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Abstract

This thesis presents an investigation of the issues related to the phenomenon of laser phase
noise in multi-channel coherent photonic networks. A theoretical analysis is carried out to
predict the performance of two kinds of photonic networks, the distribution network and
the multiple-access network, in the presence of laser phase noise. Two optical modulation
schemes have been compared and the limitations set on laser linewidths are derived.
The potential number of network users in each case has been discussed. It has been
shown that on the average optical intensity modulation performs better than optical phase
modulation. It has also been shown that the SCM/CD networks, using semiconductor
lasers, are competitivé with other multi-channel approaches above a certain range of the
bit-rate per channel. Finally, a discussion on the diverse techniques to reduce the impact

of phase noise on coherent photonic networks is provided.
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Chapter 1

Introduction

1.1 Motivation

The amount of information that is éxchanged daily has been dramatically increasing
so that conventional communication systems have barely been able to meet the new
challenges, posed by the high data rates. The need for increased transmission capacities
has led to a major research effort on optical fiber communication systems. By offering an
available bandwidth of 20,000 GHz, a low signal attenuation and immunity to interference,
the optical fiber makes an attractive medium for high-speed communication applications.
However, because of electronic device limitations, the most advanced of today’s systems
still access no more than 0.1% of the available fiber bandwidth [1].

Most of the fiber-optic networks that have been so far implemented rely on direct
detection receivers, where a photodetector converts the incoming optical pulses into an
electrical signal. In coherent optical detection, a local oscillator wave is combined with the
carrier wave, and yields a composite intermediate frequency (IF) signal that is detected
by the photodiode.

Basically, coherent detection offers the following important advantages over direct
detection: improved receiver sensitivity, greatly enhanced frequency selectivity, conve-
niently tunable optical receivers and the possibility of using alternative modulation for-

mats to the direct intensity modulation of semiconductor laser diodes (e.g., angle mod-



ulation) [2]. Such advantages have been successfully demonstrated in many laboratory
experiments of coherent optical fiber systems and networks [1]. More research has to
be conducted before such networks can become commercially viable. One of the major
problems in coherent communications is that of laser phase noise.

For practical coherent communication networks, it is essential to provide small size
and low power consumption lasers. Semiconductor laser diodes, featuring long lifetime
and high efficiency, fall in this category but suffer a large spectral linewidth and thus
are not particularly coherent. This can deteriorate the performance of coherent receivers;
furthermore, the effect of laser phase noise on the receiver performance will depend on
the employed bit-rate and the modulation/demodulation techniques.

In this work, the impact of laser phase noise on multichannel coherent photonic
networks is analyzed. We consider two kinds of networks, distribution networks where
the information flow is mainly from one source to many destinations, and multiple-access
networks where the flow of information is generally equal in all directions. The perfor-
mance of two optical modulation schemes has been investigated in the presence of laser
phase noise and the limitations on laser linewidth, that should be considered in the design
of such networks, have been obtained. Some solutions to overcome the laser phase noise
ellect are also reviewed; a description of the phase mﬁise cancellation techniques proposed
in the literature is presented along with a discussion on their efficiency and the complexity

of their implementation.

1.2 Contribution

The following is a summary of our contributions which are detailed in Chapter 3 of this
thesis:

1. A theoretical investigation of the effect of laser phase noise on multi-channel
photonic networks using both Subcarrier-Multiplexing and Coherent Detection (SCM/CD
systems). An approximation was used to model the effect of laser phase noise, taking into

account the other sources of noise, namely shot noise, thermal noise and intermodulation



distortion (IMD).

2. An optimization of the modulation/demodulation parameters for a maximum
receiver sensitivity that can be achieved for any value of the laser linewidth was performed.
This is followed by a comparison of the performance of SCM/CD networks for two optical
modulation schemes: Optical Phase Modulation (OPM) and external Optical Intensity
Modulation (OIM) in the presence of the laser phase noise. The investigation suggests the
maximum permissible laser linewidths that are required with both modulation schemes
to maintain a good performance of the multi-channel photonic networks. The analysis
and the results are presented in Sections 3.3 and 3.4.

3. A discussion on the potential number of network users and the limitations set on

it by the laser phase noise is provided in Section 3.5. Part of our results were reported
in [3].

1.3 Outline of the Thesis

In Chapter 2, the concept of subcarrier-multiplexed photonic networks using coherent
detection (SCM/CD networks) is introduced. The different systems architectures are
presented and two kinds of modulation of the optical carrier are discussed. Following
this, an outline of the problems associated with such networks is given with an emphasis
on the major problem of laser phase noise.

Chapter 3 presents an investigation of the impact of the laser phase noise on the
performance of multi-channel SCM/CD networks. Two kinds of networks are considered
and a comparison of two optical modulation methods is carried out.

In Chapter 4, the different solutions that can be implemented to reduce the im-
pact of the laser phase noise on SCM/CD networks are discussed and some phase-noise
cancellation techniques are described.

Chapter 5 summarizes the results of the thesis and gives suggestions for further

research in this field.



Chapter 2

Multi-Channel SCM/CD Networks

2.1 The Concept of SCM/CD Networks

Many alternatives have been developed for photonic networks, such as Time-Division
Multiplexing (TDM), Wavelength/Frequency Division Multiplexing (WDM/FDM), Space
Switching (SS) and more recently Subcarrier Multiplexing (SCM). Each approach has its
attractive features and its limitations. Recently there has been much interest in microwave
subcarrier multiplexing justified mainly by the fact that such an approach allows the use
of the full range of existing electronic techniques, including analog and digital modulation,
as well as microwave and baseband signalling [4]. Furthermore, SCM systems provide a
mean to transmit several channels, with various modulation formats, using the same laser,
fiber link and detector. Making use of electro-optic components and readily available
microwave technology, SCM systems offer a simple way to take advantage of the full
bandwidth capability of single-mode fibers.

The subcarrier multiplexing approach can be used jointly with either direct detection
(SCM/DD systems) or coherent detection (SCM/CD systems). The term “coherent” used
throughout this paper refers to the “spatial” coherence of the optical carrier, of which
we take advantage in the mixing process on the surface of the photodiode. It does not
necessarily mean, in contrast to the terminology of conventional communications theory,

that the local optical oscillator is phase-locked to the incoming optical signal.



The SCM/DD approach carries the limitations inherent to the direct detection pro-
cess and its technological requirements when it comes to transmit a large number of
channels are very demanding. We can cite the need for wide-band lasers, photodiodes
and electronic devices [5].

The idea behind the SCM /CD approach is to combine the advantages of both subcar-
rier multiplexing and coherent detection. We have listed the main advantages of coherent
detection over direct detection in Section 1.1. On the other hand, SCM/CD systems are
much more complex and suffer from the difficulties associated with coherent detection.
We will be addressing this matter in Section 2.2.

Our work will emphasize on SCM/CD systems. The following sections will introduce
the concept of SCM/CD networks; two kinds of networks, distribution networks and

multiple-access networks, will be presented.

2.1.1 The SCM/CD Distribution Network

The architecture of an N-channel SCM/CD distribution network is illustrated in Fig. 2.1;
N radio-frequency (RF) subcarriers are surnmed with a microwave power combiner and
the resulting composite signal is used to modulate an optical carrier by means of an
external electro-optic modulator. The RF subcarriers may be modulated by either analog
or digital signals, a fact which makes it possible for the SCM system to accommodate both
analog and digital modulations. Thus it can handle voice data, video, digital audio, high
definition video and in general any combination of services. Because the composite signal,
i.e., the sum of the N modulated subcarriers, is an RF waveform, the optical modulation
is necessarily analog.

An important advantage of coherent SCM systems is that many information channels
can be transmitted on one optical carrier, whereas in other multi-channel approaches, a
separate laser per channel is required.

At the receiver end, the incoming optical wave is combined with the more powerful
wave from a local oscillator. The combined wave illuminates a photodetector, the output

current of which is proportional to the local oscillator amplitude. A low-noise amplifier
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(LNA) amplifies the output of the detector and the selection of a specific channel is
accomplished by optically tuning the local oscillator laser such that the channel is brought
inside the passing bandwidth of the bandpass filter. The bandpass filter is used to separate
the desired channel from the undesired channels. The signal is then down converted to the
RF/microwave domain where it is demodulated using conventional microwave techniques.

The process of photomixing is the key to coherent optical detection. Fig. 2.2 illus-
trates the principle. The output current of the photodiode is proportional to the square
of the amplitude of the incident electrical field of the optical wave.

