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(ABSTRACT)

In digital communication systems, several types of impairments may be
introduced to the signal. These impairments result in degraded system performance; for
example, high bit-error-rate or power penalty. For optical communication systems, in this
thesis, these impairments are categorized into four types; that is, thermal noise, shot
noise, signal-dependent noise, and intersymbol interference (ISI). By using a Gaussian
approximation, effects of the first three impairments are analyzed. It is shown that signal-
dependent noise introduces an error floor to the system and the bit-error-rate is
considerably degraded if a nonzero-extinction ratio is applied to the system. It is shown
that if the decision threshold at the decision circuit is set improperly, more received
power is required to keep the bit-error-rate constant.

Three main components in the system (i.e., transmitter, optical fiber, and receiver)
are modeled as Butterworth filters. ISI from this model is determined by computer
simulation. A high ISI is from a small system bandwidth. It is shown that a minimum
power penalty can be achieved if the transmitter and receiver bandwidths are matched
and fixed, and the ratio of fiber bandwidth to bit rate is 0.85. Comparing ISI from this
model to ISI from raised cosine-rolloff filters, it is shown that at some particular
bandwidths ISI from raised cosine-rolloff filters is much lower that that from this model.
However, if the transmitter and receiver bandwidths are not matched and are not equal to

these bandwidths, ISI from this model is lower than IS| from raised cosine-rolloff filters.
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1.0 Introduction

In communication systems, there are three main components; that is, transmitter,
channel, and receiver. To send information from one place to another these components
are combined together, each has particular functions. First, input information is passed
through a transmitter to transform into an appropriate format for sending through a
channel. The channel then carries the transmitted signal from a transmitter to a receiver.
There are many kinds of channel; for example, a telephone line, an optical fiber, and free
space. At a receiver, a received signal is detected and converted back to its original
format. Some signal processings may be added at the transmitter and/or the receiver to
improve system performance.

For optical communication systems, the three main components are optical
transmitters, optical fibers, and optical receivers. The main function of optical
transmitters is to convert an input electrical signal into an optical signal and then launch it
into an optical fiber. The major component of the optical transmitters is an optical source,
which is generally divided into two types; that is, light-emitting diodes (LEDs) and
semiconductor lasers. An optical fiber acts like a channel of the system. The optical
signal launched from the optical transmitter propagates along the optical fiber to an
optical receiver. The main component in an optical receiver is a photodetector. This

component will convert the received optical signal into a photocurrent. This current is
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then sent to an electrical amplifier and a decision circuit for receiving the transmitted
information.

Along these components, many types of impairments are added to the signal. These
impairments result in a fluctuation to the signal; thus, the statistical properties of the
signal are changed. In this thesis, the impairments are categorized into four types; that is,
thermal noise, shot noise, signal-dependent noise, and intersymbol interference. Thermal
noise arises from the random movement of the charge carriers in electronic devices in the
system. Thermal noise is modeled as a Gaussian random process [1]. This noise is the
major limitation for a system using p-i-n photdetectors.

Shot noise is the quantum noise due to the fact that the received signal is actually a
series of photons [3]. The number of received photons during each bit period varies
randomly from one bit to another bit, and is Poisson distributed. This random nature of
received photons leads to a fluctuation on the photocurrent; thus, shot noise. Some
experimental measurements of shot noise have been performed by Bachor [6], Bacon et
al. [7], and Tsai and Liu [8]. In [7], Bacon et al. have shown that the power of shot noise
is proportional to the received optical power.

Signal-dependent noise is divided into three types; that is, modal noise, mode
partition noise, and relative intensity noise. Modal noise is from the interference among
the various propagating modes in a multimode fiber. This interference results in a time-
varying speckle pattern at the end face of the fiber; hence, a fluctuation on the received
signal. In [9] to [16], the effects of modal noise on the system performance have been
studied. Hjelme and Mickelson [10] and Das et al. [13] have shown that microbending
and fiber misalignments can enhance modal noise and reduce the signal-to-noise ratio of
the received signal. The effect of a longitudinal gap between two multimode fibers on
modal noise has been studied by Das et al. [12]. In [15], it has been shown that modal
noise can lead to a bit-error-rate floor to the system.

An intensity fluctuation among the longitudinal modes of a multimode semiconductor
laser and different propagating velocities caused by fiber dispersion result in a fluctuation
of the signal at the receiver end. This fluctuation introduces a noise called mode partition
noise. This noise has been measured experimentally by Okano et al. [17] and Ogawa et

al. [19]. The measurements indicate that mode partition noise causes degradation of the
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bit-error-rate performance. The analysis of mode partition nosie has been done by Ogawa
[18], Miller [21,22]. In [18], Ogawa has shown that the signal-to-noise ratio due to mode
partition noise is independent of the signal power but depends on the fiber dispersion and
half width of the laser diode spectrum. Laughton [20] has shown that partition noise from

a low-coherence laser such as a gain-guided laser has a strong effect on the performance
of a multimode optical system.

Another type of signal-dependent noise is relative intensity noise (RIN). This noise is
from a fluctuation induced by the spontaneous emission in semiconductor lasers. The
optical feedback from multiple reflections along the fiber path can increase the effect of
this noise. The effect of optical feedback that is fed back into a laser cavity has been
studied experimentally by Fujita et al. [23]. It is shown that, for the same amount of
optical feedback, the increase of intensity noise depends on the optical feedback phase.
Port and Ebeling [24] have shown that the intensity noise under moderate optical
feedback depends on the injection current and the cavity length of lasers. Nakano et al.
[27] have shown that the excess intensity noise induced by external reflection in gain-
coupled distributed feedback lasers is less than that of the index-coupled distributed
feedback lasers, if the optical feedback is restricted below 1 percent. Independent of the
optical feedback reflected back into lasers, the optical feedback from multiple reflections
along the fiber path can cause the phase-to-intensity noise conversion, which also
enhance RIN at the receiver. This type of RIN enhancement has been studied by Gimlett
[26], [28], and [29]. It has been shown that multiple reflections of a few percent per
connector/splice can give unacceptable system degradation.

The last impairment is intersymbol interference. This type of impairment arises from
overlapping between pulses caused by the pulse broadening and distortion induced by
components in the system. This overlap can cause a wrong decision at the decision circuit
at the receiver; thus, increase of bit-error-rate. Equalization is a way to solve this
problem. Liu et al. [31] have calculated the bit-error-rate from three types of equalizers
for different amounts of intersymbol interference. They have found that the use of a
proper equalizer can significantly improve the bit-error-rate performance and the best
choice of an equalizer depends on the input waveform, amount of intersymbol

interference, and the APD gain.
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The intent of this thesis is to model the impairments in fiber optic systems and to
examine the effect of impairments on system performance. In chapter 2, the theory and
results from [1] to [31] for all impairments are summarized. The characteristics of these
impairments are explained. Some techniques to reduce these impairments are given.

In chapter 3, the mathematics describing the effect of impairments on system
performance are presented. The effect of extinction ratio is also included. The Gaussian
approximation is used in this chapter to calculate the system performance. The error
probability, the required average number of photons per bit, and the power penalty are
described mathematically and graphically.

Chapter 4 deals with the effect of system bandwidth on intersymbol interference. In
this chapter, the three main components (i.e., transmitter, optical fiber, and receiver) are
modeled by using Butterworth filters. The effect of each component on intersymbol
interference is evaluated and plotted. The intersymbol interference is characterized by
two quantities; that is, normalized maximum intersymbol interference and normalized
RMS intersymbol interference. The model using Butterworth filters is compared to the
model using raised cosine-rolloff filters. The advantages and disadvantages of each
model are explained. The last part of this chapter evaluates the power penalty due to
intersymbol interference.

Chapter 5 includes a summary of the work done, conclusions, and suggestions for

future work.
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2.0 Impairments in fiber optic systems

In this chapter, impairments in fiber optic systems; that is, thermal noise, shot
noise, signal-dependent noise, and intersysmbol interference will be discussed. The
theory and results developed from [1] to [31] are summarized. Thermal noise, which
originates from random movement of the charge carriers in a conductor, is explained. The
formula for thermal noise power will be given. The random nature of the electron-hole
pairs generated by an incident optical signal at photodetector results in a fluctuation to the
photocurrent. This fluctuation causes a noise called shot noise. The characteristics of shot
noise will be discussed. Next, signal-dependent noise will be explained. Signal-dependent
noise in fiber optic systems can be categorized into three types; that is, modal noise,
mode-partition noise, and relative intensity noise. Characteristics of each will be
discussed. Finally, intersymbol interference, which is induced by the pulse broadening,

will be explained.
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2.1 Thermal noise
An important source of noise in optical receivers is thermal noise. This type of
noise originates from the random movement of the charge carriers in a conductor [4].
This random motion introduces a current fluctuation in a resistor; thus, thermal noise.
The thermal noise current is modeled as a stationary Gaussian random process with a
spectral density that can be considered to be white up to the frequency of 1 THz [1]. The
thermal noise mean square current of an optical receiver is given by [2]
o\ _ 4K TAf
08)==¢
where iy is the current induced by thermal noise
ks is the Boltzmann constant (=1.38*¥0/K)

T is the absolute temperature

(2.1.1)

Af is the effective noise bandwidth of the receiver
R_is the effective noise resistance.

