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ABSTRACT

In coherent optical communication system, continuous phase frequency shift
keying (CPFSK) modulation of diétribﬁted feedback laser diode (DFB-LD) is the
most attractive scheme due to direct frequency modulation capability of DFB-LD,
high receiver sensitivity, compact IF spectrum and high fibre-launched power. In
this work, a theoretical formulation is developed to evaluate the degrading effect
of non-uniform FM response of DFB-LD on the performance of obtical heterodyne
CPFSK receiver with delay-demodulation in the presence of receiver noise and laser
phase noise due to non-zero laser linewidth. The effectiveness of Alternate-Mark-
Inversion (AMI) linecoding in counteracting the the effect of non-uniform LD FM
response is also investigated. : i

The optical CPFSK system suffers a bit error rate floor due to the non-uniform
LD FM characteristic. With non-return to zero (NRZ) data, the error rate floor
occurs at much higher values and the desired error rate performance at an error’
rate of 10~° can never be achieved. When the AMI linecoding is employed, there is
a significant reduction in the bit error rate floor. The performance can be further
improved by increasing modulation index and the system suffers a minimum penalty
of 2.05 dB at BER=10"? with AvT = 1074 at an optimum modulation index of 0.9.
Further increase in modulation index causes the penalty to increase further. The

optimum values of modulation index are slightly higher for larger values of linewidth.

Finally, a statistical Monte-Carlo simulation technique using ‘importance sam-
pling’ is employed to estimate the performance of the CPFSK delay-demodulation
receiver. The theoretical results are well confirmed by the simulation results and

the experimental results reported earlier.

v



CHAPTER 1

INTRODUCTION

1.1 Communication System

From the very beginning of civilization, the human trend has been to devise com-

munication systems for sending messages from one distant place to enother. Such a

communication system has the following fundamental elements, as shown in figure 1.1,
i) an information source, which produces an information signal carrying the message
to be sent,

ii) a transmitter, which couples the information onto a transmission channel in the

form which matches the transfer properties of the channel,

iii) a transmission medium or channel, which bridges the distance between transmit-
ter and receiver,

iv) a receiver, which extracts the desired signal from the channel, amplifies it and

restores it to its original form before passing it to the message destination.

The motivations behind communication research a.rer to improve the transmission
fidelity, to increase the data rate so that more information can be sent, and to incréase
the transmission distance between relay stations. Many forms of communication systems
- have been devised. Farlier communication systems were of a very low data rate and
_basical]y involved only optical transmission links, for example, was the use of a fire
signal. In the fourth century B.C., the transmission distance was extended through the
use of relay stations. By 150 B.C., the optical signals were encoded in relation to the

alphabet so that any message could be sent.
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The discovery of telegraph made a revolufion in communication and electrical com-
muﬁ.ica.tion then was realized. Wire cable was the only medium for electrical communi-
cation until the discovery of long wavelength electromagnetic radiation in 1887. Message
is usually transferred over the channel by superimposing the information signal onto a
sinusoidally varying electromagﬁetic wave known as carrier. The amount of information
that can be transmitted is directly related to the frequency range over which the car-
rier wave operates. Therefore, the trend in electrical communication development has
been to employ progressively higher frequencies (shorter wavelengths) which offers cor-
responding increase in bandwidth, and hence, an increased information capeacity. This

a.cf;ivity led, in turn, to the invention of television, radar and microwave links.

1.2 Optica‘lCommunication

An important portion of the electromagnetic spectrum is the optical region which
is 50nm — 100pum. The desire for reliable and economical transmission with large in-

formation capacity has shown a great interest to employ these optical frequencies for

~ communication. When the laser was first realized in 1960, its potential usefulness as a

coherent source for optical transmission was immediately recognized, and work in op-
tical communications begin in earnest [1]. At first lightwave propagation through the
atmosphere and thfough periodic focusing elements in a controlled environment were
studied both theoretically and experimentally. Experimental line-of-sight atmospheric
systems were demonstrated, but the reliability and hence, the usefulness of such systems

were shown to be limited by adverse weather conditions [1].

The first proposa.l'té employ the dptical fiber as a transmission medium appeared
in 1966. Initially the loss in optical fiber was extremely large, about 1000 dB/km at
A = 0.82um [1]. Gradually the transmission losses in fiber are reduced and also the
‘reliability of semiconductor injection lasers is improved. Thé optical loss in fiber in

now-a-days is as low as 0.47 dB/km at A = 1.2um [1].
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The principal advantage of optical communication is the potential increase in infor-
mation and power that can be transmitted. Since optical frequencies are of the order
of 10Hz, optical cbmmu.ﬁication has a theoretical information capacity exceeding that
of microwave systems by a factor of 10°. In addition, the ability to concentrate avail-
able transmitted power within the transmitted electromagnetic wave also increases with
_ increase in the carrier frequency. Thus the use of optical frequencies increases the capa-
bility of the systemi to achieve higher power densities, which generally leads to improved

performance.

Another important advantage of optical communication is the dielectric nature of
optical fibres which provides i;tnmunity to electromagnetic interference. The freedom
from ground-loop problems, very low fibre-to-fibre cross talk, the small size of individual
fibre and the a.llowaBle small bending radius of fibre cable are some of the other features
which make optical fiber communication attracﬁve. An additional importance is the
advantage that silica is the principal material for optical fibers, which is abundant and

inexpensive as its main source is sand.

However, optical communication has several difficulties. Since optical frequencies
have extremely small wavelengths, optical cdmponent design is more sophisticated than
that of radio or microwave devices. A significant advance was made by the advent of
laser as a relatively 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 commeﬁsurate 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 propa.ga.tidn modeling.



1.2.1 Optical Sources

The optical source converts the electrical information signal into optical signal. The
principal light sources used in optical communication are light-emitting diode (LED)
and laser diode {L.D). For systems requiring bit rates less than approximately 50 Mb/s
together with multi-mode fibre-coupled optical power in the tens of microwatts, semi-
conductor LEDsla.re usually the best light source [2]. LEDs require less complex drive
circuitry than LDs since no thermal or optical stabilization circuits are needed and they
~can be fabricated less expensively with higher yields. But the optical output from an
LED is incoherent. There exists no optical cavity for wavelength selectivity. The output
radiation has a broad spectral width since the emitted photon energies range over the
energy distribution of the recombining electrons and holes which lie between 1 and 2kT
[2]. In addition, the incoherent optical energy is emitted into'a hemisphere according

to a cosine power distribution and, thus, has a large beam divergence.

On the other hand, the optical output from an LD is coherent. The optical energy
is produced in an optical resonant cavity. This optical signal lias spatial and temporal
coherence, which means that it is highly monochromatic and the output beam is vei'y

directional. These devices are suitable for fibre transmission systems because
i) they have adequate output power for a wide range of applications,
ii) the optical signal output can be directly modulated by varying the input
‘current to the device, ‘ '
iii) they have a high emission efficiency, and
iv) their dimensionel characteristics are compatible with those of the optical
fibre. |
In choosing an optical source compatible with the optical waveguide, various char-
acteristics of the fibre such as its geometry, its attenuation as a function of wavelength,

its group delay distortion (bzmdwidth), and its modal characteristics must be taken into



account. The int.efplay of these factors with the optical source power, spectral width,

radiation pattern and modulation capability needs to be considered.

1.2.2 Optical Detectors

The device at the receiving end of optical fibre which interprets the information
contained in the optical signal is the photodetector. The photodetector gsenses the lumi-
nescent power falling upon it and converts the optical signal to a corresponding electric
. current. Since the optical signal is generally weakened and distorted when it emerges
from the end of the fibre, the photodetector must meet very high performance require-
ments. 1t should have high sensitivity in the emission wavelength range of the optical
source being used, a minimum addition of noise to the system, and a fast response speed
or sufficient ba.ndwid"th to handle the desired data rate. It should also be insensitive to
temperature variations and be compatible with the physical dimensions of the optical
fiber. '

Several types of photodetectors are available, photofnultipliers, pyroelectric detec-
tors, and semiconductor-based photoconductors, phototransistors and photodiodes.
Semiconductor-based photodetectors meet the requirements of optical detectors. Among
them, pﬁotodjode' is used almost exclusively for optical fiber communication because of
its small size, suitable material, high sensitivity and fast respIOnse time. The two t.ypeé
of photodiodes used are the pin photodetector and the avalanche photodiode (APD).
Avalanche photodiodes are more useful because they internally multiply the primary
signal photocurrent before it enters the input circuitry of the following amplifier. This
increases receiver senéitivity since the phof.ocurrent is multiplied before encountering

the thermal noise associated with the receiver circuit.



1.2.3 Detection Schemes

In optical communication system, two important detection strategies are normally
employed, viz., direct detection and coherent detection. In a direct detection reception,
the intensity of the received optical field is directly converted to a current by a pho-
todetector. In coherent detection, the received optical field is combined with the light
output from a loga.l oscillator laser and the mixed optical field is converted to an IF
signal by heterodyning or directly to a baseband by homodyning. The direct detection
optical systems used in terrestrial communication are well matured. However, there are

sufficient scopes of more investigations in space borne direct detection systems.

Heterodyne detection system suffers 10-20 dB performance improvement over direct
detection system becauserof the use of local oscillator. Significant progress has been
made on coherent optical systems during the last decade and it has become more than
just a promise for future applications. 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 indus-

tries in the world for long-haul (poi'nt-to-point) transmission and also for multi-channel

applications [3)].

1.2.4 Modulation schemes

Digital information can be impressed upon a carrier wave in maﬁy ways. The
basic types are amplitude shift keying (ASK), frequency shift keying (FSK) and phase
shift keying {PSK). Given a digital message, the simplest modulation technique is ASK,
wherein the carrier amplitude is switched between two or more values. In optical com-
munication, a common form of ASK is on-off keying (OOK), used for binary information
signals. The modulated wave consists of optical pulses or marks, representing biﬁa.ry
i, and no pulses or spaces, representing binary 0. Similarly, in FSK, the optical carrier

frequency is switched between different frequencies corresponding to different informa-



tion. With binary information signal, the carrier frequency is f; for binary 1 and f, for

binary 0. In PSK, the phase of the carrier is keyed in a similar way.