The electrical field of the received signal E,(¢) and that of the local oscillator £.o(t)

can be represented as

Ey(t) = \/ Py(t) cos[2r fut + s(t) + 05(2)], (2.1)
and _
E[,o(t) =4/ PLo(i) COS[21'I‘f;_,ot + ¢L0(t) + eLO(t)], (2.2)

where Py(t) and Ppo(t) are the powers of the transmitted signal and the local oscillator.
The variations of Ps(t) and Ppo(t) represent the intensity noise; 8,(¢) and 0.0 (t) represent

the phase noise in the transmitted signal and the local oscillator, respectively, and Pa(t)



and ¢ro(t) are the corresponding phases. The photocurrent will then have the following
expression:

i(t) = K[E(t) + Bro(t))%, | (2.3)

where K is a constant of proportionality.
Since the gain-bandwidth of the photodiode extends only into the gigahertz fre-
quency range, the frequency terms, 2f;, 2fL0 and f; + fro, in the expansion of (2.3), fall

outside of this range and the only detected component will be

i(ty=R {PLO(t) + Pa(t) + 24/ Pro(t) Py(t) cosl2m frrt + &(2) + B(t)]} +n(t), (2.4

where R (A/W) is the photodiode responsivity, fir = fro — fs is the intermediate fre-
quency, $(t) = dro(t) — ¢s(t) is the total signal phase, 8(t) = Or0(t) — 6,(t) is the total
phase noise, and 7(t) is the additive noise. When frr = 0, the receiver is called homodyne,
and an optical phase locking of the local laser to the incoming signal is necessary. When
f1r # 0, then the receiver is heterodyne, and in this case, only frequency locking of the

local oscillator laser to the transmitted optical signal is required.

2.1.2 The SCM/CD Multiple-Access Network

The concept of a multiple-access network combining both subcarrier multiplexing and
coherent detection was proposed in [5]. This system is illustrated in Fig. 2.3. The network
is organized around a passive M x M star coupler which interconnects M network users.
One tunable RF subcarrier frequency is exclusively reserved for each user, and the selection
of a particular subcarrier is done by tuning either the local laser, or by tuning an RF
oscillator. _

The use of an independent transmitter laser at each user location will lead to the
problem of beat noise due to the random drift of the laser oscillators. This will result in a
severe degradation of the bit-error-rate performance [6, 7]. One of the solutions introduced
is the use of 2 common transmitter laser source [8]. The laser source is connected to one

of the input ports of the star coupler and the laser power is evenly distributed among the

users through the star network itself.
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Since coherent detection is used at the receiver, the major source of shot noise is
the local laser. The effect of the excess shot noise produced by the optical power received
from all network users remains small as long as the local oscillator power is much stronger

compared to that of the received signal [9].

2.2 Problems Associated with SCM/CD Networks

The major problems encountered in SCM/CD networks are those associated with coher-
ent detection. These are laser phase noise, intensity noise and polarization fluctuations.
The important problem of laser phase noise will be discussed first. Following this, in-
tensity noise and polarization fluctuations, as well as the main solutions that have been

introduced, will be discussed briefly.

2.2.1 Laser Phase Noise

The process of generating photons in a semiconductor is the basis of the operation of laser
devices. We need to consider two kinds of photon emission in a laser. First, the stimulated
emission where an electron in a higher energy level can be stimulated by a previously
created photon to emit a photon which has exactly the same wavelength, direction and
phase (coherence) as the stimulating photon. The stimulated emission is amplified with
a feedback process leading to a Light Amplification by Stimulated Radiation (LASER).
However, there are spontaneous emissions too; in this situation, an electron in a higher
energy level emits a photon in a random fashion. Thus, the resulting light wili have a
random phase.

The stimulated emission process is generally three orders of magnitude faster than
the spontaneous process, but the randor: nature of this latter process results in a light
where the phase executes a random walk from its nominal value. Such randomness in the
phase is referred to as phase noise.

Phase noise is present in all kinds of lasers, however it is stronger in semiconductor

lasers. It was found that laser phase noise is also due to fluctuations in the refractive index

10
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in the laser cavity, which result from changes in the carrier density [10]. The change in the
carrier density causes intensity noise too, which will be discussed in the next section. The
relationship between the spontaneous emission, the phase noise and the intensity noise,
and the carrier density fluctuations is illustrated in Fig. 2.4 {after [11]). The spontaneous
emission is the origin of all these noises and fluctuations.

The lineshape of single-mode semiconductor lasers has been modeled as having a
Lorentzian power spectral density [12]. The phase noise random process can be expressed
as the integral of the frequency noise. It has been observed that the laser frequency
noise consists of a white Gaussian noise component plus a 1/f component [11, 13]. The
latter, because of its lowpass behavior, is significant only up to 1 MHz relatively to the

_oscillation frequency and is dominated by the white noise component beyond that range
of frequencies. Therefore, in the rest of the thesis, only the white component of the

laser frequency noise will be considered in our analysis. The phase noise may thus be

i1



characterized by a Wiener process that can be expressed as

0(t) =2 j(;tu(‘r)dr, (2.5)

where u(t) (the frequency noise) is a random white Gaussian process with a two-sided
spectral density of amplitude Np. The parameter No is a function of both the laser
structure and the operating conditions [13].

The output field of a semiconductor laser can be modeled as the random process
5(t) = Acos[2mut + 68(t) + ¢, (2.6)

where v is the laser oscillation frequency, 8(¢) is the phase noise and ¢ is equally likely to
be any value from [, 7], as a result of which the process s(t) is stationary. The intensity
fAluctuations have been neglected. The autocorrelation function of s(t) is then [13]:

2

Rq(7) = A? cos[2mvgr] exp (—272 No|7|). (2.7

Its Fourier transform gives the power spectral density of the laser line:

- A2 1 1
G,(f) = prcr ol (‘;__N_;)g + - (%3)2 (2.8)

This power spectral density (PSD) is called Lorentzian. The 3 dB bandwidth of this
spectrum around v is called the full width at half maximum (FWHM) linewidth; it is
found to be equal to

Av = 21t Ny. (2.9)

The FWHM linewidth is widely used as a measure of the temporal coherence of the laser.
For computation purposes, we will use the double-sided baseband version of the laser line

FSD, with A normalized to unity:

1
LAY [1 + (%5)2] ’

Gen(f) = —~o© < f < +o0. (2.10)

This spectrum is shown in Fig. 2.5.

12



05 .

Normalized PSD

0

Frequency

Figure 2.5: Power spectral density of laser line.

The presence of the finite linewidth in the spectrum of the laser output has a direct
effect of spectral broadening when the laser is used as an optical carrier. A typical
semiconductor laser has a linewidth in the range 1-100 MHz; such a laser source is not
coherent enough, i.e., the randomness of the phase of the emitted light is not completely
negligible for many important coherent lightwave communication applications. Constant
progress is being made in laser device technology, and successful experiments using narrow
linewidth NdYAG lasers have been reported [14, 15, 16, 17]. There have been reports of
lasers with linewidth as low as 1 KHz [18], but this is accomplished at the expense of
compactness and cost.

Several techniques to reduce the effect of laser phase noise have been introduced.
Some of them are optimum or suboptimum while others turn to be specific to the kind of
modulation scheme used. We will present and discuss those techniques in Chapter 4.

Small size and low power consumption lasers will be essential for future practical

coherent communication networks. The best achieved semiconductor laser linewidth is less

13



than 0.1 MHz [19]. This is obtained by introducing a corrugation-pitch-modulated (CPM)
gratings into a multiquantum-well distributed feedback (MQW-DFB) laser. However this
narrowing in the laser linewidth is achieved at the expense of an increased complexity
and cost.

It is therefore essential to take into account the effect of the laser phase noise in the
design of coherent optical networks, and to understand the fundamental limitations set
by the phase noise on these systems. In Chapter 3, an attempt to address and analyze

these issues in the case of SCM/CD photonic networks is given.

2.2.2 Intensity Noise

The intensity fluctuations present in both the received signal and the local oscillator will
be efficiently converted to the IF band and may degrade the receiver’s performance. This
will be the case if the intensity noise produced is comparable or larger than the quantum
shot noise [20].

In addition to the fluctuations in the laser oscillators, the total system intensity
noise may be increased due to reflections from fiber discontinuities back into the laser
cavity, or by multiple reflections between fiber discontinuities {21]. In such situations, the

interference of light beams with different phases will cause the phase noise to be converted
| into extra intensity noise.

One of the solutions introduced to eliminate, or at least to reduce, the degradation
from intensity noise is the balanced mixer receiver [20, 22, 23]. A block diagram of such
a receiver is shown in Fig. 2.6. Both of the coupler’s outputs are separately detected;lthe
IF signals in the two detectors are 180° out of phase, while the intensity noise produced in
cach detector is in phase. Thus, a subtraction of the two photocurrents eliminates the DC
components that carry intensity fluctuations. However, to realize a complete cancellation
of the intensity noise, a perfect matching of the detector frequency responses and the
optical or electrical path lengths in the two branches of the receiver is required.

It was found in [20] that for a 20 dB reduction in the intensity noise introduced by

the local oscillator the following requirements should be satisfied: the signal path lengths
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should be matched to within a few millimeters and a maximum of 1 dB mismatch between
the photodetectors, in terms of quantum efficiency and frequency response, for a 1 GHz
receiver.

In the case of SCM/CD networks, or multi-channel networks in general, a balanced

optical mixer is also needed to eliminate the interference from mixing between channels [9).

2.2.3 Polarization Fluctuations

In ordinary single-mode fibers, two orthogonal polarization modes are supported; because
actual optical fibers suffer from axial asymmetry and are not completely straight, the
state of polarization of the propagated wave is subject to unstable fluctuations resulting
from temperature changes.