From equation (2.1.1), the variance of thermal noise current depends on three
parameters, i.e., the absolute temperature, the noise bandwidth of the receiver, and the
effective noise resistance. This equation is based on the assumption that the frequency
range over which the power spectral density of thermal noise is white is larger than the
effective bandwidth of the receiver. In practice, the current generated from a
photodetector will be amplified by a preamplifier. There are many designs for this
preamplifier. One important design is a transimpedance amplifier. In this design the load
resistor is connected as a feedback resistor around an inverting amplifier [1]. The
effective noise resistance of a transimpedance receiver can be approximated by this feed
back load resistance. The effective noise bandwidth of this receiver is given by

1
2R C,

Af = (2.1.2)

where C; is the effective noise capacitance of the transimpedance preamplifier.
For a transimpedance amplifiec€. may be smaller than the photodiode
capacitance, and is determined by parasitic capacitances in the amplifier. Good receivers

haveCs~0.1 pF [5].
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From equation (2.1.1), if the effective noise resistance is increased, the variance
of thermal noise is decreased. However, the effective noise bandwidth of the receiver will
be smaller as shown from equation (2.1.2). This small receiver bandwidth can lead to
intersymbol interference if the bit rate of the data is higher than the receiver bandwidth.

Substituting equation (2.1.2) into equation (2.1.1), the variance of thermal noise
can be rewritten as

(i) =8mV;C, (Af)? (2.1.3)

where q is the charge of an electron (= 1.6@)

Ko T

V, =—8_ =0,025V atT = 290K .

The variance of thermal noise in equation (2.1.3) will be used in the next chapter,

which will discuss the effects of impairments on the system performance.
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2.2 Shot noise
In the detection process of an optical transmission system, the photocurrent of a
photodetector is generated by the incident photons at the end face of the fiber. The

average photocurrent is given by [7]

B =% ] (2.2.1)
where 1 is the quantum efficiency

qis the charge of an electron (=1.6*£(@C)

his Planck’ s constant (=6.6256*10J-s)

v is the optical signal frequency

Pin is the incident optical power.

From equation (2.2.1) the average photocurrent depends on three parameters; that
is, the quantum efficiency, the optical signal frequency, and the incident optical power. If
the incident optical power fluctuates, it can surely cause noise in the receiver. Such noise
will be discussed later. However, if the incident light power is constant, a fluctuation in
the photocurrent still occurs. This fluctuation is from the nature of the discreteness and
randomness of the electrons generated in the photodetector [7]. The optical energy
transmitted by a beam of light is proportional to the number of photons incident on the
photodetector, which is a discrete number. The arrival times of photons from a
transmitter to a photodetector are governed by Poisson statistics [6]. These incident
photons generate the electrons at the photodetector randomly; therefore, the photocurrent
fluctuates. This fluctuation causes a noise called shot noise. Shot noise in an optical fiber
system is also called quantum noise since it comes from the quantum nature of light [6].

The power of the shot noise is given by [1]
o =2ql Af (2.2.2)

where/f is the effective noise bandwidth of the receiver.
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From equation (2.2.2), the shot noise power depends on the photocurrent due to
the incident optical power and the effective noise bandwidth of the receiver. However,
the dark current,y) also generates shot noise in the photodetecter. This dark current is
caused by the thermal generation of electron-hole pairs, which occurs in all photodiodes
[8]. If the dark current is considered to be one of the source of shot noise, the power of

shot noise in equation (2.2.2) will be changed to be [1]
oZ=2q(1 , +1,)Af (2.2.3)

In general, the value of the dark current in high bandwidth optical communication
system is very small compared to the average photocurrent due to the incident optical
power, and may be neglected. Thus, equation (2.2.2) is still useful for the receiver noise
calculation in communication systems.

In [7], shot-noise voltage is measured as follows. A laser beam of power P is split
at a beam splitter and launched onto two photodetectors. An adjustable attenuator is
placed in front of a photodetector to balance the two laser beam intensities; thus, the
laser-intensity fluctuations are suppressed. The difference between the photocurrents
produced by these photodetectors is sent to a transimpedance amplifier. This current
includes a fluctuation from shot noise corresponding to the total photoclyréutthe
transimpedance amplifier, the input current is converted to a voltage signal, and a
fluctuation from thermal noise is added to the voltage signal. To get shot noise power,
this voltage signal is fed into a squarer producing an output voltage. Then, this output
voltage is further fed into a lock-in amplifier, which will produce the difference of the
squared noise signals when the laser beam is ON or OFF. The output voltage of the lock-
in amplifier is called the lock-in amplifier input voltage, which is proportional to the
mean-square shot-noise voltage; that is, shot noise power. The result, shown in Figure
2.1, indicates that the lock-in amplifier input voltage varies linearly with the laser power
from 3 mW down to JuW. Consequently, shot noise power is also proportional to the

laser power. This result agrees with equation (2.2.1) and equation (2.2.2).
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Figure 2.1 The lock-in amplifier input voltage as a function of incident laser power

[7].

The effect of shot noise also changes as the type of photodetector changes. An
avalanche photodetector (APD) is one type of photodetector that can increase the
photocurrent from equation (2.2.1) by a factor of M. The multiplication factor (M) is
from a phenomenon called impact ionization in the APD [1]. The impact ionization
process will generate additional electron-hole pairs at random times. These electron-holes
pairs will increase the achievable photocurrent but also add some additional fluctuations
to the photocurrent because of their randomness. Therefore, shot noise in an APD
become more significant compared to shot noise in a p-i-n photodetector. The effect of

shot noise on the receiver performance will be discussed in the next chapter.
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2.3 Signal-dependent noise
2.3.1 Modal Noise

In multimode fiber transmission systems, there are many guided modes supported
by the fiber. These guided modes can randomly interfere with one another as they travel
along the fiber path since their propagating velocities are different. This modal
interference causes a type of noise called modal noise [9]. The interference among the
various propagating modes in the multimode fiber generates a speckle pattern at the end
face of the fiber [1]. When this speckle pattern varies with time, a fluctuation of the
optical signal at the receiver occurs; that is, the modal noise. This noise seriously impairs
transmission performance in both analog and digital multimode fiber systems [14]. This
leads both to a power penalty and bit-error-rate floor as shown in [15]. There are many
factors that lead to modal noise; for example, the narrow source linewidth, the fiber
imperfections, the connection points along the fiber, and so forth. In [16], modal noise is
categorized into two frequency components. Low frequency modal noise is caused by the
physical distortion, microbending, mode coupling, and variations in the magnitude of
spatial filtering. This type of modal noise refers to the slow changes in the speckle
pattern. In high frequency modal noise, on the other hand, the change in the speckle
pattern is fast. The cause is from the frequency fluctuation in the emitted source
spectrum.

The source linewidthv) is one main factor for generating the modal noise. The

reciprocal of this parameter is the coherence tiMg, €1/Av), which is the time

duration that the phase remains relatively stable. Mode interference occurs if the
coherence time is longer than the intermodal delay time, which is caused by the fiber
dispersion. Thus, when a highly coherent source (a narrow source linewidth) is used in a
multimode fiber system, modal noise is easily introduced to the system. At this point, we
can see that a low coherence source or incoherent source is preferred (from the standpoint
of modal noise) since their coherence time is short; resulting in low modal noise.

The fiber imperfections that affect the system in terms of modal noise are elliptic
deformation and microbending [13]. The effect of microbending on the modal noise has
been studied in [10] and [13]. It was shown in [13] that the mode-mode interference
causes the temporal fluctuations, which give rise to the modal noise. For a given
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microbending loss, many microbends, which have small amplitude, cause much less
modal noise than a few microbends with large amplitude. The effect of the longitudinal
gap between two multimode fibers on the modal noise is shown in [12]. The modal noise
and distortion can be caused by the gap between the fibers. For a given gap width, Das
al. in [12] have shown that the use of index matching can lessen the modal noise and
distortion caused by the longitudinal gap. However, for a given loss, the index matching
does not improve anything. Connecting points along a fiber path also lead to the modal
noise as shown in [11]. At the connecting point, the optical power fluctuates and causes
the modal noise. This fluctuation depends on the total loss due to the fiber misalignment
at the connecting point. That is, if the total loss is decreased, the modal noise power is
lowered.

There are many ways to reduce the modal noise in the system. From the factors

mentioned above, modal noise reduction methods are listed:

» Use of a low coherence source or an incoherent source. A multimode laser or
a light emitting diode (LED) should be used if the system operates with a
multimode fiber. For multimode lasers, gain-guided lasers are shown in [15]
to give less modal noise than index-guided lasers since gain-guided lasers can
excite more transverse modes than index-guided lasers do.

» Using a fiber with a large numerical aperture. This increases the number of
modes, which makes large fluctuation less likely [2].