In optical communication, FSK systems are more promising than ASK or PSK,

because [4]

i) modulation can be easily performed using direct frequency modulation capa-

bility of laser diode (LD) modulation,

ii) direct FSK modulation gives large transmitting power without external mod-
ulator loss, |
iii) distributed feedback (DFB) LDs without external cavities achieve stable
operation,
iv) optical frequency division multiplexing is possible.

Demodulation of optical heterodyne FSK can be achieved by single-filter, dual-filter
and discriminator demodulation. The type of inl;.ermedjate frequency (IF) demodula-
tion used in an optical FSK receiver is determined by the IF linewidth, the available
receiver bandwidth and the degree of complexity that one is willing to accept. Both
frequency discriminator and dual-filter detection techniques provide comparable per-
formance for large deviation FSK. However, when FSK signaling desired with broader
linewidth lasers, both larger frequency deviation and wider IF bandwidths are neces-
gary for dual-filter detection to ensure optimum receiver performt;nce. With large IF
bandwidth, the frequency squared receiver noise component is very large and the design
of wideband receivers is complicated. Further, the implementation of of a wideband
receiver at high bit rates is difficult in practice. For these reasons, FSK receiver with
large deviation which retains only a single IF filter centred at the ‘mark’ frequency is
preferred. This will require less bandwidth with 3 dB less sensitivity compared to FSK
dual-filter detection.

Among FSK schemes, continuous phase FSK (CPF SK) scheme has attracted much



du

interest in recent years because of its high receiver sensitivity and compact IF spec-
trum {4]. Coherent optical transmission using CPFSK heterodyne delay-demodulation
is being considered seriously for operational use because the receiver sensitivity can be

within 3.5 to 5 dB of the most sensitive coherent system, and no optical phase-locked
loop is needed [3].

1.3 Brief Review of Previous Works

To achieve high receiver sensitivity using CPFSK coherent detecﬁon, there are a
number of problems to be solved. The performance of an optical heterodyne receiver

can be severely degraded by

i) the non-uniform frequency modulation (FM) response characteristics of DFB

lasers, and
ii) the phase noise of the transmitting and LO lasers,
iii) the intensity ﬂuctua;tions of the receiver’s local oscillator (LO),
iv) the photodetector shot noise and receiver thermal noise,

v) the transmission medium limitations, such as the polarization problems in a

coherent transmission system.

Intensity fluctuation of LO laser produces excess noise at the photodetector output
and the receiver performance degradation due to intensity noise can be substantial (0-

40dB) [3]. The excess noise can be reduced by a (balanced photodetector) dual-detector

receiver.

The detection performance of a coherent lightwave transmission link can be sharply
degraded by laser phase noise. The phase noise of LD’s is due to the non-zero spectral
linewidth. Generally the linewidth of conventional DFB/DBR LD is about 10MHz

[4]. In the absence of phase noise, the best way to detect the intermediate frequency

10



(IF) signal wouldbe to extract a carrier reference from it and then perform coherent
demodulation to baseband. But the random phase can have large and rapid variations.
The finite IF linewidth of the sources is a measure of the phase noise acting and the effect
of phase noise is more critical in the case of phase coherent signaling like PSK, DPSK
and CPFSK but comparatively less significant in the case of noncoherent ASK and
PSK signaling [5]. The effect of laser phase noise on the performance of digital coherent
optical communication systems has béen the subject of considerable theoretical study
[5-16]. Some experiments have also been reported which have investigated the effect
[10]. When the IF linewidth @ is very much smaller than the data rate, it is often
sufficient in a bit error rate analysis to assume that the IF phase is constant during the
bit period T but the IF phase varies randomly from one bit period to another. Several
analysis of moderately coherent systems such as CPFSK [9,13-15] have been performed
on this basis. | |

The performance of FSK systems depend largely upon the device characteristics of
the semiconductor lasers. The conventional DFB lasers have a dip in the FM response
characteristic in several MHz region. The non-flat FM response results in continuous
drift in the frequency of the transmitted FSK tones which can severely degrade the over- -
all system performance by spreading the tone energy over a wide bandwidth, thereby,
increasing the crosstalk between tone-slots. The error rate performance of the system
exhibits bit errof rate (BER) floors for long pseudo-random data pattern {4]. To over-
come the effect of non-uniform FM reéponse of DFB lasers, several techniques have been
suggested in practice, viz., use of multi-electrode DFB lasers {18], passive equalization
of FM characteristics using compensation circuitry [19], direct modulation of phase tun-
able lasers [20}, adaptive quantized feedback equalization in the receiver [21], the use
of line coding for the laser driving signal [22-24} and the use of subcarrier modulation
with analog optical FM such as MSK-FM [48]. Recently, performance degradation of
~ optical hetérodyne FSK with single-filter (envelope detection) receiver due to non-flat

FM response is reported for non-return to zero (NRZ and linecoded data ];a.ttern [3].
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However, no theoretical predictions or simulation results are yet available which ac-
count for the performance degradation of optical FSK heterodyne delay-demodulation
receiver caused by the the combined effect of the receiver noise, phase noise and the

non-uniformity in FM response of DFB lasers.

Optical heterodyne receivers attain maximum detection sensitivity when the polar-
ization states of the signal and reference light waves coincide. Several countermeasures
have also been proposed in the literature [25] to handle the signal fading due to polar-

ization mismatch in coherent communication systems.

1.4 Objective of the Thesis

The objective of the is to study the degrading effect of non-uniform frequency
modulation (FM) characteristics of distributed feedback laser diode (DFB-LD) on the

- performance of an optical CPFSK heterodyne delay demodulation system. A theoretical

formulation is developed to evaluate the performance of the receiver under the combined

influence of non-uniform FM response of the lasers, laser phase noise and receiver noise.

The theoretical analysis is extended to study the effectiveness of Alternate-Mark-
Inversion (AMI) linecoding in overcoming the effect of non-uniform FM response of

lasers.

A statistical Mote-Carlo simulation of the system is carried out. In the computer
simiulation the ‘composite imiportance sampling’ technique is employed for generation

of noise samples at the tail region of the pdf curve.

1.5 Organization 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 review of recent

works in the related field is also presented in the discussion.
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In chapter 2, the performance of coherent optical heterodyne CPFSK delay-demodulation
system is analyzed. The limitations are discussed in brief. Theoretical formulation is
developed to evaluate the bit error performance of the system taking into account the
effect receiver noise, laser phase noise and non-uniform FM response of laser. The AMI
linecoding is included in the analysis to study its effectiveness in reducing the effect of
pattern dependent modulation. |

In chapter 3, a method is presented to simulate the coherent optical heterodyne
CPFSK delay-demodulation system with the help 6f digital computer. The perfor-
mance of the system is evaluated by computer simulation and the results are compared
with the theoretical evaluation. The importance sampling technique is empldyed in the
simulation. | | - |

In chaﬁter 4, concluding remarks on this work are presented. In addition, some

recommendations for further work are presented. -
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CHAPTER 2

OPTICAL CPFSK HETERODYNE RECEIVER
WITH DELAY-DEMODULATION

2.1 Introduction

Coherent optical communication systems become attractive with recent great ad-
vances in dévic:_as and several relevant controlling technologies for optical frequency and
polarization. To apply coherent technology to practical systems, it is necessary to op-
erate a system stably. In regard to stability or practicability, frequency-shjft—keying
(F SK) systems with distributed feedback laser diode (DFB-LD) are most useful. Be-
cause a direct FSK modulation gives large transmitting power without external mod-
ulator loss, and DFB-LDs without external cavity achieve stable operation. Among
FSK systems, the continuous-phase frequency-shift-keying (CPF'SK) optical heterodyne
. delay-demodulation system seems to be the most attractive, because of its high fibre-
launched power, high receiver sensitivity and compact IF spectrum [4,27]. With this
modulation found, however, a serious problem arises owing to the non-uniform frequen-
cy modulation (FM) response [4,26] of the conventional DFB-LDs which causes the

system performance to be data pattern dependent.

In this chapter, a detailed theoretical analysis is provided to evaluate the effect of
non-flat FM response of DFB-LD on the performance of optical heterodyne CPFSK
system with delay-demodulation. The analysis is carried out in the presence of laser

phase noise and additive receiver noise. The analysis is extended to Alternate-Mark-
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Inversion (AMI) linecoded CPFSK system to evaluate the effectiveness of linecoding in

counteracting the degrading effect of non-flat FM response.

2.2 Performance Limitations

The performance of a coherent optical heterodyne CPFSK delay-demodulation sys-
tem is degraded by a number of problems. The major problem is the non-uniformity in
the frequency modulation (FM) characteristics of semiconductor laser diodes. The an-
other important problem is the phase lnoise arising due to the nonzero spectral linewidth
of DFB-LD output. Besides, the shot noise produced in the process of photodetection
and thermal noise introduced by the receiver cicuitry cause degradation of receiver per-
formance. The polarization mismatch between the signal and the reference lightwave is

an additional problem in optical heterodyne receiver.

2.2.1 Non—uniform FM Response of Laser

The direct frequency modulation capability of a semiconductor laser through an
| injection current modulation [26] is promising for the applications to the coherent trans-
mission system, since an FM transmitter and a tunable local oscillator can be realized
with a conventional semiconductor lasér. A large frequency shift by a small modula-
tion current without serious unintended intensity modulation is desired for the above
applications.