In coherent communications, the state of po]a.rizatic;n of the received signal and
that of the local oscillator must match for efficient photo-mixing [24]. Furthermore, for

multi-channel networks, the acquisition of polarization would limit switching times, sec it
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is desirable to design receivers that are insensitive to the state of polarization [1].

The complete solution to this problem is the use of a polarization-maintaining fiber
over the entire length of the cornmunication channel; such a solution would be very ex-
pensive at the present technological stage of the development of these fibers.

Polarization control schemes have been introduced; two alternatives have been pro-
posed. Automatic polarization compensation schemes, based on electro-optic or mechan-
ical devices, which matches the local oscillator and received signal states of polariza-
tion [25, 26, 27, 28]. A description and details on these techniques can be found in [11}.

Another approach is the polarization-diversity receivers in which two orthogonal
polarization states are detected separately and added later {29, 30]. The general idea of
this technique is illustrated in Fig. 2.7. The two independent channels fade in opposite
directions which makes the signal at the output of the receiver independent of the state
of polarization of the received signal.

The analysis of some polarization-diversity receivers showed that the receiver sensi-
tivity penalty was less than 0.6 dB as compared to the ideal case of a perfect polarization

controller [30].

In addition, various versions and combinations of the previous techniques can be

implemented.
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Chapter 3

The Impact of Laser Phase Noise on

SCM /CD Networks

3.1 Introduction

In 'Cha.pter 2, the concept of SCM/CD networks has been introduced and two kinds of
networks have been presented, the distribution network and the multiple-access network.
There have been a number of papers on subearrier multiplexed systems with coherent
detection (SCM/CD Systems) {14, 15, 16, 17, 31, 32]. A theoretical comparison of optical
phase modulation (OPM) and optical intensity modulation (OIM) with negligible laser
- phase noise was carried out [31]. Recently, the impact of laser phase noise on an SCM/CD
system using OPM was presented [32]. In that paper the performance degradation due to
phase noise was analyzed in terms of the carrier-to-noise ratio penalty and the SCM/CD
distribution network was considered only.

In this chapter, the effect of laser phase noise on the two types of SCM/CD networks
is investigated. As it was found that the receiver sensitivity is a more useful measure of
performance than the carrier-to-noise ratio [31], the analysis is carried out, for both OPM
and OIM, in terms of the receiver sensitivity penalty. The investigation gives the range of
possible linewidths for SCM/CD networks and shows how the optical modulation format

influences the performances of the networks in the presence of laser phase noise.
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A comparison of the performance of the networks is presented and the range of
acceptable laser linewidths is derived in each case. Finally, a discussion is given on the

possible number of network users and how that number depends on the laser phase noise.

3.2 Optical Modulation Formats

Coherent communication techniques allow alternative optical modulation formats to the
dircct intensity modulation of the laser; angle modulation is thus feasible. The spectral
selectivity in coherent optical detection being an important feature, it is essential that
the individual channels, for instance the subcarriers in SCM/CD networks, be separated
in the optical domain as well as in the microwave domain. This is necessary since two
kinds of modulation are applied one on top of the other: a microwave modulation plus an
optical modulation.

The main task of the optical modulation technique is to create optical sidebands
carrying the information. Amplitude modulation would be the most suitable format for
optical modulation, since by its nature it preserves the spectrum of the information signal;
unfortunately, true optical AM modulation has not been demonstrated yet [5].

Optical intensity modulation (OIM) is used as a mean to approach the performance
of AM modulation; the laser injection current is modulated by the information signal,
the resulting output power will vary accordingly. However, direct modulation of the
injection laser bias will cause optical frequency modulation due to a change in the carrier
density and this will be difficult to suppress [1]. For this reason, an external electro-optic
modulator is used to impress the data on the optical carrier.

The electro-optic modulator takes advantage of the electro-optic Pockel’s effect
which is a result of the linear relationship that exists between the applied voltage across
the electrodes attached to a crystal and the induced phase shift in the light propagating
through the crystal [33]. In Fig. 3.1 is illustrated a diagram of a Mach-Zehnder interfer-
ometer intensity modulator (after [33]). The optical input signal is split between parallel

waveguides. A phase shift, proportional to the applied voltage, is introduced in one of
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Figure 3.1: Mach-Zehnder interferometer intensity modulator.

the waveguides; then, the two signals are summed together at the output where they
undergo destructive interference. Thus, the intensity of the optical output, signal could
be controlled by the applied voltage.

The inodulator output light intensity, or optical power, is given by (33, 34, 35, 36):

Pra(t) = Pa(t) sin? [g%,@] , (3.1)

where Py, is the output light intensity, B, is the input intensity, v(t) is the applied
voltage, i.e., the signal carrying information, and V, is the voltage that causes a shift of
7 of the light passing through the modulator.

Another modulation format is used in coherent detection; it is the optical phase
modulation (OPM). The phase of the laser light beam, instead of its intensity, is changed
in accordance with the information signal. An external phase modulator is needed here
too. Its structure is similar to the waveguide of the intensity modulator where phase
shift is introduced. The applied voltage introduces a change in the refractive index of the
waveguide, which in turn will alter the velocity of the light passing through the waveguide
and causes phase modulation.

Both OPM and OIM are inherently nonlinear, and the associated distortion, the in-

termodulation distortion, will degrade the system performance. Furthermore, the degra-
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dation gets worse in the presence of laser phase noise as will be seen later in this chapter.

While in multi-channel SCM systems using direct detection (SCM/DD systems), the
main source of nonlinearity is the laser itself, the nonlinearity of the optical modulation
and the coherent detection process are dominant in SCM/CD systems and will place an

ultimate limit on the achievable receiver sensitivity {17).

3.3 Laser Phase Noise and its Effect on the SCM/CD
Distribution Network

The power spectrum of the signal in an N-channel multicarrier SCM/CD distribution
network receiver, at the input of the bandpass filter (see Fig. 2.1) is illustrated in Fig. 3.2.

The subcarrier frequencies are
1
fk = [(k - 5) + Nmin]Af: (3'2)

where k is the channel number, k = 1,2, ..., N; Npn is an integer related to the smallest
subcarrier frequency of the system foin = fi = [% + Npin]Af, and Af is the channel
spacing. Such a frequency allocation minimizes the effect of second-order intermodulation
distortion (IMDs»), in that its spectrum falls in between the channels. However, third-order
intermodulation distortion (IMDj) will directly affect each channel as shown in Fig. 3.2,

The number of IMD; terms depends on whether we operate in single-octave (SO),
or in multi-octave (MO). In SO operation, the subcarriers span one octave of frequency,
ie., for k=N, fyv £2f, and thus we should have N, = N. In MO operation, where
Nmin < N, the number of IMD; terms of the form f; £ f;, 4,5 =1,2,..,N and i # j,
that affect channel k is given by [32]

Ao(k), k=N — Npin or k = Nppin + 1;
Py(k) ={ (k) > ¥ (33)

Aa(k) + Aa(k + 1), otherwise;
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where As(k), the number of IMD; falling between channels (k — 1} and k, is

N+1—Nmiﬂ—-k, ].SkSN"Nmin;
AQ(k) = 0: N - Nmi-n + 1 S k S Nmin + 11 (3'4)
L'é‘(k“‘ Nmin_l)_l: Nmin+2SkSN;

where | X | is the largest integer not greater than X. In the case of SO operation there is

no IMD; falling in the operating bandwidth, therefore
P(k) = 0. (3.5)

The number of IMD; terms of the form f; + f; £ fx, 4,7,k =1,2,...,N and i 5 j # &k,
for both MO and SO is [32]

Py(k) = §(N —E+ 1)+ [V =32 - 3] (36)

3.3.1 The Effect of Laser Phase Noise

When the channel is corrupted by laser phase noise, the power spectrum of the signal is
broadened. It has been shown that the contaminated spectrum is given by the convolution

of the signal power spectrum Si(f) and the power spectrum of the laser line Gpn(f) [37]:

Skpn(f) = Sk(f) * Gen (f), (3.7)

where

.
1

|t

(3.8)
0, otherwise;

1: -2 S S -+
Sk(f)={ f-B<f<h
B is the receiver bandwidth when the laser phase noise is negligible, and Gpn(f) is as
given in (2.10).
Thus
f_fk‘l'% 2T 211!
Sken(f) = 2,/:,_&_3 {ﬂ'AV [1 + (E) ]} dx

z

% {,ﬁm_I [2(f - Af:) + B] - [2(f - g:;) - B}} (39
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In the above derivation, we have assumed an ideal rectangular signal power spectrum
for each uncontaminated channel. The quantity Av in (3.9) represents now the FWHM
linewidth at the intermediate frequency (IF), i.e., the sum of the transmitter and the local
oscillator laser linewidths.

In Fig. 3.3 is illustrated the power spectrum of the signal in a channel corrupted by
phase noise, for several values of the normalized laser linewidth Av/B.

