 3.4 for several values of normalized laser
linewidth AvT. Compared to fig. 3.3, where D.=1.0, it is evident that increased
dispersion factor causes the system pei'fonnance to be more degraded. For the same
.value of fibre length BER is plotied for highér value Of dispersion coefficient in fig.
3.5. Similar conclusion can be drawn from fig. 3.5 when compared to fig. 3.2 and
fig. 3.3. Bit error rate performance cﬁrves are plotted for D=1 ps/Km.nm, A=1550
nm, L=150 Km, 200 Km and 500 Km in fig. 3.6 through fig. 3.8. From these

figures, it is observed that, system performance is degraded with the increase in

fibre length,

It is further observed that at increased value of AvT, there occurs bit error rate
(BER) floor at increased signal power, i.e. BER does not decrease with increase in
signal power. As seen from fig. 3.4, the BER floor occurs around 3x107°
corresponding to AvT=0.005. Also, the BER floor goes upward for the same value
of AvT when dispersion éoeﬂiciellt Dc is increased from 3 to 6 ps/Km.nm as is
evident by comparing fig. 3.4 with fig. 3.5. Thus we can draw the conclusion that,
the system suffers BER floor at larger values of the chromatic dispersion coefficient

D.and/or larger fibre length. -

The bit error rate performance vs. input signal power for several values of
dispersion coefficients are shown in fig. 3.9 through fig. 3.14 at an wavelength
. A=1300 nm. From these figures, similar conclusions can be drawn as observed

from the plots for A=1550 nm.
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Fig. 3.9 Bit error rate vs. receiver input power of optical heterodyne DPSK
' transmission system at a bit rate of 10 Gb/s with fibre chromatic
dispersion D=1.0 ps/Km.nm, fibre length L=100 Km, at an
- wavelength A=1300 nm for several values of normalized laser
linewidth AvT .-
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Fig. 3.16  Bit error rate vs. receiver input power of optical heterodyne DPSK

transmission system at a bit rate of 10 Gb/s with fibre chromatic
dispersion D=3.0 ps/Km.nm, fibre length L=100 Km, at an

wavelength A=1300 nm for several values cf normalized laser
linewidth AvT . '
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Fig. 3.11 Bit error rate vs. receiver input power of optical heterodyne DPSK

transmission system at a bit rate of 10 Gb/s with fibre chromatic
dispersion D;=9.0 ps/Km.nm, fibre length 1.=100 Km, at an
wavelength A=1300 nm for several values of normalized laser
linewidth AvT . '
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Fig.3.12  Bit error rate vs. receiver input power of optical heterodyne DPSK

transmission system at a bit rate of 10 Gb/s with fibre chromatic
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wavelength A=1300 nm for several values of normalized laser
linewidth AvT . '
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Fig. 3.13 Bit error rate vs, receiver input power of optical heterodyne DPSK

transmission system at a bit rate of 10 Gb/s with fibre chromatic
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wavelength 2=1300 nm for several values of normalized laser
linewidth AvT . o
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The penalty in signal power suffered by the system due to the combined

effect of laser phase noise and fibre chromatic dispersipn are determined from bit
error rate (BER) curves at BER=10"". The plots of power penalty versus
chromatic dispersion coefficient D, (ps/Km.nm) are shown in fig. 3.15 (for A=1550
nm) and in fig. 3.16 (for A=1300 nm).  From these figures, it is observed that

penalty increases with increase in AvT and / or dispersion coefficient D..

To get niore insight into the effect of dispersion on the system performance,
the ﬁenalty in signal power at BER=10"" is plotted as a furiction of the normalized.
linewidth AvT with dispersion factor as a parameter in fig. 3.17 (for A=1550 nin)
and in fig. 3.18 (for A=1300 nm). In the absence of dispersion (y=0.0) i.e. when
orﬂy laser phase noise is present, the penalty is significantly less compared to the
case lof noﬁ-zero value of y. When AvT=0.0, the penalty suffered by the system is
only due to chromatic dispersion and for AvT>0.0 and D, >0.0, the penalty is due
to the combined effect of dispersion and phase noise. From the figure, it is obsreved
that, for a given linewidth, the penalty increases with increase in the value of
dispersion factor y. Thus we can say that, chromatic dispersion imposes restriction

on the allowable laser linewidth for a specified system penalty at a given BER.