» Using a single mode fiber is the way to avoid modal noise since it supports
only one mode; that is, there is no mode-mode interference. However, the
length between pairs of fiber connections should be large enough to prevent
the effect of the power from fundamental modefLAode) coupling to the
first higher-order mode (LR mode) at the first connection and converting
back to the fundamental mode at the second connection, which leads to
additional modal noise [2].

e It is shown in [11] that the connector and microbending loss should be
minimized as much as possible to reduce modal noise. If these losses are

lessened, the signal fluctuation is reduced; that is, modal noise is decreased.
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* Index matching should be used to reduce the effect of the longitudinal gap on
modal noise.

» The decision threshold optimization can also reduce the effect of modal noise
on system performance [15]. Since modal noise is signal-dependent, the noise
powers at ON and OFF stages are different. This leads to a change in the
optimum decision threshold.

» The effect of signal-dependent noise on system degradation in avalanche
photodetector (APD) receiver is considered in Appendix A. It is shown that
the effects of signal-dependent noise on power penalty in the shot noise limit

(for APDs) and the thermal noise limit (for PINs) are the same.
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2.3.2 Mode partition noise

In a semiconductor laser, the intensity in each longitudinal mode fluctuates
randomly even though the total optical output is constant. This fluctuation takes place
both within a pulse and from pulse to pulse. Even if a single-mode laser is used, the
intensity fluctuation still occurs if the side modes are not sufficiently suppressed. The
fluctuation results from the intrinsic fluctuation caused by the laser operation and the
influence of the reflected feedback light from the fiber end faces and connectors [17].
Along the dispersive fiber, each longitudinal mode travels with a different velocity and
reaches the receiver at a different time. The optimum sampling time at the receiver is
shifted; therefore, timing jitter results. The combination of the intensity fluctuation
among longitudinal modes and the time delay of each mode, caused by the fiber
dispersion, results in a degradation of the bit error rate performance of the fiber optic
system. The signal-to-noise ratio due to the mode partition noise is independent of signal
power since the noise power is proportional to the signal power and the intensity
distribution among the longitudinal modes. Mode partition noise introduces a lower
bound for the achievable bit error rate for the system; that is, even if the launched power
into the fiber increases, the achieved bit error rate cannot be improved further. At a
higher bit rate, the side-mode transient occupies a larger fraction of the data pulse
duration and the increased rate of increase of injected electrons causes a larger growth of
the side mode on the initial transient [21]. Therefore, mode partition noise becomes more
serious as the bit rate increases.

Assuming that the total laser output power is constant and the partition probability
function is based on the Gaussian time averaged spectrum, Ogawa [18] shows that the

signal-to-noise ratio due to the mode partition noise is estimated by

SNR= T
T pe (2.3.2.1)
where o, = 1(nB)4 [Afa“ +48A,%0° +42A%0°
2 (2.3.2.2)
2ic
Ai =7B22= -Dz
c (2.3.2.3)
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A ==— é&z =Sz
A (2.3.2.4)

Oy Is the noise power due to the mode partition noise

is the bit rate

is the light velocity in vacuum

>~ 0 W

(9]

is the center wavelength of the laser
is the second derivative Bfrespect to\; at A¢
is the third derivative oB respect to\; at A

is the propagation constant

N PR

is the fiber length

is the half width of the laser diode spectrum (in nm)

O Q

is the dispersion parameter (ps/km-nm)
S is the dispersion slope (ps/km-fim

From equation (2.3.2.1) and (2.3.2.2), it is seen that the signal-to-noise ratio due
to the mode patrtition noise depends on the half width of the laser diode spectrum, the
fiber dispersion, and the bit rate. It does not depend on the signal pawsethe product
of dispersion parameter and fiber length, @ads the product of dispersion slope and
fiber length. These two parameters depend on the fiber dispeksiaiil be much higher
than A, if the center wavelengthA{) is far from the zero dispersion wavelength.
However, ifA. is near the zero dispersion wavelengthwill become more important.

The power penalty due to the mode partition noise is determined by
PowerPen#(in dB) = -5log(l- Q°c ,.’k?) (2.3.2.5)
where Q is the parameter related to the required bit error rate in the Gaussian

approximation. For the bit error rate of’1Q is equal to 6.
k is the mode patrtition coefficient which lies between 0 to 1.

The mode partition coefficienk, indicates the mode partition characteristic of a
laser diode. For a largds the mode partition noise is higher. This coefficient can be
measured by two simple methods; that is, the low-pass filter method and the sampling

method; which are given in [19]. For different operating conditions, the valkearies
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between 0.14-0.7. When the pulse width incredsekecreases; that is, at a lower data
rate, the mode partition noise becomes smaller. In a single-mode fiber skstem,
between 0.4 and 0.7. Unless narrow linewidth single longitudinal mode lasers are used,

mode partition noise is a dominant limitation is single mode fiber systems.
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Figure 2.2 Power penalties versus the mode partition noise power:
for mode partition coefficients of 0.3, 0.5, and 0.7.
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The power penalty due to the mode partition noise is shown in Figure 2.2. This
plot is for the bit error rate of 10 For a higher mode partition coefficient, the mode
partition noise becomes larger and introduces more power penalty; for examig? for
= 0.18, the power penalties are 0.24, 0.75, and 1.84 dB for the mode partition coefficient
of 0.3, 0.5, and 0.7 respectively. From equation (2.3.2.3), the noise due to the mode
partition can be reduced if the bit error rate is lowered and/or the operating wavelength is
at the zero dispersion wavelength. High bit rate and low noise is important for fiber optic
communication systems. Therefore, there should be some approaches to minimize the
mode partition effect at high bit rate. Even if a distributed-feedback (DFB) laser is used
to solve the dispersion problem at a wavelength far from the zero dispersion wavelength,
the mode partition noise may still cause a system problem [22]. The reason is that the
main mode of the DFB laser is accompanied by many smaller amplitude side modes.
These side modes can cause the mode fluctuations that cause the mode partition noise.

It has been suggested that setting the quiescent bias point of the laser above the
threshold can increase side mode suppression and consequently reduce the error from
mode partition noise. Nevertheless, the power extinction ratio and large thermal effects
likely counteract this improvement. Thus, this method is not a good way to reduce the
mode partition noise. To reduce the effect of the mode partition noise, Miller in [21]
found that the differential loss between the main mode and side modes internal to the
laser must be larger. The larger differential loss will reduce the incidence of the side-

mode turn on and the duration of power in the side mode in a given pulse.
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2.3.3 Relative intensity noise

By setting the bias current to the laser diode to be constant, there will still be
some fluctuations in terms of intensity, phase, and frequency at the optical output [1].
These fluctuations are mainly caused by intrinsic characteristics of the laser; that is, the
spontaneous emission in the laser. This emission results in noise at the optical output. The
spontaneous photons can randomly interrupt the amplitude and the phase of the coherent
photons occurring by the stimulated emission. This leads to the intensity fluctuation; thus,
the relative intensity noise (RIN). The power spectral density of the relative intensity
noise is determined by [1]

RIN(w) = }cpp(r) [&'“dt (2.3.3.1)
where Cp= <5P(t) ?f(t +T> : (2.3.3.2)
p

OP(t) is the fluctuation in number of photons at time t,
P(t) = P(t)- P.
P is the average number of photons

From equation (2.3.3.1) and (2.3.3.2), we can see that the power spectral density
of RIN is the Fourier transform of the normalized photon-fluctuation autocorrelation. If
the output photons fluctuate strongly, the RIN will be very high.

Apart from the intrinsic characteristic of the lasers that introduces relative
intensity noise (RIN) into the system, any optical feedback from reflections from outside
of the lasers can also enhance RIN. The optical feedback is mainly caused by the
refractive index discontinuities in the optical fiber systems. These discontinuities are
from the structure of the laser itself and the index discontinuities along the fiber path. The
refractive index discontinuities along a fiber transmission line are caused by many
components; for example, connectors, splices, fiber end faces, and so on. RIN
enhancement from the optical feedback induced by these index discontinuities can be
categorized into two types; that is, RIN enhancement from the optical feedback into the
semiconductor lasers and RIN enhancement from the phase-to-intensity noise conversion.
When the optical signal is reflected back into lasers, it can perturb the radiation

characteristics of lasers; thus, RIN enhancement. To solve this problem, an optical
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isolator should be placed between the transmitter and the optical fiber. Nonetheless,
another type of RIN enhancement is still a problem. The optical feedback from multiple
reflections along the fiber introduces RIN enhancement resulting from the phase-to-
intensity noise conversion. RIN can severely degrade the system performance and
introduce a bit-error-rate floor [26]. The effect of RIN is lessened in multimode optical
transmission systems since other effects such as mode partition noise are generally more
serious. However, single-mode optical systems are attractive because they can give a
higher bit rate-distant product compared to the multimode optical systems.