The generation of CPFSK optical signals is easily achieved by modulating the injec-
tion current of a semiconductor distributed feedback laser diode (DFB-LD). A change
of this bias current determines a change of both the carrier density and the-tempera-
ture of the laser active layer. A carrier density change in the active layer results in a
refractive index change through both the free carrier plasma dispersion and anomalous
-dispersion. An increase in the carﬁer density brings about a decreased refractive index

and increases the oscillation frequency. In a low-modulation frequency region, the active
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layer temperature change follows the injection current modulation. Thermal expansion
of the active layer and a thermal increase in the refractive index result in a decreased

oscillation frequency.

An 1;dea.1 laser would exhibit flat FM response corresponding to a constant frequency
deviation per unit current deviation for any modulation frequency. Then the impulse
response of the laser would be m(t) = —Afé(t) corresponding to the transmitted bit
‘1’, where 6(t) is a delta dirac function and A f is the peak freqﬁency deviations.

However, in a practical DFB laser, frequency modulation is highly dependent on
the modulation frequency of the bias current. A nonideal laser exhibits non-uniform
FM response along with phase distortion. Hence the impulse response of a DFB laser,
instead of being a delta function, have finite duration in time introducing the pattern
dependent modulation effect. The FM response and impulsé response of a typical DFB

laser is shown in figures 2.1 and 2.2 respectively.

The non-uniform modulation characteristics are due to the co-existence of the fast
responding ca.rrier- density modulation effect and the slow responding temperature mod-
ulation effect in the active layer. The change in the refractive index due to the carrier
density change is fast, but at low modulation frequencies the temperature sweep due
to the bias current produces a refractive index change that is opposite to the carrier
effect. Also the carrier density modulation does not have so large effect comparable
to the temperature change, because the lasing clamps the carrier level tightly in the
active layer. However, the réla.xation oscillation brings large effect in the high frequency
region. As a result, DFB-LDs show a dip in its FM characteristics (between 0.1 and
100MHz) and the non-uniform FM response arises [24].

Nonideal FM characteristics including the amplitude and phase distortion, results’
in continuous drifts in the frequency of the transmitted FSK tones. Tone frequency
-drift can severely degrade the overall performance by spreading the tone energy over

a wide bandwidth, thereby increasing the cross-talk between tone slots. A floor in the
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bit error rate (BER) characteristic of the system is experienced for long pseudo-random
data patterns [3,4].

Several countermeasures to the effect of non—uniform FM characteristic of DFB lasers
are possible at both device and system level. These are

i) use of multi-electrode DFB laser [18],

ii) passive equalization of FM characteristic using compensating circuitry [19],

iii) appfopria.te line c.oding for the laser driving signal {22-24],

iv) use of subcarrier medulation with analog optical FM, such as MSK-FM [48],

v) direct modulation of phase tunable laser {20] and

vi) adaptive quantized feedback eqﬁalization at the receiver [21]-.

2.2.2 Laser Phase Noise

Though lasers are expected to be highly coherent, pracrtical lasers are not. There
is always a spectral linewidth associated with a laser output. That means, the 'laser'
 ascillation is not of a single frequency, but also contains some side frequencies. Generally
the linewidth obtained with conventional DFB/DBR-LD is about 10MHz [4]. These

extra frequencies appear as pha.se noise in the laser output.

Ina hetemdjrﬁe optical receiver, in addition to the transmitting laser phase noise,
the local oscillator also produces another phase noise. This heterodyning operé.tion also
adds signal shot noise. In the absence of phase noise, the best way to detect the IF
signal would be to extract a carrier reference from it and then perform the coherent
demodulation to the béseband. -The problem with this approach when phase noise is
present, is that the random phase can have large and rapid variations. Hence a carrier-
fecovery circuit might track it so imperfectlj as to sez;iously degrade the demodulation

process and the follow-on data detection.
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An alternate approach is to use IF envelope detection. For a bit error rate of 1075, -
envelope detection requires only about 0.5dB more signal power than does ideal coherent
demodulation [7]. This result, however, applies to signals with no phase noise for which
the optical IF filter is a matched filter with noise bandwidth i {bit rate). In situations
where the phase is randomly varying, significantly wider IF bandwidths are needed to
pass the signal undistorted, and this has the effect of increasing the noise power at the
output of the envelope detector. A useful practice is to offset this noise increase by

following the envelope detector by a low pass filter.

In a coherent receiver, it is the phase noise which determines the limiting performance
of the receiver. The finite IF linewidth of the source is a measure of the laser phase
-noise acting and whose effect is more critical in the case of phase coherent signaling like
PSK, DPSK and CPFSK, but comparatively less significant in the case of .noncoherent
ASK and FSK signaling. For large values of the source linewidth {or equivalently
IF linewidth), the latter systems experience limiting performance in the form of BER
floors which can not be lowered even by increasing the local oscillator power. The
position of the floor depends on the laser linewidth, the modulation index and the IF
bandwidth. The error rate floor can be lowered by increasing the value of the modulation
index, choosing better lasers having low values of linewidth or incorporating some coding

techniques.

The CPFSK delay demodulation system requires a higher spectral purity compared
with noncoherent detection systems. A general approach to achieving the CPFSK delay
demodulation system is to use narrow spectral width light sources such as external
cavity lasers. However from a practical point of view, it is desirable to use standard
LDs without external cavities. To achieve the CPFSK delay-demodulation system using
DFB-LDs with more than 10MHz IF beat spectral width, it isl necessary to adopt é, large
modulation index to aveid LD phase noise influence [27]. With the modulation index

increment, the IF spectrum is broadened and the required IF bandwidth becomes large.
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In this case, an increase in the IF noise degrades the receiver sensitivity.

2.2.3 Local Oscillator Excess Noise

The performance of a single detector optical heterodyne receiver can be degraded by
intensity fluctuations of the receiver’s local oscillator. Such fluctuations produce a noise
at the detector photocurrent in excess of the usual quantum shot noise. If the excess
photocurrent noise is comparable to or larger than the quantum shot noise, receiver
performance may be degraded. For noisy local oscillator lasers, receiver performance

degradation due to intensity noise can be substantial (2-40dB) [3]

The cancellation of excess noise can be effected by a double-detector receiver [28].
A received optical beam is mixed with a local oscillator beam by means of a beam
splitter/fibre directional coupler acting as 180 degree hybrid [3]. At the detectors the
mixed fields produce two photocurrents each of which includes the beat signal and the
additive noise. The detector cutputs are then fed into a difference amplifier. Since there
is a phase difference of 180 degree between the beat signals in the two photocurreﬁts, the
two beat signals will add constructiw_:ly at the output of the difference amplifier whereas
the in-phase local oscillator intensity noise components of the two photocurrents will

tend to cancel.

2.2.4 Receiver Noise

During photodetection process, shot noise arises which is due to the random produc-
tion and collection of photons. Also thermal noise arises in the reciver passive circuit.

The total receiver noise is modelled as additive white Gaussian noise (AWGN).
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2.2.5 Polarization Problems

Optical heterodyne receivers attain maximum detection sensitivity when the polar-
ization states of the signal and reference lightwaves coincide. The polarization mismatch
between signal and reference lightwaves causes deterioration of detection efficiency. In
addition, polarization fluctuation of the signal lightwave causes sigﬁa.l-dependent noise
(polarization noise) which deteriorates the carrier-to-noise ratio (CNR) of the IF signal
signiﬁcant]y. There is approximately 10dB degradation in the CNR of an IF signal ob-

tained by heterodyne detection when a polarization fluctuation as small as 0.17 radian

exists [3].

2.3 Receiver Model

The model of an optical heterodyne delay-demodulation receiver is shown in figure
2.3. The light source used by the transmitter is assumed to be a single-mode laser,
and the receiver includes a similar laser used as a local oscillator (LO). The received
optical signal is mixed with the LO signal. The combined optical signal is detected by
a photodetector and thus a microwave intermediate frequency (IF) electrical signal is
produced. During the conversion pfﬁcess, Gaussian noise is added in two ways,

1) shot noise produced in the process of photodetection, and _ '

- 2) thermal noise introduced by the circuitry following the photodetector.

The IF signal at the output of photodetector is filtered by a bandpass IF filter
centered at the IF frequency. In absence of laser phase noise and wit:h ideal LD FM
response, the optical IF filter would be a matched filter with integration time equal to
bit period [7]. VVith phase noise present, a shorter integration time and hence a larger
IF bandwidth (Bjr > 51:) is required in situation experiencing non-zero IF linewidth

and/or nonflat LD FM response [7].

After IF filtering, demodulation is performed by delay-demodulation technique. The
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signal and its time-delayed (by T) version are multiplied. With certain conditions main-

tained, the polarity of the output signal, after passing through a low pass filter, contains

the bit information. Data decision is made by using the polarity of this output signal.

2.4 Theoretical Analysis

2.4.1 = The Optical Signal

The optical signal with carrier frequency w. and power Ps, received at the receiver

front end, can be expressed by
8(t) = A, cos[w.t + ¢5(t) + dnr(t)}

where
P, = -‘%:, for normalized impedance |Z| = 1.
So,
o(t) = y/2Ps cosfuwet + $4(8) + fur(t)

where,
é,(t) = angle modulation

$ar(t) = phase noise of transmitting laser.

The angle modulation can be written as
]
$o(t) = 2m / 1(t) + m(t)dt
—00
where,
I{t) = NRZ information bit sequence given by,

16)=3 anplt —nT)

fi=—00

a,= nth information bit ==+1

(2.1)

(2.2)

(2.3)

(2.4)

m(t)=impulse response of transmitting laser corresponding to the normalized version

of the FM response characteristics, m(t) = F-[M(f)]
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So, we can write

i

4.0 = 27 [ 3 awplt —nT) s m(e)d

- o ft ianp’(t—nT)dt (2.5)

where,
PO =p(t) xm(o).

The local oscillator generates an optical signal with power Py, as

810(t) = /2P0 cosfwiot + ¢ro(t)] (2.6)

where ¢0 is the phase noise introduced by the local oscillator. The local oscillator
has a nominal frequency wyo differing from the optis:al carrier frequency w, by the IF
frequency wjp, i.e. wyp =|w, — wro|. So, the heterodyning operation results in a signal
with carrier frequency shifted to w;p.