Since the effect of the phase noise is to broaden the signal spectrum in each channel,
the bandwidth of the bandpass filter ai the receiver should be increased to avoid distortion.
We define B;p{Av) as the bandwidth necessary to accommodate 95% of the power of the

signal in the contaminated channel:

fk+—l£2—5 (Aw)
-/..fn—B[E(M) Skpn(f)df = 0.95 '/::0 Skpx (Fdf. (3.10)

The variations of the normalized bandwidth B;r(Av)/B with respect to the normalized
laser linewidth Av/B are shown in Fig. 3.4.

3.3.2 Optical Phase Modulation (OPM)

The received photo-current in an SCM/CD network is given by (2.4),

i(t)=R {PLO + By(t) + 2¢/ PLo Pu(t) cos[2n (f; — fro)t + ®(t) + B(t)]} +7{t) (3.11)

where R is the photodiode responsivity, Ppo is the local laser oscillator power, Py(t) is the
received signal power, f, is the optical carrier frequency, fro is the local laser oscillator
frequency, ®(t) is the modulated optical carrier phase, 6(t) is the phase noise, and n(t) is
the additive noise. When OIM is used, the phase $(¢) is fixed (beside the residual chirp
the intensity modulator may have), whereas in OPM, the received optical signai power

P,(t) is constant. In the latter case, the N subcarriers modulate the phase as follows:

&(t) = f: B cos[2m fit + ze(2)], (3.12)
k=1

where By is the individual phase modulation index of the kth subcarrier, at frequency f,

and z(t) is the information signal modulating the kth subcarrier.
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The information signal, as seen in Section 2.1.1, could be either an analog or
a digital signal. One of the modulation schemes that has gained popularity is FSK
[15, 16, 17, 31, 37, 38]. The reason is that FSK offers a better discrimination against
noise and interference than other digital modulation techniques, and allows for the use of
asynchronous demodulator receivers (e.g., the “delay and multiply” receiver) which are
simple and less expensive. Also, the increase in the required bandwidth by FSK can be
accommodated in a fiber-optic system. This makes FSK probably the simplest technique
for multiple-access network applications [39).

The use of continuous-phase FSK (CPFSK) is preferred [37]; it is chosen here also.

The signal modulating the subcarrier will be in that case
t
z(t) = 21 fq jf > aig(r —iT)dr, (3.13)

where f; is the peak frequency deviation, ¢; the binary information, g(t) a rectangular
pulse, and T the bit period.

Assuming that all subcarriers have the same phase modulation index 3, and ignoring
the DC terms in (3.11), which do not carry information, the received photocurrent can
be expanded as follows [17]:

ipm(t) = 2R\ProP, f f Tni(B).dnn (B) cos [27 frpt+

n=—00 AN=—00

ni(2mfit + 21 (1) + . +nn@rfyt + v () + 00} +n(t),  (3.14)

where fir = (fs — fro) is the ~termediate frequency and J.(8) is an nth order Bessel

function of the first kind.
In heterodyne detection, only one of the optical sidebands is used and the signal for

the kth channel is obtained by setting index nz = —1 and the remaining indices to zero:

ixpu () = 2Ry PLo Py i (B)Jo(B))V ™" cos(2m(fir — fi)t — (£} + 6(2)], (3.15)

and the effective optical AM index is

Mepy = Jl(ﬁ)[JO(JB)]N“I- (3.16)
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From (3.15}), the carrier-to-noise ratio (CNR) is then,

_ 2R*Puo P Ji*(8)[Jo(B)]*N 2

CNR
o+ oh+ ol +od+0d]

(3.17)

where noise terms in the denominator are [17]:

(i) 02, = 2¢RPLoB;r(Av) is the shot noise power (q is the electron charge);

(ii) o3, = KTFyBir(Av)/Ry is the thermal noise power (K is Boltzmann’s constant,
T is the absolute temperature of the receiver, Fyy is the receiver noise figure and R, is
the receiver load resistance);

(iii) o2 is the adjacent-channel crosstalk noise power (It could be neglected with suffi-
ciently wide channel spacing. When CPFSX is used for the information signal, a subcarrier
separation of twice the bit rate is generaily enough to avoid interchannel interference [39));

(iv) 02y = 2R?*PLo Peha(Av) Pa(k) 14 (B)[Jo(B)]2¥ 4 is the variance of the second-order
distortion; and

(v) 02y = 2R*PLoPsha(Av)Pa(k)J,%(8)[Jo(B)]2V 6 is the variance of the third-order
distortion.
The quantities hy(Av) and h3(Av) are coefficients that are the fractions of IMD, and
IMD; powers respectively that remain in the bandpass filter output in the receiver. The
details on the evaluation of these coefficients are given in Appendix A. As shown in

Appendix A, the corresponding expressions are

f 2
%[3 - B”?(AV)} : Af < SB[F(AV)§

ha(Av) = (3.18)
0, Af > 3BIF(AV);
and )
mmm=1_b_§%§ﬂ]. (3.19)

A graphical interpretation of (3.18) and (3.19) is given in Fig. 3.5. As the laser
linewidth increases, both coefficients increase and this is a direct consequence of the
necessary increasing of the IF bandwidth, since this results in more IMD’s power into the
receiver. Throughout our analysis, we have assumed all the noise sburces to be Gaussian. -

The optimum phase modulation index S for each channel is obtained by maxi-

mizing the receiver sensitivity, which is equivalent to minimizing P, for a given CNR that
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would be enough to produce a BER of 10-°. For that purpose, we linearize {3.17) by
setting, for small 3, Jo(f) =1 and J,{8) ~ 8/2 and solve it for P,:

- 20 + o] _
b = R2Ppo [fex — ha(Av) Py(R)EE — ha(Av) Py(k) 5] (3.20)

By equating the partial derivative with respect to 4 to zero, we get the following equation:

2

- G + he(AV) Pk} + Shs( ) Py(R)B* = 0. (3.21)

The solution of (3.21) yields the optimum optical phase modulation index

—4ha(Av) P (k) + [16{&2(Au) Bk)} + mhagAugagkg]% 2

CNH

Pt 3ha(Av) Pi(k)

(3.22)

The optimum phase modulation index as a function of the laser linewidth for the
multi-octave mode of operation and for the same system parameters as in the experiment
reported in [17] is given in Fig. 3.6. The system parameters are summarized in Table 3.1
and will be used in the rest of the thesis as the typical system parameters in our analysis.
For negligible laser linewidths, the results are consistent with [17]; when the phase noise
starts to affect the performance of the system, the phase modulation index should be

decreased.

When operating in single-octave, this result simplifies to

Bops = 2 . (3.23)
[3ha(Av) Py(k)CNR)S
If we combine equations (3.20) and (3.21), we get the expression for the optimum receiver
sensitivity:
].6[(7'2'l -+ O'?h]
P, (Av) = E . 3.24

) = B Bl B PRy s + o B} PO (429

The receiver sensitivity penalty due to phase noise is defined as
AP,(in dB) = 10log Lt (BV)] (3.25)

[Prope(Av = 0)]
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Parameter | Value | Units Meaning
N 20 Number of channels
Ry 100 | Mb/s Bit-rate per channel
Af 200 | MHz Chanrel spacing
m=2f,T | 0.75 FSK index
B 120 | MHz | Receiver bandwidth for negligible laser linewidth
Fy 3.8 dB Receiver noise figure
Ry 50 | Ohm Receiver Load Resistance
Pro 0 dBm Local laser oscillator power
A 1.3 pm Wavelength of operation

Table 3.1: System parameters for numerical calculations

3.3.3 Optical Intensity Modulation (OIM)
The applied voltage in (3.1) could be written as
Vr
o) = o + Ving(0) (5:26)

where a is the external modulator bias coefficient, when & = 1 the modulator output

power is half the maximum,; V,, is the voltage amplitude of each subcarrier, all assumed to

have equal values, and y(t) is the sum of N modulated subcarriers each of unit amplitude:
N

y(t) = rzl cos2x fit + z;{t)). (3.27)

‘The received optical power in (3.1) can then be expressed as
P,(t) = Py sin? [5"—’ + Eﬁy(t)] (3.28)
4 2V, ’

where Pr, is the hypothetical maximur: optical power received.
In the expression for the receiver photocurrent (3.11), both the root-mean-square

amplitude of the electrical field of the optical wave v/ P5(t) and its intensity P,(t) are
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detected. The voltage-intensity (3.28) and amplitude-intensity (root-square of the ex-
pression in (3.28)) curves of the external intensity modulator are shown in Fig. 3.7. It
can be seen that the latter characteristic, unlike the former, does not have an inflection
point which would eliminate the second order distortion. Furthermore, the linear zone
of the voltage-amplitude curve is at lower bias voltages, while the dynamic range of the
system is restricted when reducing a or equivalently the bias voltage. For ﬂhese reasons,
the modulator bias « should be optimized.

The distortion inherent to OIM can be expressed by expanding the amplitude of the

electrical field of the optical wave into a power series [3]:

\/—% = \/E {sin (%E) + me,y(t) cos (Ef-) - %[ﬂ%f]2

. fam 1 arn
sin (-4—) + ﬁ[m@_‘,]3 Cos (T) + } , (3.29)
where
7 Vin
Mey, = E'Vw (330)

is the effective optical AM index. Ignoring the terms of order higher than three and

combining (3.11) and (3.29), we get the expression for the receiver photocurrent:

inult) = RP(L)+ 2Ry ProPr {sin (OF) 4 mey(t) cos (5 ) — o fme,

sin (%) + :—31~![ﬂr1..3,]3 cos (9;3)} cos[2 firt + 0(2)} + (), (3.31)

where 8(t) is again the laser phase noise and 7{t) is the additive noise.