There are many types of lasers that can give a single longitudinal mode; for
example, the distributed-feedback and the coupled-cavity semiconductor lasers. In these
lasers, optical feedback is a factor that can increase RIN. There has been considerable
research on this subject [23], [24], [25], and [27]. In the external cavity coupled
semiconductor lasers, it has been shown in [23] that if the amount of optical feedback that
is fed back into a laser cavity is fixed, the increase of RIN depends on the phase of
optical feedback. If the phase difference between optical fields in the laser cavity and that
of feedback light changes with time, the amplification of optical fields in the laser will
change with time; consequently, the intensity fluctuation is increased. The power spectral
density of RIN can be divided into two ranges: the low-frequency fluctuations (LFF) and
the high-frequency fluctuations (HFF) [23]. Both of them change with the change of the
multi-external cavity oscillation depending on the length of the external cavity and the
injection current to the laser. As the length of the external cavity changes, the phase of
the optical feedback also changes. This phase change can change the amount of RIN. As
shown in Figure 2.3 [24], if the length of the external cavity is decreased in small steps
and the injection current is held constant, the spectral density of RIN (both LFF and HFF)
is decreased and totally disappears with decreasing cavity length. Then, it suddenly
reappears with a strong peak again and remains at that value even as the cavity length is
further decreased. The injection current to the laser is also a factor that can control the
power spectral density of RIN. From Figure 2.4 [24], increasing the injection current
from 28 mA to 39 mA increases the half-width and the center frequency of the LFF and
HFF components of RIN. This means that the specral density of RIN can be controlled by

using these two parameters. To reduce the RIN for this case, thus, the cavity length and
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the injection current must be adjusted appropriately so that the laser operates at the

single-external mode oscillation [23].
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Figure 2.3 The power spectral density of RIN vs the change of cavity
length for a constant injection current of 27.4 mA [24].
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Figure 2.4 The power spectral density of RIN for different injection
currents [24].
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When an optical isolator is placed between the laser and the optical fiber, the
optical feedback caused by the refractive index discontinuities along the fiber path cannot
travel back to the laser. However, this optical feedback can still enhance the RIN and
cause degradation to the system. The effect of this optical feedback can be thought of as
the interferometric conversion of laser phase noise to intensity noise resulting from
multiple reflections along the optical fiber path [26]. In [26], [28], and [29], the effect of
these index discontinuities was studied. The diagram for multiple reflection along the

optical transmission line shown in Figure 26].
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Figure 2.5 Diagram of a fiber transmission system with multiple reflection points
after an optical isolator [26].

From the diagram, e(t) is the input optical field. Each reflection point has its own
reflection coefficient; for example, 1R R;, and so on. The single pass intensity
transmittance is denoted loy The length between each pair of reflection points leads to
the time delay 12). For this case, if the reflection coefficients are assumed to be
sufficiently small, higher order terms inARR are negligible. Therefore, more than double
reflections of the optical field may be neglected. Gimlett and Cheung in [26] have shown

that RIN enhancement from these multiple reflections depends on the lingigtiof

the source, the number of reflections, and the reflection coefficients. With a large
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linewidth, the RIN is enhanced substantially. To reduce this effect, the source linewidth
must be reduced so that the power spectral density of RIN is decreased; thus, small RIN.

However, if the term2r(Av)t is much greater than 1, the spectral density of RIN is
given by [26]
40 (Av) N2,
RIN(f)=— ’ 2.3.3.3
(=3 o R 2R (2333
where N is the number of discontinuities

R; is a generalized relfection coefficient defined by
R =a,/RR pM)p, (t-7;) (2.3.3.4)
aj is the transmittance between two discontinuities

B(t) is the unit magnitude polarization vector of the direct optical field

ij(t)is the unit magnitude polarization vector of tfijg"( component of

the delayed optical field
7; is the round trip path delay betwa&randj™ discontinuities.

From equation (2.3.3.3), it is seen that if the source linewidth is very large, the
power spectral density of RIN is small. Consequently, for very wide linewidth sources
such as LEDs, the effect of multiple reflections on RIN enhancement is negligible. The
number of reflections and the reflection coefficients also affect the power spectral density
of RIN as seen in equation (2.3.3.3) and (2.3.3.4). RIN increases as the number of
reflections or the reflection coefficients increase. It has been shown in [28] that a small
number of reflections with a reflection coefficient of a few percent can significantly
increase the level of RIN to the system. For the case of many reflections, even each with
the reflection coefficient of 1 percent, the effect of phase-to-intensity noise conversion
can introduce considerable additional RIN to the system [29].

To reduce the effect of RIN from the multiple reflections along the fiber path, the
source linewidth should be as narrow as possible for the case of a laser diode. The
number of reflections must be minimized and the reflection coefficients must be reduced
substantially.

The effect of the RIN on the system performance, such as receiver sensitivity and

power penalty, will be discussed in the next chapter.
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2.4 Intersymbol Interference (ISI)

When the signal waveform goes through a communication system, its shape will
be broadened in time because the bandwidth of the system is limited. If the bandwidth of
the system is much higher than the data rate, this broadening will be insignificant but
receiver noise will be a problem. From both noise and implementation considerations it is
desirable to narrow the system bandwidth as much as possible. Consequently, the effect
of pulse broadening becomes significant. The pulse of each symbol will spread in time
and overlap to the adjacent symbols. This overlap causes intersymbol interference. An

example of intersymbol interference is shown in Figure 2.6 [30] below.

Input waveform

Individual received pulse \
Received waveform \/

+ Tg>

}

Sampling points
(receiver clock)

Figure 2.6 Examples of ISl on received pulses in a
binary communication system [30].

Bandwidth limitations in the transmitter, fiber, or receiver cause the pulses to
spread out in time. Each pulse will overlap to the adjacent pulses. The amplitude of each
pulse at the sampling point is changed because of intersymbol interference. The change in

amplitude may lead to the wrong decision in the decision circuit; thus, increasing the bit-
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error-rate. For example, at the second bit, the transmitted bit was 0, but the amplitude of
the received pulse for this bit at the sampling point is not zero because of the effect of
pulse broadening from the first bit. And this may cause the wrong decision on this bit.

In an optical communication system, intersymbol interference is potentially a
problem since the system bandwidth is not infinite. Pulse broadening in optical
communication systems is mainly caused by fiber dispersion and the receiver bandwidth
if the bandwidth of the transmitter is assumed to be very large. When the optical signal
travels along the fiber, each spectral component of the signal travels with a particular
propagation velocity, which is different from those of other spectral components.
Consequently, each spectral component will reach the receiver at a different time. This
causes the pulse spreading at the receiver end. The effect of fiber dispersion limits the bit
rate-distance product that can be achieved [1]. The receiver bandwidth can also introduce
intersymbol interference in the received signal [2]. As mentioned in the previous section,
the noise depends on the effective receiver bandwidth; thus, to reduce the noise at the
receiver the effective receiver bandwidth should be small. This small effective receiver
bandwidth will result in the pulse broadening of the signal. However, in the absence of
fiber dispersion, transmitter and receiver bandwidths should be matched and a proper
spectral shape should be chosen such that intersymbol interference is negligibly small.

To reduce the intersymbol interference, an equalizer is required at the receiver.
This component is usually placed before the decision circuit. In [31], Liu et al. have
calculated the bit-error-rate from three types of equalizers for different amounts of
intersymbol interference. They found that the use of proper equalizer can significantly
improve the bit-error-rate performance and the best choice of an equalizer depends on the
input waveform, amount of intersymbol interference, and the APD gain. The effect of
optical system bandwidth on the intersymbol interference will be simulated and shown in

chapter 4.
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3.0 Effect of impairments on system performance

The effects of impairments, discussed in chapter 2, on system performance will be
considered in this chapter. An additional impairment, extinction ratio, will also be
included. An important performance parameter for a digital communication system is bit-
error-rate or error probability. The error probability calculation in this chapter will be
approximated by the Guassian approximation, which will be discussed first. Other
performance parameters for optical communication systems are the minimum received
power and the power penalty. The minimum received power in this chapter will be
expressed by the average number of photons per bit at the receiver since the received
power is proportional to the number of incident photons. The formula for these
parameters will be given. Also, some plots of these parameters will be shown and
discussed.
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3.1 Gaussian approximation for the error probability calculation

In a binary communications system, one important parameter indicating the
system performance is the error probability. To compute the error probability, the
probabilities of sending bit O and bit 1, and the probability density function of the signal
at the receiver have to be known. The error probability, in general, is given by

P, =Pr[0]Pr[s=1|s=0]+Pr{]Pr[s=0|s=1] (3.1.1)

where Pr[0] and Pr[1] are the probabilities of sending bit 0 and bit 1 from the

transmitter, respectively
S is the estimated bit from the decision circuit
sis the bit that was transmitted.

In an optical communications system, the optical signal at the receiver is
converted to a current by the photodetector, and then is passed through electrical
components for electrical processing; for example, amplification and filtering. Finally,
the signal current is sent to the decision circuit to estimate the data bit. Many types of
noise are added to the signal as mentioned in chapter 2. The more noise in the system, the
more fluctuation on the input current to the decision circuit. That is, the spread of the
probability density function of the signal will increase. In many cases, a good
approximation of the probability density function for the input current to the decision
circuit is given by the Gaussian distribution. The Gaussian probability density function is
given by

_(x=m,)?
2

e (3.1.2)

pO) = —
o 2n
where my is the mean of the random variakle
o’ is the variance of the random variakle
From equation (3.1.2), only two parameters are needed to define the Gaussian
probability density function; that is, mean and variance. The probability density function
of the input current to the decision circuit when bit 1 and bit O are transmitted can be
approximated using equation (3.1.2). The probability that the estimate is bit 1 when bit O
was transmitted and the probability that the estimate is bit 0 when bit 1 was transmitted

are given by
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(i-19)?

e 2 di=Q 'th_'OE (3.1.3)
UO

[

Pr[S=1|s=0] :}po(i)di :I

Tih Ith

0,21

(i-19)?