This optical signal is photodetected by a balanced photodetector with responsivity
H. Then the electrical current at the output of photodetector will be propertional to

the input optical power, ie.,.

Rs(t) + 8.0(8)]*

R[P, cos{2(wct + ¢a(t) + $nr(t))} + Pro cos{2(wrot + é10(t))}]
2R/ P, Pro cos{(w. — wio)t + éx(t) + ¢ur(t) — dro(t)}

r'(t)

{

+
+ 2R -Pa-PLO COS{(wc + wLO)t + ¢a(t) + ¢nT(t) + ¢L0(t)}
+ R[P, + Pio] | | (2.7)

The high frequency terms are filtered out by the detection a.mbliﬁer bandwidth. So

- the ultimate signal at the input to the IF filter is

r(t) = Scos[2m fipt + Ga(t) + du(®)] + n(t) 28
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where,

S = 2R+/P,Pro,

¢n(t) = composite phase noise of the transmitting and LO lasers,
n(t) = complex additive white Gaussian noise (AWGN) with one-sided spectral density

N, which consists of shot noise and thermal noise. The power spectral densities of these

noise processes are

Nypot = 2R\ P, Pro | (2.9)
4kTF, |
Nihermat = 7 (2.10)
L

where
F, = noise figure of the amplifier,

R =amplifier load resistance.

2.4.2 Noise Processes n(t) and ¢, ()

The noise n(t) is modeled as a complex Gaussian white noise with one-sided spectral
density N,. The characterizing parameter for the additive white noise is the signal
strength §? normalized by the noise pov;rer in a specified Ba.ndwidth. We define the IF
signal-to-noise ratio (IF SNR)_ as the ratio of the signal power to the noise power in

bandwidth equal to the transmission rate %, ie. p= S*T/N,.

The composite phase noise ¢,(t) is the difference between the independent phase
variations ¢,r(t) and ¢ro(t) of the transmitting and receiving lasers respectively. An
established model is that the associated radian frequencies ¢,r(t) and ¢1o(t) are white
and Gaussian [7]. If the spectral densities of ¢,7(t) and ¢1o(t) are denoted by 1, and 2,
respectively ( rps®/Hz ) then the 3-dB linewidths for the laser sources are §; = /2n
and f; = m /27 Hz (7). The spectral shapes are Lorentzian (or first order Butterworth)
functions. Thus the IF output of the photodetector will have a random frequency

variation @g,(t) = @ar(t) — d10(t), that is white and Gaussian with a spectral density of

(m + m) rps®/Hz resulting in a 3-dB linewidth 8 = 8, + 8, Ha.



Garrett and Jacobsen [13,29,30] modeled phase noise as a random intermediate fre-
quency process which has a random IF frequency fluctuation 6f(t) about the centre
frequency of the IF filter. With an assumption that the linear filtering terms dominate,
the statistics of the bandpass filtered beat frequency fluctuation with Lorentzian power
spectra has been theoretically shown to be Gaussian with variance 8B, / 2m where B, is

the effective IF filter bandwidth {30], given by

1 H(f)z '
B, — 5]: 70y | (2.11)

where H(f) is the transfer function of the bandpass IF filter.

2.4.3 Output Phase of IF Filter

From equation (2.6) we get
r(t) = Scos{2n fir + ()] + n(t) (2.12)

where ¢(t) - ¢a(t) + ¢n(t)
The signal, contaminated by white noise, will be passed through a ba.ndpass filter.

The bandpass noise n(t) can then be expressed as [31]

n(t} = Rp(t) cosfw;rt + ¢(1)] )
= ny(t) cos(2a fipt + ¢(t)] — ng(t) sinf2m frpt + B(2))] (2.13)

So, the equation (2.8) can be rea.rranged as

r(t) = X(t)cos[2mfirt + B(t) +((2)]
~ X(t) cos[2mfypt + ') | (2.14)
where,
X)) =/(S+n)?+n?.

¢(t) =tan"} (- p
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We a.ssrume the IF filter to be ideal bandpass filter &bOllt-lfII-' “’it}:ll' bandwidth 2B,
where B is the baseband bandwidth of the transmitted signal. The above is a realistic

value for practical values of laser linewidths i.e. in the presence of phase noise, T = 2

is a good practical choice [47].

The output of the IF filter will be

u(t) = r(t)=q(t)
= fom g(T)r(t — 1)dr |
= A(f) cos[2n frrt + (t)] (2.195)

where g(t) is the impulse response corresponding to the transfer function Q(f) of the

filter. The impulse response of the normalized equivalent baseband filter can be defined

as

h(t) = —Q—%e_ﬁﬁ”’t O (2.16)

h(t) is complex if Q(JD is not symmetrical around frp i.e. if the IF filter is asymmetric.

Bedrosian and Rice [32] showed that the output phase process can be expresséd as
’ o 1 :
¥(t) = Re[h(t) x #'(0)] + 3. —Im{5" ] (2.17)
n=2"""

The first term represents linear filtering of the input 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 of the IF filter output, as

W) = h@t)+#(0)
= h(t)* 4u(t) + h(2) * $alt) + h() < (1)
h(t) * 27 j_ 2@ (A= nT)dA 4 A(8) # ¢a(t) +h(1) * (1)

2 j_ ‘m 3 ng(A — nT)A + an(t) + 60 (1) (2.18)
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where

9t) = P(0) * h(®) = P x () 1 () (2.19)
a,,(rt) = h(t) * dn(t) o (2.20)
Ba(t) = h(t) + C(y) j (2.21)

2.4.4 Delay—deniodulation with uniform LD FM response

In the ideal CPFSK system with uniform FM response of laser, the IF signal can be

expressed as

u(t) = Acos2xfirt — 2mAft + a(t)), mark
= Acos[2n firt +27Aft + cft)], space (2.22)

where

2Af =hB

h =FSK modulation index
B =bit rate (1)

The output of the delay—demodulation circuit is
vt) = u(t)u(t — 1) (2.23)

The delay time for the delay-demodulation circuit is determined to satisfy the following

condition for given modulation index A [33],

T= “27{ = 2_———’13 '.(2.24)

The phase difference between the signal and the delayedh signal can be determined as
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Amas = [ @rfip—2mAf)dt
' = 2nfipr —2nAfT

hB 1
= 2WfIFT_2ﬂT§-EE 7
| (2.25)
That is,
A¢mark = 27rfl.F'T - g (2.26)
Similarly, |
A'lbapacs = Zﬂ-fIFT + g (227)

Therefore, the phase difference between the signal and the delayed signal from the
reference phase 2 fip7 should be —3 for a mark signal and } for a space signal. That

means, a phase difference of m results between the mark and space signa.lé.

2.4.5 Delay-demodulation with non-uniform LD FM response

In an actual system, the optical frequency is a time-variant function, even within
a single bit duration, because of the non-uniform LD FM i'esponse. Thus the CPFSK
modulated signal is distorted and the frequency shift is 2§ f(t). Now the phase shift at

the decision point is no longer +Z.
As we know from equations (2.15) and (2.23), the demodulated output is
Co(t) = ulthu(t—) |
= (A(t) cos[2m frpt + (8)]) (A(t — T) cos[2m frr(t — 7) + %t — 7))
= SAWAC ~ 7)(cosl2m [1p(2t — 1)+ $(2) + (¢ — 7)]
+ cos[2m fipT + 9 (t) — (2 — 1)) i (2.28)

The delay-demodulation is followed by a low pass filter which eliminates the high fre-
" quency siglia.l. So the ultimate demodulated output is |

up(t) = b(t) cos[2m f1rT + (t) ~ $(t — T)] (2.29)
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The accumulated phase over the demodulation interval 7 with respect to IF carrier

phase (27 f1r7),

() —p(t—7) = 2m f:r i ang(A — nT)dA
F an(t) — alt — ) 4+ 0a(t) — Oult — 7)  (2.30)

The total accumulated phase over the demodulation interval 7 can be written as

Al/JT = [2rfirT —27AfT]
+ [27rAf‘r + 2 fzi i ang(A — nT)dA

+ [en(t) — an(t = 7)] + [6a(t) — Oa(t — 7)]] (2.31)
The IF centre frequency is adjusted such that

2 f1pr = (m+ %)w, m=1,2, ... (2.32)
Then,

: Ayr = [(m + %)w — —;—T-] + [21rAf‘r + 27 ft; 2%9(/\ - nT)d/\}

+ [an() — aalt— D)+ Balt) —Oa(e—7)] (2.33)
In the above equation, the first two terms represent the correct phase difference in ideal
case for desired frequency deviation when the transmitted bit is ‘1’. The next two terms
represént the phase distortion due to the non-uniform FM response of the laser including
- the pattern dependent effect. ' The next two terms represent the phase distortion due
to laser phase noise. The last two terms represent the phase distortion due to receiver

noise including the shot noise and thermal noise.

For IF filter bandwidth of 2B and typical values of h used in CPFSK system (h < 1),
the correlation between the phase noise samples due to receiver thermal and shet noise,
separated by the delay time 7(= ) is negligibly small for 7 > 0.5T [47]. This leads
to the assumption that 8,(t) and 8,(t — 7) are uncorrelated and, therefore, indepen-
dent. The quantum phase noise samples a,(t) and o, (t — 1) are also considered to be

independent.
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2.4.6 Data decision

Data decision can be made using the polarity of the output signal v,(t). The polarity
depends on the phase of the signal v,(t). When ‘1’ is transmitted, lt'.he correct phase
would be (m+ %)ﬂ -3 m=123.... So an.error will occur if — 7 < Atfpod 20 < O.
Similarly, an error will occur when ‘0’ is transmitted if 0 < Atfnoq 3r < 7. That means,

error will occur when 0 < |Atpy,0q 24 < 7.