As shown in Chapter 2, the selection of a specific channel, say the kth channel, is
done by tuning the local oscillator laser so that the channel frequency (f;r — fi) coincides
with the central frequency'of the bandpass filter. After neglecting the direct detection
term RP,(t) (which is weak in comparison to the IF term), the term that contains the

signal for the kth channel is
ik (t) = 2R/ Pro Pnme, cos (%ﬁ—) cos 27 fipt + 0(t)] cos(2n fiit + zi(t)]. (3.32)

The bandpass filter will pass only the difference term and the signal for the kth channel
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is
or

Tk pe (t) = Rof ProPmme, cos (-—4—) cos[2m{(fir — fi)t — zk(t) + 6(2)]. (3.33)

There is an additional problem in the case of OIM; the effective AM index is re-
stricted by distortion considerations, due to the non-linearities at the extreme ends of the
intensity modulator characteristic. Thus, for a proper intensity modulation, we should
have (from (3.28) and (3.30))

ar
Ime,y(O < - (3.34)
where y(t) is as defined in (3.27). For an orthogonal set of signals, we note that we must
have

ly()l < VN, (3.35)

where N is the number of channels. After a substitution in (3.34), we find that

ar
< ——=. 3.36
Me; = N (3.36)
The CNR is then
. R2 2/amy, .2

CNR = — 2.1 20Pm 008" (5 )y (3.37)

o2 + o + o+ o+ oY
The second and third-order distortion terms are derived in Appendix B. We have

proved the following expressions for the IMD,; and IMD; powers:

1
ol = ngPLO Prha(Av) Py(k) sin® (egi) iy (3.38)
and -
Oag = 3—2-R PLotha(AV)Pg(k) COos (—&—) My - (339)

The remaining noise terms are as defined below equation (3.17). By solving (3.37)

for F, we get

2 2
Pn(v) = i T . (3.40)
R P | B2, — OIP® S AE) 0 ho(S0) Pl os (-.,-ngI]

To maximize the receiver sensitivity, or minimize P, the optimum pair of param-

eters (o, m.s) can be found. This has been done numerically, taking into account the
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constraint stated in (3.36). The optimization is complicated here due to the fact that the
theoretical m,,  is sometimes less than and sometimes greater than the practical limit
(3.36), depending on the value of the coefficient a. Thus, in some cases suboptimum
values have been chosen.

Fig. 3.8 shows the variations of the receiver sensitivity P, versus o (3.40), for
some values of the laser linewidth and for the worst channel (channel No. 1). Fig. 3.9
and Fig. 3.10 illustrate the optimum external modulator bias coefficient cpt, and the
corresponding optimum modulation index me.,,, (values optimizing (3.40)), respectively
as functions of the laser linewidth, for both the best and worst channels (channels No. 11
and No. 1, respectively). The previoﬁs results have been obtained for the multi-octave
mode of operation. The same procedure has been followed in single-octave operation. For
negligible laser linewidths, the results are consistent with [31].

The receiver sensitivity penalty due to phase noise is defined as in (3.25):

[Prop (AV)]

AP,(in dB) = 10log P, (A = 0)] .
Mopt -

(3.41)

3.3.4 Comparative Analysis of Performance

Fig. 3.11 shows the maximum receiver sensitivity for the OPM (3.24) and the OIM (nu-
merical optimization of (3.40)) networks as a function of the laser linewidth and for the
multi-octave mode of operation. The sensitivity for the OIM system lies between the best
and worst channels for OPM. Furthermore, the channels are much closer in OIM than
they are in OPM for any value of the laser linewidth; that is the overall performance of
the OIM network, determined by the worst channel, will be better with respect to the
laser phase noise.

The receiver sensitivity penalty due to phase noise, (3.25) and (3.41), is shown in
Fig. 3.12; it is clear that the OIM scheme is more tolerant to laser phase noise than the
OPM scheme. Finally, if we can tolerate up to 1dB penalty in the receiver sensitivity,
we can read from Fig. 3.12 that the maximum allowable FWHM normalized linewidth

AVmaz/ B is 4.5% for the OPM network and 5.7% for the OIM network. As an example,
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Figure 3.10: Optimal external intensity modulator bias coefficient ,y, as a function of

the laser linewidth for the best and worst channels in multi-octave operation.
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and for the data listed in Table 3.1, Ay, = 5.4 MHz for OPM and Ay, & 6.8 MHz
for OIM. '

In a single-octave mode of operation, only “hird-order intermodulation distortion
IMD; affects the system; the best and the worst channels become then channels 1 and 11,
respectively. The maximum receiver sensitivity and the corresponding penalty for both
the OIM and OPM schemes are illustrated respectively in Fig. 3.13 and Fig. 3.14.

We can see that the best and worst channels are much closer than in MO mode
of operation. The penalties due to phase noise in OPM and OIM are the same within
0.5 dB. However, the OPM scheme performs better in terms of the maximum receiver
sensitivity as shown in Fig. 3.13. The limitations on laser linewidth are 6.2% and 6.5%
for OPM and OIM respectively.

We have run the simulation for larger numbers of channels and the previous conclu-
sions on the network performance remain valid. We note however that the modulation

depth in OIM is severely restricted for large values of N, because of the constraint stated
in (3.36).

3.4 Laser Phase Noise and the SCM/CD Multiple-

Access Network

In the multiple-access network architecture (see Fig. 2.3), an exclusive subcarrier is as-
signed to each transmitter. There is no intermodulation distortion since the channels are
not physically combined; there will be only harmonics created by the non-linear optical
modulation of a single channel per transmitter. Since the amplitude of the harmonics
is less than the amplitude of the IMD terms and their number being r:uch smaller, the
problem of nonlinearity is less severe than in the SCM/CD distribution network.

In order to extend our analysis to the SCM/CD multiple-access network, some
assurrptions must be made. First, we assume that all users transmit with the same
average optical power and that the optical path loss is tiie same between ary two users [5).

It has been no_ted in Section 2.1.2 that the main source of shot noise was the local
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laser oscillator, and that the excess shot noise produced by all the network users will
remain small as long as the local oscillator power is much stronger than that of the
received signal. A rather conservative estimate will be made in our analysis for simplicity
purposes; we will assume that the excess shot noise power at the receiver is half of that

due to the local laser oscillator.

3.4.1 Multi-Octave Operation

The same subcarrier frequency allocation as in the SCM/CD distribution network will be
adopted here. This will ensure that the second-order harmonics will fall in the guardband
between the channels. The maximum number f second-order harmonics will be two; this
is for the worst channel (channel 1). The thiid-harmonic interference will be neglected.

Because the number of interferers is small in the second-order distortion noise, the
assumption of a Gaussian distribution is not accurate. However, a frequency-domain
analysis based on Gaussian approximation gives reasonably good estimates and leads to
simple expressions [37].

In the case of OPM, and from (3.74), where N is set to 1, the power of the signal
in the kth channel is given by

< i3y >= 2R*PLoPJE(B), (3.42)
and the power of the second-order harmenics aifecting channel k is
< Ooppy >= 2R2PLo Poho(Av) Pa(K) J2(B), (3.43)

where P(k)=2 for the worst channel, and hy(Av) is as given in (3.18). The expression
for the receiver sensitivity (3.20) becomes then

o3 + o]
2R?Ppo [%«% - hz(AV)P2(k)J22(B)] ,

where the shot noise power has been adjusted as explained in Section 3.4.

F,(Av) =

(3.44)

When OIM is used, the power of the signal in the kth channel is given by (B.3) in
Appendix B: .

. 1
< 12”&! = §R2PLOPm COS,2 (.i_ﬂ) mEI . (345)
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From (B.6), the power of the second-harmonic interference affecting channel £ is

1
< Jgh;M o= ﬁRszothz(AV)Pz(k)' sin® (-a—;—r) mﬂ, ) (346)

and from (3.40), the receiver sensitivity is as follows:

Pr(Av) = ok, +op, -
" R cos?(2X) o ha(Av)Pa(R)sind(SF) 4 |’ (3.47)
R*Pro | ~onR Mer — = m,

where again F,(k) = 2 for the worst channel.

The same method for finding the optimum modulation parameters for OPM and
OIM is used once again. Fig. 3.15 shows the optimum phase modulation index B for
OPM (optimization of (3.44)), the optimum effective AM index m,,, and the correspond-
ing intensity modulator bias coefficient o, for OIM (optimization of (3.47)). These values
have been computed for the worst channel.

The maximum receiver sensitivity, (3.44) and (3.47), for these optimum values is
shown in Fig. 3.16 as a function of the laser linewidth. The results of the comparison are
here clearly in favor of the OIM. Furthermore, and as illustrated in Fig. 3.17, the OIM
scheme suffers less penalty from the laser phase noise than the OPM scheme does, for any
value cof the laser linewidth. The same conclusion was derived in the case of the SCM/CD
distribution network.