Pr8=0[s=1] = jpl(i)di - ja jﬁe B =QE'1;JE (3.1.4)

@ Y
where Q(X) :I%e 2dy

po(i) andpy(i) are the probability density functions of the input current for
bit 0 and bit 1, respectively

i is the input current to the decision circuit

lo and I; are the mean of when bit 0 and bit 1 are transmitted,
respectively

0o’ and g;® are the variance df when bit 0 and bit 1 are transmitted,
respectively

Iy, is the current threshold.

Substituting equations (3.1.3) and (3.1.4) into (3.1.1), and setting

Pr[0]=Pr[1]=0.5, the error probability is given by

P — 05000 1o E*Qﬂll_l“‘ % (3.1.5)
il

UO H Ul

Equation (3.1.5) allows us to find the error probability if values of all parameters
are known. To get a minimum error probability, the current threshold should be chosen
such that the probability density functions of bit O and bit 1 are the same. This follows by
differentiating equation (3.1.5) with respect to the current thresHg)d iHowever,
setting Pr[s=1|s=0] =Pr[S=0|s=1] is generally a good approximation of choosing
the optimum threshold. That is, setting

leth “lo E:QE“_"“ E (3.1.6)

o, o,

O o =lo _ Lzl (3.1.7)

From equation (3.1.7), the current threshold is given by
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_JO|1+01|0

|, = (3.1.8)
o,+0,
and the minimum error probability is given by
I:)e,min = Q(k) (319)
where k=tr=lo (3.1.10)

00+01
The minimum error probability is dependent on the paramieteéfor good

performance, the error probability of optical communications systems should be less than

10°; that is k is greater than 6.
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3.2 Effect of impairments for zero extinction ratio
The input current to the decision circuit combines the signal and the various sources
of noise, which are added to the signal along the transmission path. The combined noise
is assumed to be a zero mean Gaussian process. This assumption is good as long as the
system is not in the shot noise limit. The input current to the decision circuit can be
written as
P=1, +iy +ig +ig, (3.2.1)
where 1, is the mean of the input currerfor bit O or bit 1
it Is the current induced by thermal noise
ishis the current induced by shot noise
irin IS the current induced by relative intensity noise (RIN).

The average input current for each bit is given by
(ig)=1,=¢l, (3.2.2)
and (i)=1, (3.2.3)
where ¢ is the extinction ratio +/l4

From equation (2.2.1), (3.2.2) and (3.2.3), the average received power and the
average photons per bit are given by

_hv (i, +1p) _hvl,d+¢)

Pk (3.2.4)
na 2 219

N, =2 - hid+e) (3.2.5)
hvB  2ngB

where B is bit rate
The variance of input current is needed to calculate the minimum error
probability. The variance of input current for each bit (bit O or bit 1) is just the sum of
variances of the currents induced by each source of noise since the various noise sources
are assumed to be independent. Therefore, the variance of input current is given by
o’=0;+0’ +o’ (3.2.6)

From chapter 2, the variances of thermal noise and shot noise are given by

05 = (i) =8mV,C,(AF)? (3.2.7)
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0%, =(i%) =29l ,(Af) (3.2.8)

The variance of the relative intensity noise is given by [1]

o =(i%) =112 (3.2.9)
,_ 17

where r :—IRIN(a))da) (3.2.10)
2mJ,

RIN(w) is the power spectral density of relative intensity noise given in
equation (2.3.3.1)
If the bandwidth of the power spectral density of RIN is much greater than the

bandwidth of the receiver, the temfiin equation( 3.2.10) can be approximated by
r’ = RIN(0) [Af (3.2.11)

where RIN(O) is the relative intensity noise @tO0.

3.2.1Effect of thermal noise and shot noise

If only thermal noise and shot noise are included in the signal current, the input

current to the decision circuit is given by
P=1, +iy, +ig,. (3.2.12)

Since we are considering the case of zero extinction &t®),(the average input
current for bit O is equal to zero and the average input current for bit;1Asd the
variances of input current for bit 0 and bit 1 are given by

o5 =8mV,C_(Af)?
o’ =8mV,C_(Af)* +2ql, (Af)
Substituting the average input currents and their variances into equation (3.1.10),

the parametek is given

= L (3.2.13)
8TV, C, (AF)? +,/8mV, C, (AF )2 + 2], (Af )

Substitutingl; in equation (3.2.13) by equation (3.2.5) with zero extinction ratio,

k will be given by
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k=2 AN » (3.2.14)

Af —
V2mV;C, +\/2anTCe +qPN,

Af

From equation (3.2.14), the average number of photons per bit is given by

Nop :Eﬁ%%éJ%@ (3.2.15)
n B k q

From equation (3.2.15), it is assumed that the receiver bandwidth only affects the
noise. For a matched filter receiver, sensitivity or the average number of photons per bit
depends on signal energy; therefore, nonreturn-to-zero (NRZ) or return-to-zero (RZ) line
codings have the same theoretical sensitivity with a matched filter receiver.

In equation (3.2.15), for a p-i-n photodetector, the thermal noise is dominant, the

average number of photons per bit will be given by

_ 87N C
Np :% f @/Le (3.2.16)
B q

The minimum error probability can be calculated by ugimg equation (3.2.14)
with equation (3.1.9). Figure 3.1 shows the minimum error probability versus the
average number of photons per bit for different ratio\68]. The effective capacitance
is 1 pF and the quantum efficiency is 0.8. As the number of photons increases, the
minimum error probability decreases. As the ratio of the receiver bandwidth to bit rate,
[Af/B], increases, the minimum error probability for a given number of photons per bit
increases. For example, Bit,=10,000 photons, the minimum error probability faf/B]
of 0.7, 0.9, and 1.1 are 5.2*904.2*10°, and 1.3*1d, respectively. The reason is when
the ratio Af/B] increases, the effective noise bandwidth of the receiver increases; thus,
there is more noise in the input current to the decision circuit. Consequently, the
minimum error probability with a highAf/B] is poorer than the minimum error

probability with a low pf/B].
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Figure 3.1 The minimum error probability vs the average number of photons per bit
for different ratio oAf/B.
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3.2.2 Effect of relative intensity noise (RIN)
If the relative intensity noise (RIN) effect is included to the input current to the
decision circuit, the input current to the decision circuit is given by

=1y i +igy +in, (3.2.17)

The average input currents for bit O and bit 1 are the same as in the previous
section; that is, for bit O, the average input current is zero, and, for bit 1, the average input
current isl;. Moreover, the variance for the input current for bit O is from the thermal
noise only since the variance from RIN depends on the average input current as shown in
equation (3.2.9). For bit 1, the variance of the input current is the sum of variances from

the currents induced by thermal noise, shot noise, and relative intensity noise. That is,
o} =8m V. C,(Af )% +2ql,(Af ) + RIN(0)(Af )1} (3.2.18)
Substituting the average input currents and their variances into equation (3.1.10),

parametek is given by

K= L (3.2.19)
\/8anTCe(Af)2 +\/8quTCe(Af)2 +2ql,(Af ) + RIN(0)(Af )1/

Expressing; in terms opr(using equation (3.2.5) with zero-extinction ratio),

is then

k:AEfD AN » (3.2.20)
[N C, +J2nquce +iN, © +RINO BB > (N;)*

From equation (3.2.20), the average number of photons per bit is given by

Np:El L Z%i%%& %E (3.2.21)
“RINO)OaOKE Hp B o k| g

Comparing equation (3.2.21) with equation (3.2.15), it is seen that the effect of

relative intensity noise is to multipli}{ , by the first factor in equation (3.2.21).