Rewriting the equation (2.33), the total accumulated phase,
' 1
Agr = [(m+)m— 5]+ [2mAfr

T ¢ 00
+ 2mao [ g(dA+2m [ 3 ang(A - nTIN]
' 1] =T o )

+ [an(t) - an(t - T)] + [Gn(t) —-Bn(t - T)] (2'34)
where ¥’ excludes n = 0. It is to be noted the desired phase change over the demodu-
lation period is disturbed by the laser phase noise, shot noise and thermal noise of the
receiver and the pattern dependent effect due to non-uniform FM response character-

“istics. From the above equation we get the phase error from the desired phase due to

non-uniform LI} FM response as

T t @ ‘ .
6(t) = 2mAfr — 27rfd-g(,\)d/\ +27rft Y lang(A ~ nTHdA

=T 9 f WA+ 21 [ 3 ang(A — nT)dA | 2.35
- Z-2n[g wﬁ_r_mang( nT) (2.35)

where ay is chosen to be -1 bec_a.use the IF ﬁequency is fip— Af when ‘1’ is tra.ns’mitted

in ideal case. The average phase error from the desired phase is, therefore,

T T
6= 2.~ 2 fo O (2.36)

The term 2 f; | ¥ ang(A — nT)dA in equation (2.35) represents the pattern depen-

dent modulation effect due to non-uniform LD FM response.

The phase error due to non-uniform LD FM response can be rewritten as

B(t) = 0, + Bins(t) _ (2.37)
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where

giai(t) = 27 jj,i i'ang(,\ - T!.T)d»\ | . | (2.38)

The equation (2.37) reveals that the non-uniform LD FM response produces an average
phase error 6, due to distortion of the signal bit pulse shape and a random phase error
8;,:(t) which represents the effective random phase error due to pattern randomness

effect.

The statistics (pdf, p(6)) of the random phase error 6(t) can be determined from the
knowledge of the moments of the random process 6:i(t). The characteristic function of

6:,i(t) can be shown to be given by [34]

i": Gy My,

FGY) 20!

r=1

= Ioi cos[tpg, (t’)] (2.39)

where My, represents the 2rth moments of 8;(t), g-(f) = [go(t' — rT)| with g,(t) =
2m f} . g(t)dt. The odd order moments are all found to be zero and the even order

moments can be evaluated using the following recursive relation (34]

Mg,— = Ygr(N) . ] (2.40)
: (2 . r—2j
Yirli) =3 ( o7 ) st gl (241)
j=0 , :

where IV is the number of terms in the summation in {2.38) and the brackets represents
binomial coefficients. The pdf of 8(t) can be obtained by taking the inverse Fourier
transform of F(j¢).

2.4.7 Bit Error Rate -

The phases a,(t) and a,(t — 7) are assumed to be independent, so also are the
phases 6,(t) and ,(t — 7). Further, the phase noise due to shot and receiver noise is

statistically independent of that due to the quantum phase noise. We can, therefore,
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invoke the modified Blachman’s equation to write the error probability expression [8],
[16]. For the symmetrical system p(1/0) = p(0/1) = BER. So the error probability

conditioned on a given realization of the phase error 6(t), is [47] -

Pl = 3= 3pespln Y il (1) + D]

X expl=(2n + 1)*rAvr]cos[(2n + 1)0] (2.42)

where,
p =IF SNR for bit 1", |
Av =sum of the transmitting and local oscillator LD linewidths, and I,(z) =modified

Bessel function of the first kind of nth order.

The unconditional bit error probability of the CPFSK system is, therefore, obtained
by averaging P,|6 with respect to the pdf of 6 i.e. p(6), as

Pe- = EG[Pelg]
_ ]_:(Pe|9)p(9)d9 - (2.43)

In case of ideal FM responsé of laser, m(t) = —A f6(t) when bit ‘1’ is transmitted.
So the mean value of 8, 8, = 2mA fT — 27ra.0AfT = 0 [ag = —1 for bit ‘1']. Similarly,
2m fy 3= anp(t — nT) = 0, because there is no pattern dependent effect. So the bit error

rate for ideal LD FM response will be simply,

.Pe = -;— - -;—p exp(—p) : 2(;:_)1 [In(g) + 1n+1(§)]. _ |
X exp[—(2n + 1)2jrAVT] ' (2.44)

But in case of non-uniform FM response of laser, the equa.ﬁions (2.42) and (2.43) are to

be employed. Since 8 is mod 2, the equation (2.38) is to be written as
P.=Y [ (Plo(s—2nm)ds (2.45)

This is the bit error rate expression for a coherent optical heterodyne CPFSK delay-

demodulation system.
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2.5 Optical CPFSK with Linecoding

It is observed that appropriate linecoding of of laser driving signal can overcome the

adverse effect of non-uniform FM response of the transmitting laser. Alternate-Mark-

Inversion (AMI) linecoding is employed in this work.

2.5.1 AMI Encoding

This is a ternary linecoding. The modulator has ¢ = 2 states, say, 3., and }__,
and the source is binarjr. The modulator responds to a source symbol ‘0’ with a zero
waveform and to a source symbol ‘1’ with waveform s(t) or —s(t), according to whether
its state is 3o, or 3__ respectively. Source symbols ‘1’ make the modulator change its
state. The tabular and state diagram representation of this signal are shown in figure2.4.

~ This code is also known as bipolar code.

It is intuitive that this encoding method has the advantage of reducing the dc com-
ponent of the signal because a pulse of one polarity is always followed by a pulse of

o

opposite polarity.

2.5.2 BER with AMI Linecoding

The linecoder shown in figure 2.5 can be viewed as a linear time-invariant filter
which acts on the input data signal I(t) to generate an output sequence of data given
by (3] . N : |
I'(ty= )Y bag'(t —nT). - (2.46)

n=—00

Here ¢/(t) has the Fourier transform as follows

QU =GP (2.47)

where

k-1 ' , '
G'(fy=72 dpe ™" (2.48)
n=0 - ‘
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Figure 2.4: Tabular and state diagram of Alternate-Mark-Inversion
(AMI) linecoding.
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Figure 2.5: Block diagram of an optical transmitter with linecoder.
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e |

is the transfer function of the linecoder, and the sequence of symbols {b,} is generated
to avoid error propagation by a precoder defined by
) ' k-1 ,
an =Y Gibn.i, ™mod 2 (2.49)
i=0 ,
The k coefficients g}, g}, g, ---gk-, are usually integers and can be properly chosen to

generate the AMI linecoding scheme.

From equation (2.45) it is also clear that if the symbols of the sequence {an} are
independent and identically distributed (iid), so also are the symbols of the sequence
{6}. In the case of CPFSK with NRZ data we have seen that a,, are iid, and each
elementary pulse p(t) is filtered by m(t). In the case of CPFSK with linecoded data
we simply have {6,}, which are again iid, but now the eiementary pulse shape p(t) of
the individual data bit is filtered by an equivalent impulse response, ¢ (t) * m(t), where
¢ (t) = FY[G'(f)] is the pulse shaping function due to linecoding. For AMI linecoded
signal, the pulse shaping function is obtained from the following G'( D 3,

G'(f) =1—e 7T - (2.50)

Because of the precoding employed, it is always possible to adopt symbol-by-symbol -

decisioning.

It is therefore possible to apply the same procedure- for the BER evaluation of CPFSK

- with NRZ data in section 2.4.7 to the present situation with linecoded data by merely

replacing g(t) in the previous case by

g't) = p®)xm(t) »h(t) > g'(1)
9(t) = g'(t) ' (2.51)

2.6 Results and Discussion

~

In this section we present the performance results of optical heterodyne CPFSK

receiver with delay-demodulation considering the effect of laser phase noise, receiver
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" noise and non-uniform FM response of lasers. The bit error rate of delay-demodulation
'CPFSK receiver is computed following the theoretical analysis given in section 2.4 and
2.5, Computatibns are carried out at & bit rate of 2.5 Gb/s for both NRZ and AMI

enéqded data pattern. The non-uniform FM response M(f) of a practical DFB laser

shown in figure 2.1 is used for numerical computations. The FM impulse response

. m(t) obtained by inverse Fourier transform of M(f) is shown in figure 2.2. For a laser

with ideal FM response M(f) is flat and m(t) is a dirac delta function. Figure 2.2
indicates that in case of non-uniform FM response m(t) has a finite duration which
introduces interference pattern for long input bit sequence. We define the modulation
index h = 2AfT, where A f is the peak frequency deviation. For a given modulation
index h, normalization of M (f) is done such that the peak frequency deviation over a
bit period equals Af. -

| The effective pulse shape p’(t) = p(t) *m(t) for NRZ data is shown in figure 2.6. From
the figure it is noticed that though p(t) is rectangular, the effective pulse shape gets

distorted due to the presence of non-uniformity in the FM response M{ f) and continues

for a large number of bit duration. When AMI linecoding is employed, the resultant

effective pulse shapé 2(t) = p(t) *m(t) » ¢ (t) is shown in figure 2.7. Comparison of this

curve with figure 2.6 reveals that there is an improvement in the effective pulse shape

due to AMI encoding and it goes to zero after a few input bits and thus reduces the

- -distortion introduced by the non-uniform FM response.

The-plrots of average phase error 6, at the output of the delay-demodulator are shown

_ in figure 2.8 and 2.9 for NRZ and AMI encoded data pattern respectively. For NRZ

‘data the average phase error increases with increasing modulation index A and crosses

the zero value at A = 1.15. On the otherhand, for AMI encoded data, the phase error

"decreases and attains a minimum value corresponding to an optimum value of h = 0.9

after which it again increases with increasing h.