From Fig. 3.17, it can be found that for a 1 dB penalty in the receiver sensitivity,
the maximum allowable FWHM normalized linewidth is Avpe-/B = 4.7% for OPM and
AVpae /B = 6.0% for OIM. This is about the same result as for the distribution network.

3.4.2 Single-Octave Operation

In the single-octave mode of operation, there is no second-order distortion falling in the
bandwidth of operation; the only effect caused by the laser phase noise is directly due
to the enlargement of the IF bandwidth, which allows more and more shot and thermal
noise into the receiver as the laser linewidth increases. As a consequence of that, all

the channels of the multiple-access network will perform the same way. Moreover, the
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penalty due to the laser phase noise will not depend on the optical modulation technique
used. Since the modulation index is not restricted by any nonlinearity considerations, the
maximum receiver sensitivity is obtained for the maximum achievable effective optical
AM index.

In the case of OPM, and from (3.42), the effective AM index is simply J,(8), and its
maximum value is J)(#)} = 0.58 for § = 1.8. When OIM is used, the optimum modulation
parameters are obtained from (3.45) in conjunction with (3.36). It is found that ap = 1.1
and me,, = 0.86. The maximum receiver sensitivity is illustrated in Fig. 3.18. This is
a graphical interpretation of (3.44) and (3.47) where Py(k) is set to zero and where the
above optimum values are used. As for the SCM/CD distribution network, OPM is by
far the best suited modulation technique in the single-octave mode of operation.

Fig. 3.19 shows the penalty experienced by any channel of the multiple-access net-
work. As expected, the same penalty is obtained for both OPM and OIM. For a 1dB
penalty in the receiver sensitivity, the limitation on the laser linewidth is Avpe./B =
7.2%.

3.5 Number of Users

Another point of intersst is the potential number of users for both the SCM/CD distribu-
tion network and the multiple-access network. The limitations on the receiver sensitivity
set by the laser phase noise will in turn set limitations on the potential number of users
of the network.

First, a distinction has to be made between the number of channels and the number
of users, especially in the case of the multiple-access network. The potential number
of users is mainly determined by the available power budget, whereas the number of
channels is restricted by the available system bandwidth and the speed of the electronics
used in the network. Thus if the number of users exceeds the number of channels in the

multiple-access network, a protocol has to be used to resolve the contention for accessing

the network.
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If an M x M star coupler, made of n stages of 2x2 (i.e., M = 2") is used, the
maximum number of stages is given by

P.(dBm) — Pope(Av)(dBm) — 1;(dB)
3 +1.(dB) ’

Temaz[AV] = (3.48)

where:
(i) P, is the transmitter power of each user;
(ii) Pope(Av) is the optimum receiver sensitivity. The expressions for F,,, (Av)in OPM
and P, (Av) in OIM are used for each type of network and for the worst channel;
(iii) Iy is the fiber loss. We assume l; = 3 dB, which corresponds to a fiber length of
approximately 7.5 Km for a typical single-mode fiber having losses of 0.4 dB/Km; and
(iv) I, is the coupler excess loss. It is assumed to be 0.1 dB.

The maximum number of users is then
olrmez] < M, oo < 2lPmesltl (3.49)

Fig. 3.20 and Fig. 3.21 show the maximum number of users for the distribution
network and the multiple-access network, respectively. Since the potential number of users
reflects the maximum receiver sensitivity for each case, it can be seen from Fig. 3.20 and
Fig. 3.21 that, on the average, when comparing the performances for both multi-octave
and single-octave modes of operation, the OIM modulation technique, when compared to
OPM, allows for a significantly large number of users while it keeps a good performance

with respect to the laser phase noise.

3.6 Summary

In this chapter, an investigation of the impact of laser phase noise on SCM/CD networks
has been presented. Optical phase modulation (OPM) and optical intensity modulation
(OIM) have been applied to two kinds of SCM/CD networks, namely the distribution
network and the multiple-access network, and the optimized performances were compared.

It was shown that, on the average, OIM has the potential for improved performance
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compared t¢ OPM; this is mainly due to the possibility of reducing the system nonlinearity
by proberly optimizing the modulator bias for each value of the laser linewidth.

The limitations on laser linewidth have been derived and it is clear that for bit-
rates under about the 500 Mb/s range, the use of the presently available semiconductor
lasers will lead to high penalties in the receiver sensitivity and will seriously degrade the
performance of the networks. For bit-rates above that range, the SCM/CD networks
prove to be competitive, and the use of semiconductor lasers does not affect seriously the
systems performance.

The concept of SCM/CD networks can readily be extended to multiple optical wave-
lengths, thus making it compatible with the concept of optical FDM networks. It offers
an efficient alternative for the implementation of photonic communication networks that

can make use of the presently available technology.



Chapter 4

Phase Noeise Cancellation

Techniques

4.1 Introduction

!t has been shown in Chapter 3 that for relatively low data transmission rates per channel,
SCM/CD networks using semiconductor lasers would suffer severe phase noise induced
degradation. The most obvious solution to alleviate the effect of the phase noise is to de-
sign semiconductor laser sources with narrow linewidths. Two successful approaches have
been implemented. The first one consists of an injection locking of the semiconductor laser
to a narrow-linewidth master oscillator laser (e.g., a gas laser) to reduce the linewidth to
acceptable levels. While this technique can substantially reduce the linewidth, it is hardly
justified to have a bulky gas laser at every network user location. A viable alternative is
to use a centralized stable source, but this will make the problem of tunability difficuit to
be overcome.

The second techrique makes use of an external cavity coupled ‘o the semiconductor
laser. The construction of such a laser is shown in Fig. 4.1. The principle of its oper-
ation is based on the reduction of the reflectivity of the semiconductor laser facets by
providing anti-reflection coating. This will make the coupling between the semiconduc-

tor laser and the external resonator adequately strong and the oscillation frequency will
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Figure 4.1: External-cavity semiconductor laser.

be determined predominantly by the external cavity resonance [41]. This technique can
achieve narrow-linewidths down to several kiloHertz, but this is done at the expense of
large-size cavities. It also requires precision mechanical alignments; all this makes the
external cavity feedback laser a poor alternative to the simple monolithic device.

The complete solution to the problem of laser phase noise is to obtain and design the
optimum receiver for & received signal contaminated by laser phase noise. This approach
will be discussed in the next section. Other phase noise cancellation techniques will also

be presented.

4.2 The Optimum Receiver

The detection problem of a signal contaminated by laser phase noise could be treated
in the same fashion as it is done for conventional signal detection in communications.
For instance, this problem can be viewed as finding the projections of the received signal
on relevant signal directions. A diversity vector communication receiver will obtain the
relevant received vector from the received waveform [42]. This is done by processing the
received waveform in N separate branches of the receiver, where N is the number of
relevant signal directions. In each branch, one projection of the relevant received vector
is obtained. All the obtained projections will then be processed and a decision is made

according to a decision rule. Thus for a received phase noisy signal in additive white
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Gaussian noise, the signal decomposition into orthogonal set of vectors may be obtained
by using the Karhunen-Loeve expansion. This approach has been investigated in [43]; it
was found that the introduction of phase noise increases the number of relevant signal
directions from a few to a very large number. This makes the task of designing an optimal
receiver for signals corrupted by phase noise very difficult.

In Chapter 3, an ideal demodulator (see Fig.2.1 and Fig.2.3) was assumed. In
practice, the demodulator will introduce a penalty on the performance of the receiver and
further degradation is expected if asynchronous demodulation is used.

In [43], three binary modulation formats of the data, on-off keying (OOK), frequency
shift keying (FSK) and differential phase shift keying (DPSK) were evaluated in terms
of their bit-error performance in the presence of laser phase noise. Optimal detection
strategies and suboptimal receivers were derived in each case. The analysis has shown,
in particular, that asynchronous detection of binary FSK can be performed with an er-
ror probability penalty, due to phase noise, of less than 3 dB. This robustness against
phase noise is attained by appropriately modifying the conventional envelope detector re-
ceiver. A wider front-end filter and an additional post-squaring filter were required. The
modification of the conventional, optimal or suboptimal, receiver structure for binary
modulation formats in order to make it less vulnerable to phase noise, is an important
point in the analysis carried out in [43]. The author has emphasized the trade-off between
the phase noise and the additive noise, since it is the combination of these noise processes

that degrade the performance of the receiver.

4.3 Phase-Locking and Phase-Diversity Receivers

An alternative solution to the optimum receiver is to use, at the receiver, a phase-locked
loop (PLL) that can partly track and thus reduce the effective phase noise, thus providing a
reference signal that can be used to demodulate the received signal. If homodyne detection
is used, there will be a need for an optical PLL, whereas in heterodyne detection, an

clectronic PLL at the IF stage is required. Simplified block diagrams of the PLL circuit
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for both cases are shown in Fig. 4.2. However, it is very hard to design such kinds of
PLL [44]. This is due to the fact that the bandwidth loop should be made wide enough
to allow tracking of the phase noise variations, and at the same time narrow enough for
a distortion-free demodulation. Thus, a careful optimization of the PLL bandwidth is
required.