The minimum error probability versus the average number of photons per bit for
different values of RIN(0) is plotted in Figure 3.2. In this Figure, the effective
capacitance is 1 pF, the quantum efficiency is 0.8, and the bit rate is 200 Mbps. As the
value of RIN(O) increases, the minimum error probability increases. For example, at the

average number of photons per bit of 10,000, the minimum error probabilities for zero
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RIN, -97 dB/Hz RIN, and —94 dB/Hz RIN are 4.49301.4*10% and 1.6*1C

respectively. Furthermore, there is a minimum error probability (error floor) resulting
from the RIN.

p
e

Error probability,
=
oI
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- - RIN=-97 dB/Hz
- = - RIN=-94 dB/Hz
10—12 |
10° 10* 10°

Average number of photons per bit

Figure 3.2 The error probability versus the average number of photons per bit for
different values of RIN with zero-extinction ratio.
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The power penalty from the relative intensity noise relative to that from thermal

noise and shot noise alone is given by

5. (dB) = 10|ongPgﬂ% (3.2.22)
R

where Pk is the average received power without RIN

Prrin is the average received power with RIN.
In general, the average received power can be written in terms of the average
number of photons per bit as shown below.
Pr =N,hvB (3.2.23)
Substituting equation (3.2.23) into equation (3.2.22), the power penalty from
relative intensity noise is given by
Sqn (dB) =10l0g,, Nﬁ”“% (3.2.24)
p
Substituting the average number of photons per bit from equation (3.2.21) and

(3.2.15) into equation (3.2.24), the power penalty from relative intensity is given by

_ 1
Ory (dB) _1O|091°E1—RIN(O) o EH(ZE (3.2.25)

From equation (3.2.25), the power penalty due to RIN depends on RAN(&hd
k. The effective noise bandwidth of the receiusf) Ehould be increased as the increase
of bit rate B) to get an appropriate ratio betwesih andB. It is seen that for a given
[RIN(O)IAf], there exists a maximum valuelofThis means that there is a lower bound to
the error probability that can be achieved even though the input optical power is
increased. The maximum valueloik given by

-1 (3.2.26)

k
me JRIN(O) [Af
and the lower bound of the error probability is given by
I:)e,lower = Q(kmax) (3227)

The power penalty from the relative intensity noise in equation (3.2.25) is shown
in Figure 3.3. The power penalty is plotted verdRBN[0)Af] for k = 6. As RIN(O)IAf]
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increases, the power penalty increases substantially and approaches infinity. The lowest
error probability from equation (3.2.27) is plotted verdREN[0)IAf] in Figure 3.4. From

this figure, we can see that the error probability of ¢@nnot be achieved iRIN(O)Rf]

is greater than 0.0278.
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Power Penalty (in dB)
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[(RIN(0))*(Af)]
Figure 3.3 The power penalty (in dB) versB$NI(0)IAf] for zero-extinction ratio.
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3.3 Effect of impairments for nonzero extinction ratio

For the nonzero extinction ratio case, the signal energy that was sent from the
transmitter for bit 0 is not completely zero. There is some energy sent out into the fiber.
This energy makes the average current for bit O at the decision circuit to be nonzero. The
average input current to the decision circuit was shown in equation (3.2.2); that is,

(ig) =1, =¢l, (3.3.1)
where ¢ is the extinction ratio.
3.3.1 Effect of thermal noise and shot noise
Similar to the case of a zero extinction ratio in section 3.2.1, all parameters are
almost the same except the average input current for bit 0 and it' s variance. The average
input currents for bit 0 and bit 1 agk andl,, respectively. The variances of the input
current for bit 0 and bit 1 are given by
o; =8mV;C,(Af)* + 2, (Af)
=8V, C,_(Af)? +2qel , (Af) (3.3.2)
o’ =8mV,C_(Af)* +2ql, (Af) (3.3.3)

From equation (3.3.2), the variance of the input current to the decision circuit for bit O
also includes the effect of shot noise because of the nonzero extinction ratio. The
variance for bit 1 is identical to the case of a zero extinction ratio. Substituting the
average input currents and their variances into the paraketezquation (3.1.10), we
get
_ 1=l
8V, C,(&F)? + 2qe1, (&) + /8, C, (AF)? + 2q, (AF)

K (3.3.4)

Substitutingl; in equation (3.3.4) by equation (3.2.5) with an extinction ratig of
k will be

(1_5) anBNP
Kk = 1+¢

\/SmVTCe(Af) +2q o) (Af)+\/8quTCe(Af) +2q L+6) (Af)
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s

B
+£% aN,
k =

— B 1 — B
2m\V.C._ + No(—)+ [2mV.C.+———ng*N,(—
\/TQT e q p(Af) \/mT e (1+£)’7q p(Af)

-

(3.3.5)
£
m’?
Using the parametek in equation (3.3.5) with equation (3.1.9), we can find the
error probability versus the average number of photons per bit for different values of
extinction ratios. This plot is shown in Figure 3.5.
For a p-i-n photodetector, the thermal noise dominates especially for bit O.

Therefore, from equation (3.3.5), if the effect of shot noise in bit O is neglected the

average number of photons per bit is given by

—  [K*HAf [H 1+¢ +€ 8V, C,
N, _E%%%%l_g)z Jﬁ—s%@/T@ (3.3.6)

From equation (3.3.6), if the thermal noise is the dominant noise in both bit 0 and

bit 1, the effect of shot noise can be neglected and the average number of photons per bit

o 2
N, :w%%@w—& (3.3.7)
-e0nn B q

Comparing equation (3.3.7) to equation (3.2.16), we can find the power penalty

will be

due to the extinction ratio. Similar to equation (3.2.24), the power penalty due to the

5.(dB) = 10|0910W% (3.3.8)
p

Substituting the average number of photons per bit from equation (3.3.7) and

extinction ratio is

(3.2.16) into equation (3.3.8), the power penalty due to a nonzero extinction ratio is given

by

5.(dB) =10log, "€ (3.3.9)
A-eC

From equation (3.3.9), it is shown that as the extinction ratio increases the power
penalty will increase. The plot of power penalty due to the extinction ratio is shown in
Figure 3.6.
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Using equation (3.3.5), the plot of the error probability versus the average number
of photons per bit is shown in Figure 3.5. The effective capacitance is 1 pF and the
guantum efficiency is 0.8. There are four values of extinction ratios; that is, 0, 0.1, 0.2,
and 0.4. The error probability decreases as the average number of photons per bit
increases. The best error probability is for the case of zero-extinction ratio. From the

figure, it is seen that as the extinction ratio increases, the error probability increases; for
example, atN ,=10,000 photons/bit, the error probabilities for the extinction ratios of 0,

0.1, 0.2, and 0.4 are 4.4*901.3*10° 6.3*10° and 6.9*1CF, respectively. However, if

the extinction ratio is kept less than 1.0, the effect of nonzero-extinction ratio will not
introduce an error floor as the effect of RIN does. This means that the error probability
can be reduced if the average number of photons per bit increases; thus, more power is
required.

The additional required power can be interpreted in terms of power penalty,
which was shown in equation (3.3.9). In Figure 3.6, the power penalty due to the
extinction ratio withk=6 (i.e., Pe=10°) is plotted. The power penalty increases as the
extinction ratio increases. It is seen that the power penalty is lower than 1 dB if the
extinction ratio is less than 0.12. From this figure, it is also seen that the degradation due
to the extinction ratio does not give an error floor as long as the extinction ratio less than

1, which is reasonable in practice.
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3.3.2 Effect of relative intensity noise (RIN)

In this section, the effect of RIN is included to the calculation with a nonzero-
extinction ratio. As mentioned previously, the average input current for bit 0 is not zero
because of a nonzero-extinction ratio; thus, RIN will affect the signal at bit O also. From
equation (3.2.9) and (3.2.11), the variances of the current induced by RIN for bit 0 and bit

1 are determined by
o =[(RIN(O) LA )]I 5
=[(RIN(0)) Af )](el, )? (3.3.10)
Olan =[(RIN(0)) A1/ (3.3.11)
Adding 0¢ gy and o7y to ofin equation (3.3.2) and’in equation (3.3.3), the
variances of the input current for bit 0 and bit 1 will be
o? =8mV,C,_(Af)* + 2qel, (AF ) +[(RIN(0)) IAf)](el,)®  (3.3.12)
o? =8V, C,(AF)? + 2gl, (Af) +[(RIN(0)) A )] 1,2 (3.3.13)
Substituting the average input currents and their variances into equation (3.1.10),
k will be
d=-8)l,

k =
Jo2 +20el (AF ) +12(el,)? +4/02 +2q1, (AF) +121,2

(3.3.14)

where o} =8mV,C,(Af)?

r? =[(RIN(0)) {Af)] .
Substitutingl; in equation (3.3.14) by equation (3.2.5) with an extinction ratio,
k will be

DIB :%ﬂ%@m
k

JA+AAHRINOJAZA, +A +AA +[RINO]AA,
_2N.C, . _ ¢ _ — B
where A = a ,AZ—H—E,%—an%%,

A, :ngﬁnﬁp)ﬁ A=
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For a p-i-n photodetector, the effect of shot noise and RIN for bit O can be
neglected since the thermal noise is dominant. Consequently, from equation (3.3.15), the

average number of photons per bit is given by

2 [Inf (1-€?) [8nv.C,
_ :%%%1+5)+ ‘ a H

(1-¢)? —K’[RIN(0)](Af)

(3.3.16)

If the effect of shot noise in bit 1 is also neglected, the average number of photons

per bit in equation (3.3.16) will be

N, = (1_82)%%%8% (3.3.17)

(1-¢)? —K’[RIN(0)](Af)

The average number of photons per bit in equation (3.3.17) is for the case that
thermal noise dominates and RIN affects only bit 1. Comparing equation (3.3.17) to
equation (3.2.16), we can find the power penalty of RIN in the case of nonzero-extinction

ratio. The power penalty is given by

_ H (1-¢£?)
erun 1O|091°H(1—s)2 —k’[RIN(0)](Af) % (3:3.18)