~ The probability density function (pdf) of the random phase error d(t) at the demod-
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ulator output is plotted with A = 0.83 in figure 2.10 and with A = 1.15 in figure 2.11

for normalized laser linewidth AvT = 0.0. For an ‘ideal FM’ laser, p(f) is an impulse

at @ = 0.0. In the present case, the values of p(f) tends to be zero at multiples of
. At other values of & greater t';ha.n %, the probability of occurrence holds its value

at almost a constant value and does not decrease towards zero with increasing 8. The 
“value of p(6) at which it remains almost constant is about 1077 for k = 0.83 and 107°

for h — 1.15.  This.tendencly of the pdf p(6) will result in bit error rate floor in the

receiver performance which can be lowered by lowering the modulation index hA.

Using the pdf p(6), the probability of bit error for CPFSK receiver is then computed
at a bit rate of 2.5 Gb/s for NRZ and AMI encoded data without including the effect of
laser phase noise (AvT = 0.0) as shown in figure 2.12 for several values of modulation
index k. To meet the optimum demodulation condition, the IF bandwidth Bjr is kept
at twice the biﬁ rate i.e. 5 Gb/s. The figure depicts that CPFSK system suffers bit
error rate floor for NRZ data pattern at around 10‘4 and 10~% for h=1.0 and i = 1.15
respectively. The error rate floor can be lowered by increasing the value of modulation
index upto a certain limit after which floor again goes upward. There is a minimum
error rate floor that occurs at 10~° corresponding to optimum value of A = 1.15. Further
increase in h causes the floor to go upward. A sensitivity of BER==10"? can never be |
achieved by increasing signal power. When AMI encoding is employed, the error rate
floor is significantly lowered to 10~° and the system Buﬁ"ers' oniy a power penalty of

approximately 3.0 dB at BER=10"? compared to the ‘ideal FM' case.

In the presence of laser phase noise, the BER performance is depicted in figure 2.13
for both NRZ and AMI encoded data for A = 1.0, 1.15 with AvT = 10~3, Comparison
with figure 2.12 reveals that the error rate floor is slightly increased for NRZ-FSK and
for AMI-FSK. The penalty at BER=10"° is also increased by 1.6 dB. This additional

penalty is due only to laser phase noise.

Figure 2.14 shows that the plots of BER vs. SNR for NRZ-FSK and AMI-FSK for
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several values of modulation index A with AvT = 0.0, 10~? and IF bandwidth B;r=5.0 . |
GHz. It is noticed that the error rate floor occurs at different values of BER depending
on the value of modulation index A. When £ = 0.5, the BER floor occurs at around
5% 1078, As h is increased the ﬂoo‘r goes downward until it reaches its minimum value
“at around 107 for A = 0.9. Further increase in the values of k causes the BER floor
to occur at higher values of BER. Thus the system exhibits a minimum BER floor
corresponding to .an.opt.imum value of A = h,x which is equal to 0.9 for AvT = 1073,

The optimum value of £ corresponds to an optimum value of demodulation time T = Tpy.

Further, compared to ‘ideal FM’ case with AvT = 0.0, there is a penalty in signal
power to achieve BER=10-° which gradually decreases as h is increased from 0.5 and it
reaches its minimum value of 2.2 dB for AvT = 1072 at the optimum value of £ = 0.9.

Further increase in A causes the penalty to be increased further.

The plots of BER vs. SNR with AvT as a parameter is shown in figure 2.15 for two
different values of A = 0.8, 0.9. It is noticed that at a given value of modulation index,
the BER floor and hence the power penalty increases with increasing phase noise. At
AvT = 104 with A = 0.9 the BER floor occurs below 1012 and it occurs at around 10-°
when AvT is increased to 0.01. Further increase in phase noise f:a.useé the BER ﬁobr to
occur above 10f 9 and the desired sensitivity can never be achieved. The performance
degradation due to phése noise is attributed to the fact that as iinewidth increases the
frequency spectrum of the transmitting laser widens resulting in more frequency noise

in the laser output.

The power penalty suffered by the system to achieve BER=10"? due to the combined
effect laser phase noise and non-uniform FM response is then determined for the plots
of BER vs. SNR as in figure 2.12 through 2.15 for several values of A and AVT.
The plots of penalty vs. normalized linewidth AvT is given in figure 2.16 for various
modulation index: It is found that the penalty increases with increasing value of AvT.

For example, when A = 0.7, the penalty is 4.4 dB for AvT =.107% and it is 5.7 dB
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when AvT = 10-%. However, for a particular value of AvT, the penalty can be greatly
reduced by increasing the value of modulation index. For example, for AvT = 107, the
penalty can be reduced for 4.4 dB to 2.05 dB by increasing the modulation index from
0.7 to 0.9. The amount of reduction is more pronounced at larger values of linewidth.
This is due to the fact that at lower values of linewidth, the thermal noise and shot
noise at the photodetector output are much more dominant compared to excess noise
due to laser phase noise. Therefore, at smaller values of linewidth larger values of h

does not have significant contribution towards noise reduction.

Figure 2.17 shows the variation of power penalty with modulation index for different
values of linewidth. It is again noticed that the penalty decreases with increasing h and
attains a minimum value corresponding to a optimum value of h at a given value of
AvT. Further increase in h causes the penalty to be increased further. If a modulation
index greater than the optimum value is chosen, the system suffers a penalty which is
- larger than that resulted by choosing a value smaller than the optimum value. It is due
to the fact that for ﬁodulation index less than optimum value, the excess noise due to
phase noise dominates over the shot and thermal noise. As h is increased, the separation
between ‘mark’ and ‘space’ frequencies increases which reduces the intersymbol inter-
ference due to phase noise and the penalty reduces to a minimum value correspoﬁding
to an optimum value of h. Further increase of i above the optimum value causes the
spectrum to be widened further which in turn reduces the signal power within the IF

filter bandwidth. As a result the bit error rate and hence the penalty increases.

Further the optimum value of & and hence the optimum demodulation time is differ-
ent for different values of linewidth. The optimum h is slightly higher for higher values
“of linewidth. As for exa.mp].e, the optimum value of A is 0.9 for AvT = 10~* whereas it
is 0.94 when AvT is increased to 0.01.

Finally, the comparison of the theoretical results with theoretical and experimental

results reported earlier [33] is provided in figure 2.18. The parameters chosen for numer-

53



BER

o
)
~)

. Br =2'5 Gbls
. z 5.0
107 5 1073
] 4 x10
-4
10 E h-hopt =115
1) .&E.
1075 J EQUALIZEDFM |
3 (223-1) PRBS J. &E.(22-1) PRBS
10-6 _; ( Experimental ) ( Theoretical )
1077 =
"B 1
1073 ldeal FM
- re sponse
1079 = (A3T=0-0)
10—11 __: =\0'90
]0-1? I I 1 I [ T T i I ] I ] 1 1 1 I T 17 | l 1 1 ] J i T T T
8 12 16 20

SNR(dB) .

Figure 2.18: Comparison of theoretical BER results with that
of published paper [33].

o4



ical computations are same as in experimental demonstration in Ref. 33. It is evident
that the BER floor suffered by NRZ-FSK system occurs at around 5 x 107° which is
very close to that Vreported theoretically by Jacobsen and Emura [33].

The figure also compares the theoretical results of AMI-coded FSK system with
experimental results with equalized FM response and NRZ data reported in Ref. 33.
The experimental curve corresponds to an optimum modulation index s == 0.83 and
AvT = 1073 In our caée the optimum modulation index is found to be A = 0.9 for
the same value of linewidth. It is noticed that there is close agneemeﬁt between the two

curves which proves the \;alidity of the assumptions made in carrying out the theoretical

anaiysié.
2.7 Summary

A simplified theoretical analysis is presented for an optical heterodyne CPFSK delay-

'demodulation system. A formulation is developed to evaluate the bit error performa.nce

of the system taking into account the effect of laser phase noise, receiver noise and non-
uniform LD FM response. The analysis is extended to AMI linecoded CPFSK system in
order to investigate the effectiveness of linecoding in overcon:'ning'.the pattern dependent

modulation effect arising due to non-uniform LD FM.

Based on the theoretical fdrmulation, the bit error performance of an optical hetero-
dyne CPFSK delay-demodulation receiver is evaluated. It is observed that the system
performance is highly degraded with non-uniform LD FM response and exhibits a bit
error floor. The performance can not be improved by increasing the mbdulation index.
But significant improvement can be achleved by using AMI lmecodlng and the power
penalty can be greatly reduced to 2. 2 dB with optimum modulation index of 0.9 and
normalized linewidth AvT = 1073, It is also found that the obtained results are in good

agreement with the experimental results [33].
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CHAPTER 3

SIMULATION OF OPTICAL CPFSK
HETERODYNE RECEIVER WITH
DELAY-DEMODULATION

3.1 Introduction .

The theoretical .a.nalysis of an optical heterodyne CPFSK delay-demodulation system
is presented in chapter 2. The performance evaluation of the system through exact
theoretical analysis become complicated when the transmitting I;aser has a nou—uniform
FM response characteristics as well as nonzero linewidth. The alternate way to the
theoretical analysis is the detailed experimentation. The experimentation on the system
can be performed through either hardware implementation or computer simulation.
The hardware implementation of the system is much more complex, expensive and
time consuming compared to computer simulation. An added advantage of computer
simulation is the insight obtained into the system behavior .while realizing the various

physical process of the system through back-by-back implémeutation.‘

In this chapter, a computer simulation method is presented for the performance
evaluation of optical heterodyneCPFSK dela.y-demodu]at.ion system, taking into ac-
count the effect of laser phase noise, receiver noise and the non-uniform FM response of
the transmitting DFB lasér. The simulation is carried out for random NRZ and AMI
encoded data. Starting from the IF signal, statistical Monte-Carlo simulation of the

system is carried out using the technique of ‘composite importance sampling’.
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3.2 Modified Monte-Carlo Simulation

Monte-Carlo simulation allows one to analyze the effects of several impa._irments in
the system. The main problem with Monte-Carlo simulation is the large sample size
required for estimating low error probabilities. Estimation of error probability of the
order of P,, with a normalized estimation error of 1/3, requires a sample size of the
order of 10/ P, [34]. Severé.l techniques have been developed to reduce the sample size
requirement. Some techniques are based on the asymptotic approximation of the tail

probabilities of a distribution which can reduce the sample size requirement.