- The variation of power penalty with dispersion factor y is plotted in fig. 3.19
for different values of normalized linewidth AvT. It is observed that the penalty
increases with increasing values of dispersion factor v and normalized linewidth

AvT. Further, we also notice that for a given AvT, at BER=10"° there is an upper
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Fig. 3.15 Penalty in signal power due to combined effect of laser phase noise

and fibre chromatic dispersion at BER=10"° versus dispersion

coefficient D, (ps/Km. nm) with fibre length L=100 Km and A=1550
nm for several values of normalized laser linewidth AvT.
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limit on the dispersion factor y for power penalty <1 dB. The upper limit or
maximum allowable dispersion factor is less in the presence of phase noise and is
signiﬁcantlyl less at higher linewidth values. Corresponding to maximum allowable |
dispersion factor, we get an upper limit on the maximum fibre length for a given

value of dispersion éoefﬁcient D, corresponding to BER=10" and penalty <1 dB.

For 1 dB power penalty at BER=10", the allowable fibre length (Km) is
plotted in fig. 3.20 as a function of normalized llinewi'dth AVT for chromatic
-disp‘ersioh coeﬂicient D, =1.0,2.0 and 3.0. It is observed that the allowable fibre
length is about 170 Km when AvT=0.0 and D.=1.0. When chromatic dispersion
coefficient D, is increased t0‘2 0, the allowable fibre length reduces to around 85
Km and’less than 60 Km for D=3.0. Further the allowable fibre 1eng1h

~ exponentially decreases with i mcreasmg linewidth.
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Fig. 3.20  Plots of allowable fibre length corresponding to 1 dB penalty at
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dispersion coefficient D, =1,2 and 3 ps/Km.nm.
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CHAPTER 4

CONCLUSION AND SUGGESTIONS FOR FUTURE
WORK

.4. 1 Conclusion

A theoretical analysis is provided for optical DPSK transmission system to
evaluate the bit error rate (BER) performance with MZI based direct detection
receiver in chapier 2. The analysis is carried out considering the effect of laser
phase noise and fibre chromatic dispersion. Similar analysis is carried 6ut for
heterodyne optical DPSKsystlem in chapter 3. Following the theoretical analysis,
the bit error rate performance re'slulls are evaluated at a bit rate of 10 Gb/s with
single-mode fibre at an wavelength of 1550 nm and 1300 nm for different values of

receiver and fibre parameters.

The results show that in the absence of laser phase, the performance of
DPSK system is highly degraded due to the effect of fibre dispersion. For small
values of dispersion coefficient D, and dispersion factor y, the system suffers

penalty in signai power at a specified BER of 10™° compared to the case of no
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dispersion. In the presence of laser phase noise, the system performance is more
degradc;d and the penalty is higher. For example, in direct detection scheme, in{ the
absence of laser phase noise (AvT=0.0) the penalty suffered by the system at
BER=10° is approximatety 0.1 dB for D, =1.0, fibre span L=50 Km (from fig.
2.5). In presence of phase noise, when. Av1=0.004, the above penalty is found to
be 0.7 dB (from fig. 2.5). It is observed that penalty is higher for coherent detection
scheme. In coherent détection, in the absence of laser laser phase noise (AvT=0.0)
the penalty suffered by the system at BER=10"7 is approximately 0.5 dB for D,
=1.0 and fibre span. L=100 Km. In presence of laser phase noise, when
AvT=0.004, the above penalty is found to be 1.6 dB (from fig. 3.3). It is further
noticed that the penalty is higher forlhjgher values of dispersion coefficient D, and
fibre span L. '

At increased value of normalized linewidth AvT and dispersion coefficient
D, ,' there occurrs bit error rate floor which can not be lowered by increasing the
signal power. Further, we also notice that for a given AvT, at BER=107, there is
an upper limit on dispersion factor y for power peﬂalty <1 dB. The upper limit or
maximum allowable dispersion factor is less in presence of phase noise and is
significantly less at higher linewidth values. Corresponding to maximum allowable
dispersion factor, we get an upper limit on the maximum fibre length for a given

value of dispersion coefficient D, , corresponding to BﬁER=10”9'and penalty <1 dB.