From equation (3.3.18), it follows that for a giveRIN(0)](Af) andeg, there is a
maximum value ok that can be achieved. This maximunfeads to the lower bound of
the minimum error probability that we can get from the system. The maximum value of
is given by

(1-¢)

= (3.3.19)
[RIN(0)](Af)

max

and the lower bound on the minimum error probability is given by
I:)e,lower = Q(kmax) (3320)

Using equation (3.3.15) with equation (3.1.9), the error probability versus the
average number of photons per bit is plotted in Figure 3.7. The effective capacitance is 1
pF and the quantum efficiency is 0.8. The bit rate is 200 Mbps. In this figure, the
extinction ratio andRIN(O) are varied. The error probability for zero-extinction ratio and
no RIN is the best. For the zero-extinction ratidkliN(0) increases, the error probability

increases. The effect of RIN will give a lower bound on the error probability as shown in
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the figure. This lower bound will increase if the valueRIN(O) increases. This effect
was mentioned previously in section 3.2.2. However, here, the effect of a nonzero-
extinction ratio is included in the calculation. From the figure, it is shown that as the
extinction ratio changes from zero to 0.1, the error probabilities for both val&sI(Of

increase. And the lower bound for the error probability increases, as well.
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Figure 3.7 The error probability versus the average number of photons per bit
for different extinction ratios and RINs.
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The power penalties for different extinction ratios amrIN(0))[(Af)] are plotted
in Figure 3.8 and 3.9. The power penalty versedN(0))((Af)] for different values of
extinction ratio is shown in Figure 3.9. The power penalty increasefRBd(Q))[Af)]
increases. And, if the extinction ratio is increased, the power penalty will increase as
shown in the Figure The power penalty is also plotted versus the extinction ratio. This
plot is shown in Figure 3.8. The power penalty increases as the extinction ratio increases,
with the effect being more pronounced wheRIN(O))I(Af)] is high. From these two
figures, an important result should be pointed out. That is, the power penalty for the case
of nonzero-extinction ratio and nonzero RIN is not just the linear combination of the
individual power penalties. For example, aRIN(0))[(Af)]=0.01 with zero-extinction
ratio, power penalty is 2 dB; and , at an extinction ratio of 0.2 with zero RIN, the power
penalty is 1.8 dB. However, from Figure 3.8, we can see thaRiM({Y))[(Af)]=0.01 and
the extinction ratio of 0.2, the power penalty is 5.4. This example shows that the effect
for the case of a nonzero-extinction ratio with a nonzero RIN can degrade the system
performance considerably. And, from both plots, if the value BIN(O))Af)] or
extinction ratio reaches some particular values the power penalty will approach infinity;
that is, a lower bound on the error probability (an error floor) will occur. This effect will
be plotted on the next two figures.

The lower bound on the error probability is shown in Figure 3.10 and 3.11. These
figures are plotted from the relationship in equation (3.3.19) and (3.3.20). In Figure 3.10,
the lowest error probability for different values oR[N(0))(Af)] is plotted versus the
extinction ratio. It is shown that as the extinction ratio increases the lowest error
probability increases; i.e., the system performance is degraded. Also, in Figure 3.11, the
lowest error probability for different extinction ratios is plotted vers&$N(0))Af)].

The results indicate that a higher extinction ratio will give a greater lower bound on the
error probability.
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3.4 Effect of vertical offset from the optimal threshold

From section 3.1, the error probability of an optical communication system is
calculated by a Gaussian approximation. The error probability from this approximation
will be optimal if the current threshold is set appropriately; that is,
_ o,l,+ol,

(3.4.1)
g, +O'1

Ith

In this section, the power penalty resulting from a vertical offset from the
optimum threshold will be evaluated. Considering an optical detector, a simple diagram

of this detector is shown below.

—»| Photodetector| )] HPF

Figure 3.12 Block diagram of an optical detector

The optical signal, which has a powerRy, is incident onto a photodectector.

This photodetector will convert the optical signal into an electrical signal and sends this
electrical signal into a high-pass filter. This filter will remove the dc component from the
input electrical signal and gives a balanced signal.The balanced current signal will be
amplified and sent to the decision circuit at point (A). This amplifier has a gain of G. This
gain is varied to maintain the eye opening at the decision circuit; that is, if the average
optical current from the photodetector is high, the gain G will be decreased. But if the
average optical current from the photodectetor is low, the gain G will be increased. The
change of G depends on the average input poRg: (The effect of gain G will not
affect the input current to the decision circuit since the eye opening is fixed but it will
affect the variance of the input current to the decision circuit. The input current at point
(A) for bit 1 and bit O will be symmetrically displaced from the zero-current line since the
detector is a balanced detector. Here the input current to the decision circuit for bit 1 and

bit O are denoted bly, andl.s, which are given by
I, =1,-1 (3.4.2)

Il =1o—1 (3.4.3)
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- : — +
where | is the average optical current from the photodete(ttgrElT'gHl
il il

€ is the extinction ratio.
lon andlfrom equation (3.4.2) and (3.4.3) can be rewritten as

I, =al, (3.4.4)
|, =-al, (3.4.5)

£
where a=——.
2

From the input currents in equation (3.4.4) and (3.4.5), the current threshold for
the decision circuit (referenced to the amplifier input) is given by
_ Oploy + 03l

Z0on T T ot (3.4.6)

lin
t 0, %0,

Substituting these input currentsltoandly in equation (3.1.5), and multiplying

0o andoy by g, the minimum error probability will be given by

P,=05Q % et gl % (347
[l H go, H go,
where -G (3.4.8)
G,

G is the amplifier gain when there is a vertical offset from the optimum
threshold
Gy is the amplifier gain when there is no vertical offset.

Since the amplifier gain (G) in Figure 3.12 is inversely proportional to the input
optical power, the parametgrin equation (3.4.8) gives the ratio between the optical
powers without and with a vertical offset. If a vertical offset from the current threshold
occurs (i.e.ly, in equation (3.4.7) is substituted bytoffset), the input optical power
(Pin) needs to be increased to maintain the value.oThe average optical current from
the photodetector will be increased. Then, the Gamill be reduced to keep the eye size

constant. Consequently,is reduced or more optical power is needed.

Effect of impairments on system performance 52



It follows from the above discussion that the parangterthe inverse of the
power penalty. The power penalty from the vertical offset is then given by
Oyise(iN dB) = —10l0g,,(9) (3.4.9)
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Normalized vertical offset (%)

Figure 3.13 The power penalty (in dB) due to the vertical offset from the optimal
current threshold.

Assuming that thermal noise dominates for bit 1 and bit O, the variances of optical
currents for bit 1 and bit O are identical. Using this assumption and equation (3.4.7),
(3.4.8), and (3.4.9) witR. = 10°, the power penalty due to the vertical offset is shown in
Figure 3.13. The vertical offset is normalized by the half of the height of the eye diagram.
From the figure, if the vertical offset increases, the power penalty increases; that is, more

optical power is needed.
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4.0 Effect of system bandwidth on intersymbol interference

The three main components of optical communication systems are the optical
source, the optical detector and the optical fiber. Each of these components has its own
transfer function that will be combined to be the system transfer function. In this chapter,
the transfer function and the impulse response of each component will be discussed.
These transfer functions will be approximated by Butterworth filters. The order of each
Butterworth filter will be determined appropriately for each component. These
Butterworth filters will be combined to form the system transfer function. The bandwidth
of each component will be varied, and the intersymbol interference (ISI) will be
determined by computer simulation. The power penalty due to the ISI will also be

discussed.
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4.1 Modeling of fiber optic system using Butterworth filters

As mentioned, there are three main components in the optical systems. Each of
them will be considered and approximated by a Butterworth filter.
-Fiber

If the source spectral width is much larger than the signal spectral width, the
optical fiber can be assumed to behave as a linear low pass filter operating on the optical
power. The transfer function of the fiber can be assumed to be a Gaussian spectrum,
which is given by [1]

ja(f/fl)z
H(f)_ 1 ez +jf/f2E (411)

@+ f 1 f,)Y?
where f, =(2nD|Lo,)™ (4.1.2)

f, =[en(s+2p|/ Lo, (4.1.3)

0, is the rms source spectral width in wavelength units

A is the center wavelength of the optical signal

D is the fiber dispersion at

S is the dispersion slope At

L is the fiber length.

The impulse response Biff) in equation (4.1.1) has a Gaussian shape with a peak
at timet=0 as shown in Figure 4.2. This impulse response is non-causal since it is not
zero at negative time. Lettirfge<f, (when the operating wavelength is far from the zero-
dispersion wavelength), and plotting the frequency respongdé)oin equation (4.1.1)
and different orders of Butterworth filters, it is found that the second order Butterworth
filter can be used to approximatf) in equation (4.1.1). The impulse response of the

second order Butterworth filter is causal as shown in Figure 4.2.
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Figure 4.1 The frequency responses of the optical fibers (from equation (4.1.1.)) and
the Butterworth filters with different orders: Bandwidth=50MHz.
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From Figure 4.1, we assume tliats much less thafy and the bandwidth of the
fiber in equation (4.1.1) is 50 MHz. Plotting the frequency response of a Gaussian
spectrum in equation (4.1.1) and different orders of Butterworth filter with 50 MHz
bandwidth each, we see that the frequency response of the second order Butterworth filter
is approximately the same as the frequency response from the Gaussian spectrum in
equation (4.1.1) in the range of 0 to 100 MHz. Thus, we choose this second order
Butterworth filter to approximate the fiber transfer function. The impulse response of the
Guassian spectrum and the second order Butterworth filter are shown in Figure 4.2. Both
have almost the same profile. The main difference between them is that the impulse
response of the Gaussian spectrum is non-causal but the impulse response of the second

order Butterworth filter is causal.