The modified Monte-Carlo simulation utilizes importance sampling technique w}vhich
is based on a biased sampling scheme [28-30]. The estimation of samples that occur
infrequently may réqujfe considerable or even prohibitive, computational effort. Im-
portance sampling is a techrique that permits simulation of low probability samples
with major reduction of the computational effort required. The basic principle is to
make the samples of interest to occur more frequently than normal. This is done by
modifying or biasing the probability density function (pdf) of the noise process so that
the samples of interest occur with increased probability while the samples that are not
of interest occur with reduced probability. The bias associated with each sample of the
noise sequence is determined from the- amount of increase in ﬁrbbability. In this way,
the same estimator variance can be obtained with fewer trials than is required for direct
Monte—?arlo simulation. Alternatively, a smaller estimator variance can be obtained

with the same number of trials required by direct Monte-Carlo simulation.

3.2.1 Biasing a Gaussian Pdf

A noise process with Gaussian pdf is shown in figure 3.1. The noise process has.
variance o* and mean zero. So the pdf of this noise process is

2

o= (-] ey
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Noise sample, x

Figure 3.1: The original pdf fy(z) and"
: the transformed pdf gx(z)-
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In order to estimate the error probability due to the noise samples at the tail of the
Gaussian pdf, the pdf fx(z) is modified to gx‘(:c) to increase the tail probability. The
positive samples are incremented by ¢ and the negative samples are decremented by c
(c < T) (38,

X = X+4e¢e, X220
= X—-c, X<0 - (3.2)

where the threshold T is selected to give a desired error probability. The error proba-

bility is given by
Pe:Q(Z) . ' (3.3)

where

- - 3.4
Q@) = = [oxe () o (3.
The pdf of the modified noise process will be

: 1 (z —c)? -
= —_ >
' 1 (z +c)?
= — < — .
s exp { 257 ] , < —c (3.9)

Now errors will occur more frequently with X’ than with X. If a sample X} is select-
" ed from gx(z), its probability is increased by B(Xy) = gx(Xk)/fx(Xs) and the bias
associated with the kth sample is given by [36],

' ' 2X, — :
B(.Xk) = exp[gg—-é—;-&;—c)], Xk>c
2X ' o
= exp [~—-——-—---—-C( 2;: C)], Xy < —c (3.6)

3.2.2 * Weighting Factor

If an error occurs due to X’, it will be an enhanced error. To get the actual error,

the error count will have to be weighted by W (X;) = B(}(* . For a system with memory

|
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of length L, the output variable Y is a function of L independent variables, i.e.,
Y:f(Xl,.Xg,Xa, ..... XL) ’ (37)

Now a sample Y; is determined by L independent input samples, ¥; = f(X1;, Xai, X, e Xri).
So the probability of Y; is increased (or decreased) by the product of the biases of L

input samples. So the weighting factor for Y; will be

) |
Wi =11 Ba” (3.8)

3.3 Steps of Simulation

The block diagram of a heterodyne delay-demodulation receiver shown in figure
2.3 is used in the simulation. The optical frequencies are of the order of 10" Hz.
The computer will not support to deal with such very high frequency signal samples.
Therefore, simulation is started from the IF signal. The effect of laser phase noise,
receiver noise and non-uniform FM response of transmitting DFB laser are taken into
consideration. The bit error rate (BER) is estimated for different conditions. The steps

of the simulation procedure are presented here.

3.3.1 Generation of IF' Signal Samples
The signal at the input of IF filter, i.e. the IF signal, is given by

r(t) = Scos2mfirt + ¢a(t) + éu(t)] + n(t)
= 8(t)+ n(t) , (3.9

where
S =a.mplituder= 2R‘\} RS'PLO)
R =responsivity of the photodetector,

Pg, PLo = power of input signal and of local oscillator signal respectively,
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@(t) — angle modulation,

¢ﬂ(t) — composite phase noise of transmitting and local oscillator laser, and

n(t) = complex additive Gaussian noise of variance o,

The signal samples at an interval of 7, seconds is

{r(iTs)} = Scos2n fipiT, + ¢.(iTs) + ¢n(iT,)] + n(iT,) |
:Sm%%ﬁﬁ;+@@@+%ﬂﬂ+ﬂwn (3.10)

where, T, = TVT-:_D’ T is the bit period, Ngp is the number of samplés per bit and f, = f;rT

is the normalized IF frequency.

3.3.2 QGeneration of Bit Sequence

A sequence of random information bit {a,} is generated by using a (2% —.1)
pseudorandom bit sequence (PRBS) generator where N is the length of the sequence.
An N-bit shift register with suitable feedback is used to generate pseudorandom bit
sequence. The inputs to the feedback network are the outputs at selected stages of the
register. The stages are selected to yield the maximum length of the bit sequence. Thus

a generator with 23-bit shift register can generate a sequence of (2 — 1) bits [37].

3.3.3 Generation of Angle Modulation Samples

The angle modulation is given by
:
@m:%f[MNm@M . @3a1)

where I(t) is the NRZ information bit sequence and m(t) is the FM impulse response
of the tra.nsmittiﬁg laser. The information bit sequence I(t) is given by

I{t)= > anp(t —nT) (3.12)

n=-oo
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where a, is the nth information bit and p(t) is the elementary pulse shape. Then the

ith sample of the nth bit (kth signal sample) is given by

I(kT,) = anp(iT,) | - (3.13)

where
k= (n—l)N;,-B—i—i, = 1,2,....NSB,
p(iT,) = sampled version of the pulse shape p(t).

The non-uniformm FM response, M(f) of the transmitting laser is sampled at an
interval of F, Hz to obtain the sampled version of-M'(f), i.e. the sequence {M(iF,)}.
The value of F, is determined by the nature of the non-uniform FM response M (f) and
the accuracy of estimation. In this simulation, the FM response of a DFB laser shown

in figure 2.1 is considered and the value of F; is taken to be 10 kHZ.

Now the samples {I(iF,)} and {M(iF,)} are multiplied and then the inverse Fourier
transformation of these multiplied samples is taken to obtain the samples {c(iT,}} =

{1(:T,)} * {m(iT,)}. Then the kth sample of angle modulation signal is obtained as

Nso

$s(kT,) = 27 Y AiT,)T,

onT %2 ' '
= N zﬂ: c(iT,) (3.14)

where

k= (n = 1)N9'B + i, s = 1: 2.: 3! "'-NS'B

3.3.4 Generation of Phase Noise Sainples

It is convenient to generate the phase noise samples from the equivalent frequency
noise process. The samples of the phase noise process ¢,(t) are therefore represented
by ‘

S k
$n(kT2) =D ¢, (iT.)2nT, (3.15) .

i=0
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where ¢/ (t) = %@l, ¢ (iT,) is the ith sample of the frequency noise ¢ (t) which is
generated by a random number _generé.t;orfolloWing a Gaussian distribution having zero
mea;n and variance AvB,/2r where Av is the total linewidth of the lasers and B, is the

effective IF filter bandwidth [14].

3.3.5 Generation of Noise Samples

The noise samples {n;} are generated by using a random number generator. The noise
samples {n;} and their associated biases {4} are generated by importance sampling [36]
using a biased Gaussian pdf of zero mean and variance o = (f,/B.)o;, where f, is the
sampling frequency and o? is the noise variance at the IF ﬁltéf output. The IF signal-
to-noise ratio is defined as £ = FA*/o?, where F is the IF bandwidth expansion factor
(= BirT). '

‘The procedure for pseudorandom number generation used in the simulation is known
as the congruential method, proposed by Lehmer in 1951 [39]. There are two forms of
congruential method. Here the multiplicative method is used which has the following

recurrence relationship,

Xiy1 = aX; (mod m) ' (3.16)

The method takes the last random number X;, multiplies it by a constant a, and takes
the result, module m (that is, divides by m aﬁd treats the remainder as X;,,). Thus
the random numbers all range between zero and (m — 1). m is chosen as the largest
possible integer in the computer so that division to take the modulo is done implicitly

by the multiplication process and some computer time is saved.

The random numbers thus generated can be converted to random variate with a
Gaussian distribution by using the central limit theorem. If the random numbers X;

have mean p, and variance o2 then the random variate with. Gaussian variate will be
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. K 2
The minimum value of I, to satisfy the central limit theorem, is 10. However, K = 12

Yza,m [fjx,.—i} e (3.17)

i=1
is a good choice.

3.3.6 IF Filtering

The signal samples and noise samples are combined together. This contaminated
signa.l is to be passed through an IF filter. In this simulation, the sequence of samples
- {Y%} at the IF ﬁlt‘.er output are obtained by convolving the input sequence {X;} =
{Sk} + {ne}, with the IF filter impulse response {h;} using a Fast Fourier transform

(FFT) routine.

The IF filter is considered to be a bandpass integrator with integration time T¥ = %
where T is the bit period and F is the IF bandwidth expansion factor. Other shapes
of the IF filter may be considered. However, different filters behave more or less similar

if their equivalent bandwidths remain the same. Then the impulse response of the IF

filter is
1 :
h(t) = T-,—cos(Zvrffpt), 0<tLT
= 0 ,elsewhere. (3.18)

The bias associated with the output samples {Y}} are obtained as

By(Y) = ILI B(Xks1-5) | - (3.19)

j=1

where I is the memory length of the IF filter impulse response.

3.3.7 Delay-demodulation

The digital information is detected from the IF output signal through delay-

demodulation method. The signal is time-delayed by T = 57—,; where h is the modulation
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index (= 2AfT). The delayed samples are multiplied with the original samples.