It is observed that in'case of direct detection, the allowable fibre length
corresponding to 1 dB penalty at BER=107" is about 300 Km, when Av1=0.0 and :
Dc=17.0. When chromatic dispersion D, is increased to 2.0, the allowable fibre
length reduces to around 175 Km and less than 100 Km for D.=3.0. It is observed
that in coherent detection scheme, the allowable fibre Iengﬂ1 is reduced for the same

values of dispersion cocfficient. In coherent detection, the allowable fibre length
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corresponding to 1 dB penalty at BER=10"° is about 170 Km, when AvT=0.0 and
D.=1.0. When chromatic dispersion D, is increased to 2.0, the alldwable ﬁbrg

lehgth reduces to around 85 Km and less than 60 Km for D=3.0. So we can draw
the conclusion that the effect l(_)f laser phase noise and fibre chromatic dispersion is

more in coherent detection than that of direct detection system. .

Compared with the results of direct detection FSK reported earlier [34], we

see that the effect of fibre chromatic dispersion is le1011 less in case of direct

detection DPSK. For example, for a given value of dispersion coeflicient D, =5.0,

the power penalty suffered by direct detection FSK is approximately 1.0 dB for

AvT=0.002 [34], whereas the same is 0.85 dB for direct detection DPSK. As a

-result, for a power penalty of 1 dB, the allowablé fibre length is much higher for
DPSK than for FSK. | |

4.2 Suggestions for future work

The present work has been carried out on single channel optical DPSK
transmission system. Further work can be persued on multi-channel optical DPSK
Uansmissién system. In multi-channel system, Mach-Zehnder interferometer can be

_employed as an optical frequency discriminator with a number of stages. The
performance degradation of multi-channel transmission due to nonlinear effects of
optical fibres, namely, chromatic dispersion, can be investigated. Further study can
be carried out to evaluate the effect of four-wave mixing on optical frequency

division multiplexing (OFDM) sysiem.

Further works can be carried out to determine dispersion compensation

techniques to reduce the power pénalty due to fibre chromatic dispersion so as to
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increase the repeaterless transmission distance in single/mult: channel transmission
systems with single-mode fibres. Further works can also be carried out {o evaluate
the impact of fibre dispersion on the performance of wavelength division
multiplexed (WDM) optical FSQDPSK ‘transmission systems. The maximum
number of wavelength channels, optimum channel separatibn, maximuin fibre span
limited by the effect of fibre chromatic dispersion a‘t a bit rate of 10 Gb/s or higher
are to be determined. Further investigations can also be initiated to analyze the
performance of optical FSK/DPSK systems with fibre having nonuniform

chromatic dispersion alon‘g the fibre.

The above work can be expanded to an optical network with bus or star
topology and the optimum system parameters can be evaluated. A detail computer
simulation for the optical system/network can also be carried out to validate the

theoretical performance results.
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Appendix A

EXpressions of W§(f).and wi(f)
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X = o + [x, 6 |
= 4¢sin* (ca) + cos (o)} + {sin>(ob) + cos*(ab)} + {sin®(acc) + cos(oxc))

+ {sinz((xd) + cosz(ud)} + {sinz(ae) + cosz(ae)} —4{cos(ca)cos(ab) — sin{oa)sin(ab)}
— 4{cos(oa)cos(oc) - sin(oa)sin(oc)} - 4 {cos(aa)cos(ad) —sin (ca)sin(od)}
+4{cos(aa)cos{oe) + sin(oca) sin(ae)} + 2 {cos(ab) cos(oud) + sin(ab)sin (od )}
- 2{cos(ab)cos(oc) - sin(ab)sin (o)} + 24 cos(ab)cos(oc) + sin(ab) sin (ac)}
+2{cos(ac)cos(od) - sin(oc)sin (od)} —2{cos(ac)cos(ae) — sin(oc)sin(oe)}
— 2{cos(ad)cos(ae) - sin (ad)sin(oe)}
=8~ 4cosoa+b)- dcosar(a + c)—4coso(a+d)+ 4cosa(a— c)~ 2cosa(b - d)
—Zcosa(b+e)+2cosa(b - ¢)+ 2cosu(c-- dy- 2cosac +e) - 2cosa(d + c)




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107