An interesting technique, called phase-diversity receivers, has been introduced to
avoid the optical PLL in homodyne detection [30, 45, 46, 47]. The principle is shown
in Fig. 4.3. The idea is similar to that of polarization-diversity receivers described in
Section 2.2.3. An optical device called “a hybrid” combines the received signal and the
local oscillator fields, E, and ELo, to produce a set of output fields {Ex}; the field E,
in the kth branch of the receiver is a linear combination of E, and Ejo. The fields { E\}
are nonlinearly detected separately and the resulting currents {i;} are summed. The
individual contributions of the phase noise towards the currents {i,} will cancel out and
the resulting current will be independent of the phase noise. '

For example, in the case of a two-branch ASK receiver, the hybrid will introduce a
90° relative shift between the signal and the local oscillator fields in one of the branches.

Thus, we will have

E, = L(Es-i-ELo),
E2 = L(Es +jELO): (41)

where L is a constant of proportionality taking into account the losses introduced by the
90° hybrid. Assuming identical photodetectors and using (2.4) with f;» = 0 (homodyne

detection), the photocurrents in the two branches are given by

il = LR P,PLoCOS[‘I)(t)], -
ia = LRy P,PLosin[®(t)]. (4.2)

Thus, when the phase ®(¢), which includes the phase noise, varies, the currents ¢, and i,

will not fade at the same time. If these currents are squared then surnmed together, the
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Figure 4.3: Phase-diversity receiver.

result is completely independent of the phase noise and is equal to
iror = L*R?PoP.. (4.3)

The drawback of such a technique is that the number of electronic components is
at least.doubled. However this doubling of complexity is modest when compared to the

needs of an optical PLL.

4.4 Transmitted Reference Signal

The problem of phase noise may be viewed as a lack of reference signal at the receiver.
If the receiver is provided with a means to produce a reference signal, then the receiver
output would not be affected by phase noise. The identical phase noise processes, in the
transmitted and the reference signals, will cancel out to yield the pure modulated signal.

"That is the essence of the transmitted reference techniques. The approach here is
different from that of the previously presented methods in a sense that both the signalling

mechanism and the receiver structure are optimized to achieve a good performance in the

presence of the laser phase noise.

We can divide these techniques into three categories.
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4.4.1 Direct Transmission of the Local Oscillator Signal

Here the local oscillator signal is transmitted in addition to the information signal. A beam
splitter can be used to separate the output of the transmitter laser into two branches,
one of which is modulated to generate the information signal and the other will serve as
a reference signal at the receiver.

[deally, the two signals would suffer the same amount of phase noisc and the receiver
would be able to carry a phase-noise free detection. However, because of the attenuation
in the transmission channel, the reference signal at the detection would not be strong
enough to be used as a local oscillator. The combined effects of the thermal noise and
the dark current at the receiver would be significant and would overcome the effect of the
laser phase noise that we intend to eliminate.

An optical amplifier can be used [48] to boost the local oscillator signal. The optical
amplifier will introduce additive noise in both the information and reference signals.

More investigation should be carried out to evaluate the performance improvement

introduced by the use of optical amplifiers.

4.4.2 Transmission of a Reference Signal

A different scheme is described here. A local oscillator laser is present at the receiver,
and the purpose of these techniques is to provide the receiver with a reference signai vhat
will be used after photodetection to undo the effect of the laser phase noise.

Since it is more convenient to transmit both the reference and the information
signal through the same fiber, an orthogonality condition between the two signals should
be provided to avoid interference. The receiver then extracts the signals from the sum
signal.

Two methods have been reported to achieve the orthogonality condition [49]-[52].
The first one introduces a frequency shift between the two optical signals, i.e., the infor-
mation and the reference signals. The frequency shift is appropriately chosen so that no

spectral overlapping occurs; this means that the frequency shift should be much greater

62



than both the data rate and the laser linewidth.

In Fig. 4.4, the principle of this method is shown. The receiver can separate the two
signals by the appropriate IF filtering.

The second method introduces an orthogonality in the polarizations of the two
signals. An implementation example of this method is shown in Fig.4.5. A polarizing
beam splitter separates the orthogonal polarizations z and y of the transmitter laser; one
component is modulated with the information data, while the other will serve as a phase
reference. The receiver can separate the two signals by using another polarizing beam
splitter.

In both methods, the receiver at the IF stage gets two copies of the phase noisy IF
carrier, one modulated and the other unmodulated. These two signals are then correlated,
and through the mean of a nonlinear processing, the common phase noise term is cancelled.

These techniques reduce to some extent the effect of the laser phasc noise, but a
perfect phase noise cancellation is not possible due to the additive noise introduced in the

photodetection process.

4.4.3 Miscellaneous Techniques

In this category, a brief description of some other phase noise cancellation circuits that
have been suggested is presented. In [53] and [54], the authors propose two different
schemes to extract a reference signal from the received signal by means of appropriate IF
filtering. In Fig. 4.6, the circuit proposed in [53] is shown. One branch of the circuit will
filter ovt the data channels , while the other will pass the IF carrier only. The two signals
are ¢ :ated by the mean of an electrical mixer, and because the phase noise is common
to both signals, it will effectively be cancelled.

For a complete cancellation, a perfect matching of the propagation times in the two
branches should be realized, i.e., 7 = 0. This is however difficult to satisfy in practice.

There are other means to reduce the effect of laser phase noise. In [55] and [56],
the authors propose nonlinear receivers. These are based on nonlinear postdetection pro-

cessings such as those using delay-line discriminators and limiter-discriminator detectors.
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The analysis of these techniques is outside of the context of this thesis.
It should finally be noted that such methods are designed for specific modulation
schemes (FSK, DPSK, ...etc) and some of these work only for a specific value of the

modulation index, like the circuit presented in [56].
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Chapter 5

Conclusions and Suggestions for

Future Work

In this thesis, we have attempted to provide a study of the performance of subcarrier-
multiplexed photonic networks in the presence of the laser phase noise. The subcarrier
multiplexing at the microwave level, associated with coherent detection at the optical level,
offers an efficient alternative for the implementation of photonic networks using the com-
mercially available electronic and optical components. The emphasis of the investigation
has been on the receiver sensitivity performance of two kinds of subcarrier-multiplexed
photonic-networks, where the transmitter and receiver lasers are corrupted by significant
phase noise.

After the introduction, the concepts of multi-channel subcarrier-multiplexed pho-
tonic networks using coherent detection were presented in Chapter 2. Both the SCM/CD
distribution network and the SCM/CD multipie-access network have been described. The
operation of each network has been explained and the most important problems that even-
tually set limitations on the performance of such networks have been discussed. An ex-
planation of the origins of the laser phase noise has been provided, as well as a description
of the mathematical model that has been widely accepted for theoretical analyses.

In Chapter 3, the effect of laser phase noise on both kinds of SCM /CD networks has

been investigated. A simple model has been used to describe the effect of phase noise on
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the power spectrum of the received sigriai. Then, the performance of the SCM/CD net-
works for two optical modulation formats, namely the optical phase modulation (OPM)
and the optical intensity modulation (O1M) has been optimized. The modulation param-
cters have been optimized for the best achievable receiver sensitivity in each case. It has
been shown that for the SCM/CD distribution network, the OIM scheme outperforms the
QOPM scheme in terms of the tolerance to the laser phase noise, in & multi-octave opere-
tion. In a single-octave mode of operation, the OPM allows for higher receiver sensitivities
while the effect of the laser phase noise for both modulation schemes is basically the same.
The performance of the distribution network remains essentially the same when the num-
ber of channels increases. However, because of the ron-linear distortion introduced by
the external intensity modulator, the modulation depth in OIM is severely restricted as
the number of channels becomes large.

In the case of the multiple-access network, the investigation has led to the same
conclusions as for the distribution network, with the difference that the intermodulation
distortion is less severe in this case; thus, the modulation depth in OIM can be set to
higher values.

The limitations on laser linewidths have also been derived, and it has been shown
that for relatively high bit-rates per channel, above half the gigabit per second, the
SCM/CD network approach has proved to be competitive. For bit-rates under this level,
the use of semiconductor lasers will seriously affect the performance of the networks.

A discussion on the potential number of users has a,l.éo been provided and it was
concluded that the OIM scheme offers, on the average, a better immunity to the laser
phase noise while it allows for a significantly large number of users.

In Chapter 4, different techniques to reduce the effect of laser phase noise have been
discussed. While the progress in opto-electronics and narrow-linewidth semiconductor
lasers is the key to cost-effective photonic networks, various methods have been presented
in the literature to overcome, or at least to reduce, the laser phase noise impact on
coherent photonic systems. The discussion coverage ranges from the optimum receiver

in the presence of phase noise to the transmitted reference signal techniques. Because of
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the compatibility of the SCM network approach with the corcept of FDM networks, and
the possibility of using readily available microwave and optical components, the approach
can constitute an excellent alternative, especially for the purpose of the distribution of
services.

The major problem being the laser phase noise, many issues related to it need
to be clarified before we can claim that phase noise will not be a significant issue in
coherent optical networks. For example, future work on this topic could include the effect
of the laser phase noise on the intermodulation distortion as well as on the cochanne
interference. A clear understanding of the interaction between these three phenomena
will help in improving the performance of the network receivers.