The delay-demodulated signal is passed through a low-pass filter. Here the sequence
of samples at the low-pass filter output are obtained by convolving the input signal
samples with the impulse response of the low-pass filter by using an FFT routine. The

impulse response of the low-pass filter is considered to be rectangular with bandwidth

equal to the bit rate.

3.3.8 Computation of BER

For NRZ data the cutput samples at the middle of each bit period are compared
to a threshold of zero value to determine the output bit sequence. This bit sequence is

then compared to the transmitted bit seqﬁence and the errors are counted.

" The bit error rate (BER) is computed for an N-bit sequence as follows,

1 N
Pp=— ; 3.20
4 N ;ul . ( )

where wu; is zero if the ith bit is received correctly, or is equal to W; if it is received with
error, where W; is the reciprocal of the bias corresponding to the output sample at the

end of the ith bit period.

For AMI encoded data the decoding is carried out by considering two consecutive

output bits.

3.4 Results and Discussions

In this section we present the results obtained by modified Monte-Carlo simulation
of optical 'heterodyrlle' CPFSK delay-demodulation system taking into consideration the
effects of laser phase noise, receiver noise and non-uniform LD FM response. The FM
response of a DFB laser used for theoretical computation is also used for simulation.
Simulation is carried out for both NRZ and AMI encoded data for (2% — 1) PRBS at a
bit rate of 2.5 Gb/s with IF bandwidth of 5.0 GHz.
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Fi.gure 3.2 shows the waveform of IF deviation at the output_of the IF filter for both -
NRZ and AMI data pattern. The non-uniform FM response causes the IF deviation to
continue upto a number of bits. The figure is shown for a 111...000... data pattern and
it shows that for continuous 1's or for continuous 0’s there is continuous drift in the
IF deviation aﬁd thus the IF waveform becomes distorted. The distortion is severe in
case of random NRZ data. In contr.ast, there is a little distortion in the IF waveform
and there is no tendency for frequency drift for long strings of 1'¢ or 0’s, when AMI
linecoding is employed.

With the laser FM response shown in figure 2.1 and other system parameters men-
tioned in section 2.6, both theoretical and simulation performance results for CPFSK
system with and without linecoding are shown in figure 3.3. These sets of results cor-
respond to the case of zero phase noise {(AvT = 0.0) and IF filter bandwidth equal to
twice the bit rate. We report the results for two values of modulation index A, viz.
1.0 and 1.15 for NRZ data and A = 1.0 for AMI encoded data. It is noticed from the
simulation results that CPFSK. system with NRZ data experiences an error rate floor at
about BER=3 x 10~% and 5 x 10~% for A = 1.15 and h = 1.0 respectively. No error rate
floor occurs when the CPFSK system uses linecoded data or 1010 data pattern. For
1010 data pattern with ArT = 1073, there is a penalty of only 1 dB relative to ‘ideal
FM’ case. We also notice a good agreement between the theoretical and simulation

results, as the corresponding curves are within 1 dB from each other.

When phase noise is included along with non-ideal FM response, the theoretical
" performance results and the corresponding results for thé linecoded CPFSK systems
are shown in figure 3.4 8s a function of IF SNR for three values of normalized linewidth
AvT = 1074, 10-7 and 5 x 10-? with modulation index h set to 0.9. it is' noticed
from theoretical results that the penalties suffered at BER=10‘§ by AMI-FSK are 2.05
dB dB and 5.1 dB relative to the ‘ideal FM’ performance for AvT = 10~* and 10~?

respectively. The corresponding penalty estimates from the simulation are about 2.8 dB
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and 5.8 dB respectively. Thus there is a close conformity among the theoretical results
and results obtained by simulation. These values are well confirmed by experimental

results reported in Reference 4.

3.5 Summary

A statistical Monte-Carlo simulation technique for optical heterodyne CPF3K re-
ceiver with delay-demodulation is presented in this chapter. The ‘composite importance

sampling’ technique is employed to reduce the sample size and computation time.

The bit error probability is estimaf,ed for the CPFSK delay-demodulation receiver
for ‘ideal FM’ case and for ‘non-ideal FM’ case. The simulation also includes the effects
of laser phase nbise and receiver noise.

- . The theoretical reéults are compared with simulé,tion results and a good agreement

behween them is observed. The simulation results are also verified by the experimental

fesults reported earlier. -

b7
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CHAPTER 4

CONCLUSIONS AND SUGGESTIONS

4.1 Conclusions

The performance of an optical heterodyne CPFSK system with delay-demodulation
has been investigated in this work. The major problems of optical CPFSK system
considered are

i) receiver noise containing shot and thermal noises which is modeled as additive
white Gaussian noise,

ii) laser phase noise arising due to the non-zero linewidth of the laser output,

ii1) non-uniform frequency modulation (FM) characteristic of transmitting dis-
tributed feedback (DFB) semiconductor laser diode (LD) which causes the pattern de-

pendent bit error rate performance.

In chapter 2, a theoretical analysis of an optical heterodyne CPFSK receiver with
delay—demoldulation is presented. The theoretical formulation is developed to evaluate
the impact of non-uniform FM response of a practical DFB laser on the bit error perfor-
mance of the system. The analysis also includes the effects of additive receiver noise and

laser phase noise of transmitting and local oscillator lasers due to non-zero linewidth.

The theoretical analysis is extended to optical heterodyne CPFSK system with
Alternate-Mark-Inversion (AMI) linecoded data. The AMI linecoding is utilized to
: ixivestigate the effectiveness of linecoding in counteracting the effect of non-uniform LD

FM response and hence to reduce the pattern dependent modulation effect.
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The FM response M(f) of a practical DFB laser, as shown in figure 2.1, is used
for numerical computations of the system performance. The effective pulse shapes for
NRZ data and for AMI encoded data are determined and are found to be distorted due
to the non-uniform LD FM response. The non-uniform LD FM response produces a
random phase fluctuation at the output of the discriminator. The pdf of the random
phase error at the demodulator output is determined wif.hout linecoding for several
values of modulation index.- Using the pdf, the bit error probability for the CPFSK
receiver is evaluated for both NRZ and AMI encoded data. The system is found to
suffer a bit error floor due to non-flat FM response and laser phase noise. The floor is
at much hlgher values, of the order of 10~¢, for NRZ data and can not be significantly
lowered by increasing the modulation index. Thus the bit error rate of 10° can never
be achieved. The minimum attainable bit error rate floor occurs at about 10~° corre-
sponding to an optimum value of modulation index equal to 1.15. On the otherhand,
the system performance is significantly improved when AMI linecoding is utilized. The
error rate floor can be significantly lowered to 10~° or even lower values by increasing
the value of modulation index and the system suffers a penalty of only 2.0 dB relative
to ‘ideal FM case’ at optimum value of modulation index b= hop, =09 in the absence
of laser phase noise. Further increase in moduiation index causes the bit error floor
and the penalty to increase. In the presence of laser phase noise the system suffers
penalty due to the combined effect of laser phase noise and noq—uniform FM response.
The additional penalty, compared to the system without phase noise, inc-:reases with
increasing linewidth. At.a gi\;en linewidth there is an optimum modulation index for

which penalty reaches its minimum value.

The theoretical results.are compared with the theoretical and experimental results
reported earlier in a published work [33]. It is ng:;ticed that there is a close agreement

between our results and the published results.

Finally, a detailed Monte-Carlo simulation of the system is carried out for the same
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receiver and system parameters as in theoretical computations. The technique of ‘im-
portance sampling' is utilized for considerable reduction in sample size and computation
time. It is found that the results obtained by computer siﬁmlation are in good agree-
ment with those obtained theoretically and thus prove the validity of the assumptions

taken in the theoretica.i formulation.

4.2 Suggestions

In the p.resent work, the performance of a CPFSK delay-demodulation system
with NRZ and AMI encoded data is studied. There are other linecoding techniques,
for example delay modulation (DM) or Miller code, Manchester code (MC), used in
optical communication. The theoretical analysis and simulation study can be extended
to investigate the effects of such linecoding techniques in overcoming the effect of non-

uniform LD FM response.

As the optical signal received at the receiver front-end is significantly weak, optical
preamplifier can be utilized before photodetection. But additional noises will then arise
due to beating of signal with spontaneous emission in the amplifier. The analysis will

have to account for these noises.

The work has been carried out on single-channel obtica.l CPFSK system. Further
work can be persued on multi-channel optical CPFSK system. In multi-channel system,
Mach-Zehnder interferometer can be employed as an optical discriminator. The effect of
non—un_{'form LD FM response on the performance of optical multi-channel FSK system .
and the use of linecoding in reducing this effect can be studied. 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 frequencj division multiplexing

(OFDM) system.
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APPENDIX

A.1 Flow Chart
Begin

/Rea.d SNR,XNM,H/' _

SN R = Signal-t0o-Noise Rafio,
“““““ XNM = Mean value of noire pamples,
H = Modulation index :

{ Read XA, XP /

—————— XA & XP = Amplitude and phase of M(f)

1T« 20
BERT « 0.0

==+ DO 11=1]T >

————— —lCom putes BER

BERT ~ BERT + BER

mmm—mmm e e

BER « BERT/IT

ZPrint BER /

'S'top

Figure A.l: Flow chart for computer simulation of optical
heterodyne CPFSK system with delay-demodulation.
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NB =No. bits,
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FO + 300 x 10¢
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________ .—|A5'=Sigrm,l amplitude

7 (Jeneralion of random
bit sequonce RN(I)

FREQ
_______ Generalion of [requency
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Generation ol signal
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NSGEN
Generation ol noise
T satnples X N(1)

 Figure A.1: (contd.).

A2

Computation of Fourier

transform of X (/) .

Computation of transler
O

function of IF filter X1(J)
r__@o 16 ]=1,NR‘9

X(Ne XN+ XD =Y N +YI{)
YD« XN rYI(D+X1(7) « Y (1)

e m o — lG.

Computalon of inverse

e —

Fourier transform
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DELDEM

_____ {Eluy-domodulmion
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