Another important issue is the derivation of the statistics of the variables, affected by
phase noise, that are encountered in the performance analysis of communication systems.
A compact statistical description of these random variables would reduce signilicantly the
design complexity of optimum receivers in the presence of phase noise.

While this thesis hag fccused on coherent photonic networks, the subcarrier multi-
plexing approach can be implemented using divect detection. Such an approach might
be very attractive in the near future as optical amplifiers, such as erbiuin-doped fiber
amplifiers, are becoming available.

Although a direct detection receiver would not suffer from phase noise in a single
channel configuration, in a multi-channel network however, the interfering signals will
yield cross terms that contain the effect of phase noise. Furthermore, the optical noise
introduced by the optical amplifier will also serve as an interference. In both cases, the
_interfering signals will play a role similar to that of a local oscillator laser in coherent
detectigg. An investigation of the effect of phase noise on direct detection photonic

& . . .
networks must be carried out to predict the performance of such networks and find possible

remedies.
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Appendix A

Evaluation of the Filtering
Coefficients for the I'ntermodulation

Distortion

When a specific channel is selected at the receiver of the SCM/CD network, the bandpass
filter will pass, along with the desired channel, a certain amount of second-order and
third-order intermodulation distortion power.

To evaluate how much IMD’s power gets through the bandpass filter, Olshansky
and Gross {17] define a coefficient h that takes into account this; for the IMDsy, it is

hy = dom SiF) * ;)| Hep(F)Pdf
TOG(F) * S;(Hdf

(A.1)

and for the IMDj it is

e = 172 50 * 5,(£) * Sul£)| Hurl 1) P
X2 8:(f) * 8;(f) * Se(Hdf )

where * denotes convolution, S;(f) is the power spectrum of the ith channel and Hpgp(f)

(A.2)

is the frequency respunse of the bandpass filter. In order to evaluate these coefficients
in the presence of the laser ohase noise, we will assume, as in [32], that the phase noise
does not influence very much the power spectrum of the IMD’s so that the degradation
of performance is mainly due to enlarging the bandwidth of the banduass filter, which

allows more IMD,, IMDj3, thermal and shot noise into the receiver.
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Figure A.1: Evaluation of the filtering coefficient for the IMD;.

To simplify the calculations, we will assume an ideal bandpass filter frequency re-
sponse centered at frequency fo with a bandwidth B;p(Av), as defined in (3.10). That

is:

1’ _ Bir(Av) < < pr!AU!;
Hap(f,Av) = { R (a3
0, otherwise.
The coefficients in (A.1) and (A.2) can be then rewritten as follows:
+00 g, _ 2
() < L5 S0) * Sy Hap (S, APy )

% S:(f) = 8;(N)df ’

and

IR Sf) % 5,0) % Sel ) HaplS, Av) P
W) = e e () s S (A.5)

Note that, because of the assumption made on the power spectrum of the IMD’s, the

signal power spectrum that appears in the convolutions in both (A.4) and (A.5) is that
of the signal in an uncontaminated channel, as defined in (3.8).

Fig. A.1 illustrates the different steps in evaluating ho(Av). We first have
400
™ s syundr = 2187, (5)

then
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Figure A.2: Evaluation of the filtering coefficient for the IMD,.

oo Brp(av)
[ 500 S(DIHspt B0l = 2 {z+[ -H]}dx

b 2
- % (Bir(Av) +2B — Af2,Af < Bir(Av) + 2B.
(A7)

Thus

LBl ) Lo 811% Af < Bip(Av) + 2B;
hz(AV)={8[ B + 3]: f_ IF( U)"‘ 1 (AS)

0, otherwise.
An upper bound is used in [32] by letting B = B;r(Av) in the expression of S;(f) * S;(f).
This assumption takes into account the broadening of the original signal spectrum due to

the laser phase noise. The filtering coefficient for the IMD, then becomes

ha(Av) = 51[3_ BH?(ALV)]2’ Af < 3Brr(Av); (A.9)
0, Af > 3Bip(Av). |

The same procedure is followed in evaluating hs(A:'/). From Fig. A.2, we see that

SN * SN sy = 6 [ el + Blae

3 [-|f| +§B]2. (A.10)

Thus
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[Zsinesnrsing = 2xs [ [n+38 e

27
= "Z"Ba' (A.11)

The numerator of (A.5) then becomes

Byplav)
2

2><3f0 [—-lfl-i—%Brdf

l

-+o0
j S * S() * Sl Hpe(f, Av)df

_ % [278° - (38 - Bie(a))],

(A.12)
giving us finally that
1127B% — (3B — Bir(A))®
ho(B) = = [ 2T B3 ]
4
3
- 1- [1—8;;(5—”—)} . (A.13)
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Appendix b

Derivation of the IMD’s Power for
the OIM Scheme

T'he following is our derivation of the powers of the IMD; and IMDj in the case of OIM.
The receiver photocurrent in the case of the OIM scheme is given by (3.31):

tim(t) = 2R\ ProPm {sin (%) + me, y(t) cos (9‘17[) - %[me,y(t)]2
sin (j—“) + %[me,y(t)]s cos (%) + } cosf2m fipt +6(2)],  (B.1)

where

y(t) = i cos[2w f;t + z;(2)].

=1
The first term in the right-hand side of (B.1) containing the information signal is

2Ry PLo P, cos (%) {i cos[2m ft + :cj(t)]} cos[2x fret + 0(8)] =
i=t
Ry Ppo Pmme, cos (%) Z {cos{2m fipt + O(t) & 2 fit + z; ()]} - (B.2)
1
. The power of the signal in the kth subcarrier is then
<2 >= %R2PLoPm cos? (QTW) m?,. (B.3)

The second term can be rewritten as
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_2RVFioPm ;‘[‘OP"‘ (m.,, )" cos(2x f;t + Ij(t)]) sin (0; ) cos27 fipt + B(t)] =
: J

—R\/PLoPnm? sm( 1 ) {Ecos (27 fit + z;()]+

233 cos[2n fit + z(8)] cos(2m fit + x;(t)] } cos[2x fipt + 8(t)] =
i#j

. [ar cosf2(2mw fit + ;)] + 1
— R/ PLo Pnm?, sin (T) {; ’2 1 +

S>> cosr(fit f;) + (zi £ SL‘J)]} cos[2x firt + O(t))]. (B.4)
igj

The single summation in (B.4) contains the second-order harmonics and the double surm-

mation represents the second-order intermodulation distortion (IMD,) terms of the type
fi % f;,1%# j. The second order harmonic in the kth subcarrier signal is thus
fon = R" F “’P —X 2 M sin ( . )cos[?vr fret £2(27 fut + z2) + 0(8)), (B.5)
and its mean-square value is
< i, >= :—;ERzPLoPm sin? (E;E) ms, . (B.6)

From (B.4), the power of an IMD; term is four times that of a second-order harmonic;

that is

< i, >= %RZPLOP,,, sin® ( 343) mi, . (B.7)
N
The total power of IMD; affecting the kth channel is then
< 0'2d >= gR PLoP hg(Av)Pg k) sin? ( ) m, - (BS)
The next term in the right-hand side of (B.1) can be expanded as follows:
__ 3
ProPn
?_R__\/Wm___ (me, Zcos[21rfjt + :L'J-(t)]) Cos ( 7 ) cos[2m fipt + 8(t)] =
Iy sy -
E—Mmgl co ( ) Z cos’[2m fit + z;(£)] +3 3. Y cos®[2x fit +
%]
x cos2m fit + z; ()] + 6D Z > cos[2 fit + 74(t)] cos[2r f;t + z;(t)]
i#i#
X cos[2m fit + zi(t)]} cos[2x firt + O(t)]. (B.9)
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The single summation carries the third-order harmonics, while the triple summations
represent the third-order intermodulation distortion (IMD3). The third-order harmonic

can be extracted from the single summation in (B.9) in the following way:

RvFLobm | €08 ( 2 ) {Z cos®[27 ft + x; (t)]} cos(2r firt + 8(t)) =
fy Lo —r——=Tm3 cos ( 1 ) {Z S cosf2n fit + z;(t)] + i Zcos[3(27rfjt + :r:j(t))]}
i J

x COS{27rf[pt 4+ 8(t)). (B.10)
The ampiitude of the third-order harmonic in the kth subcarrier signal is then

iap = 2—4R ProPmmi, cos (C: ) cos[2x frrt £ 3(2r fit + z(2)) + O(2)], (B.Il)

and its mean-square value is

R?P; o P, cos® (%T—F) mg, . (B.12)

n 1
<l 2= 5o

From (B.9), it can be seen that the amplitude of an IMD; term of the type fi£ f;+ fi,1 #
§ # 1, is six (06) times that of a third-order harmonic. Thus

<iiy>= ER Pro P cos ( I) mgl. (B.13)

Finally, the total power of IMDj falling in channel k is

1
< g3y >= ﬁRzPLoPmM(Au)Pa(k) cos? (a_;r_) me . (B.14)

€y
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