-Optical Transmitter and Receiver

In this section, the transfer functions of the transmitter and receiver will be
considered. Assuming that an LED transmitter and a transimpedance receiver are chosen,
their transfer functions are given by [1]

For LED , H(w,)= ; (4.1.4)
1+ jw, T,

where a, is the modulation frequency

1. IS the carrier lifetime

For the optical detector with the transimpedance amplifier

1+ j27RCE/ A

(4.1.5)
where Ris the effective noise resistance of the transimpedance amplifier
C is the effective noise capacitance of the transimpedance amplifier
A'is the frequency-independent gain of the amplifier.
The transfer functions in equation (4.1.4) and (4.1.5) are ideal lowpass filters.
Similar to the transfer function of the fiber, these transfer functions are compared to

different orders of Butterworth filter. It is seen that these transfer functions are first-order
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Butterworth. Now all main components are approximated by the Butterworth filters with

different orders.

Transmitter Fiber Reciever

1% Order 2" Order 1% Order
Butterworth Filter —— Butterworth Filter —— | Butterworth Filter

Figure 4.3 Three main components of the optical communications system

-System

The transfer functions for the fiber, transmitter and receiver, which are the
Butterworth filters with different orders, are cascaded to be the system as shown in
Figure 4.3. Letting the bandwidths of the transmitter, receiver, and fiber be 100, 10, and
150 MHz, respectively, and the bit rate to be 10 Mbps, the frequency response and the
impulse response of the system are plotted in Figures 4.4 and 4.5. The system frequency
response has smaller bandwidth than that of each component. The impulse response of
the system in Figure 4.5 is causal since it is from the combination of three causal impulse
responses.

In the next section, the cascaded version of Butterworth filters with orders of 1, 2,
and 1 will be used for the system transfer function. The bandwidth of each component
will be varied and the intersymbol interference from this varying bandwidth will be

studied.
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4.2 Intersymbol interference simulation
The intersymbol interference (ISI) that was discussed in chapter 2 will be

simulated in this section. The normalized maximum IS| and normalized RMS ISI are

given by
00 N/2
> Ih(nT,) Zlh(nTb)l
ISImaxnormalized = i = = el (421)
' h(0) h(0)
00 N/2
J > |, J > It
ISIrms normalized = i = — e (422)
' h(0) h(0)

where N is the number of bits that interfere with the bit at tir@
Ty, is the bit period, which is equal taBL/
B is bit rate.
h(t) is the impulse response of the system assumingp¢@pis maximum
of h(t) for the bit at time = 0.

From equation (4.2.1) and (4.2.2), the maximum and RMS ISls, which are the
combination of the amplitudes from all neighboring bits at tineare normalized by the
maximum value of the bit at time0. Using these two equations with an appropriate
shift of sampling point correspond to the maximunh(®f , the effect of the bandwidth of
fiber, transmitter, and receiver on ISI will be evaluated numerically.

4.2.1 Effect of the fiber bandwidth

The bandwidths of transmitter and receiver are fixed at 100 and 10 MHz
respectively, and both of them are first order Butterworth filters. The bit rate is fixed at
10 Mbps, and the fiber transfer function is a second order Butterworth filter. The effect of
the fiber bandwidth on the intersymbol interference is plotted in Figure 4.6. In this figure,
the number of interfering bits is 30 bits. For the fiber bandwidth range of 0 to 5.65 MHz,
the normalized maximum ISI and normalized RMS ISI decreases as the bandwidth of the
fiber increases as shown in Figure 4.6. Then, while the fiber bandwidth increases further,
the ISIs increase and peak at a fiber bandwidth of 7.2 MHz with ISI of 0.03
approximately. After that, the ISIs decrease as the fiber bandwidth increases. After the
fiber bandwidth of approximately 13 MHz, the ISIs are very small and approach zero as
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the fiber bandwidth increases. The normalized maximum ISI is greater than the

normalized RMS ISlI, but for a large fiber bandwidth the difference between these ISls is
insignificant. The reason for this is when the fiber bandwidth becomes larger, the number
of interfering bits that affect ISI computation becomes smaller; thus, the normalized

maximum ISI and RMS ISI move closer and finally merge.
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Figure 4.6 The normalized maximum ISI and normalized RMS ISI versus the fiber
bandwidth.
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4.2.2 Effect of transmitter and receiver bandwidths

Assuming that the bandwidth of the fiber is much larger than the bandwidths of
transmitter and receiver, the bandwidth of the transmitter and receiver are identical, and
the bit rate is fixed at 10 Mbps; the system transfer function is the product of the transfer
functions of transmitter and receiver. Since the bit rate is 10 Mbps, the bit peyids,

100 ns. By using equation (4.2.1) and (4.2.2), the normalized maximum ISI and
normalized RMS ISI are plotted versus the transmitter bandwidth, as shown in Figure 4.7.
From this figure, it is seen that both of the ISIs will increase as the bandwidths of the
transmitter and receiver decrease; for example, at a bandwidth of 6 MHz, maximum ISl is
approximately 0.1 while at a bandwidth of 4 MHz, maximum ISl is approximately 0.3. In
this figure, the number of interfering bits is 30 bits.

If the bandwidth of the receiver is varied with a fixed transmitter bandwidth, the
normalized maximum ISI and the normalized RMS ISI are plotted in Figures 4.8 and 4.9,
respectively. The transmitter bandwidths are 50, 100, and 200 MHz. From these figures,
it is seen that the normalized maximum ISI and the normalized RMS ISI decrease as the
bandwidth of receiver increases. For example, at the receiver bandwidth of 6.2 MHz,
both ISIs are approximately 0.02, and, at the receiver bandwidth of 7.5 MHz, the ISIs are
0.01. The normalized maximum ISl is a little bit higher than the normalized RMS ISI.
Considering the fixed transmitter bandwidth, if the transmitter bandwidth is increased,
both ISIs become slightly better, i.e. the I1SIs are smaller. However, at a high receiver
bandwidth, the effect of these transmitter bandwidths on ISI becomes less significant;
that is, ISIs from all transmitter bandwidth are approximately the same.

From Figure 4.7 to 4.9, it is seen that as far as ISl is concerned, effects of
transmitter and receiver bandwidths are the same; that is, ISI increases as transmitter or
receiver bandwidths decrease. Even though, for a large transmitter bandwidth and a small
receiver bandwidth, ISI is small as shown in Figures 4.8 and 4.9, from the performance
standpoint, some signal power will be cut off at the receiver since the receiver bandwidth
is much smaller than the transmitter bandwidth. This leads to a reduced signal-to-noise

ratio for the received signal.
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In Figure 4.10, the relationship between the normalized ISIs and the ratio of
transmitter bandwidth to the bit rate is plotted. The bandwidths of transmitter and
receiver are assumed to be identical. The transmitter bandwidth is varied. Certainly, as
the ratio of the transmitter bandwidth to the bit rate increases, the normalized maximum
ISI and normalized RMS ISI decrease. It is also apparent that even though the bit rate is
changed the relationship between the normalized ISIs and the ratio of transmitter
bandwidth to the bit rate is the same. So, this plot can be used to find the ISIs if the ratio
of transmitter bandwidth to the bit rate is given.
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Figure 4.10 The normalized maximum ISI and normalized RMS ISI versus the ratio

of transmitter bandwidth to the bit rate: asssumingrBABWRy.
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4.2.3 Effect of the number of interfering bits on ISI calculation

Assuming the bandwidth of the fiber is much higher than those of transmitter and
receiver, the transfer function of the optical system is the product of the transfer functions
of transmitter and receiver; that is,

Hyo(F) = Hp (F) tHg (F). (4.2.3)

We also assume that the transfer functions of transmitter and receiver are first
order Butterworth filters, as described before. In this section, the minimum number of
interfering bits N) that are used to calculate the worst case of intersymbol interference
(ISI) will be considered. Equation (4.2.1) and (4.2.2) are used to calculate the normalized
maximum ISI and the normalized RMS ISI. The number of interfering bifsi§ a
parameter that can be chosen. If a siNa#i adopted, the calculation of I1SIs will become
less precise. On the other hand, if a laXge adopted, the calculation of ISIs is certainly
precise but it takes time. Also, in fact, the bits that influence the ISI calculation are the
neighboring bits to the bit &0. Thus, the minimuri that gives an accurate ISI should
be determined.

Setting the bit rate at 10 Mbps and assuming the bandwidth of the transmitter and
receiver are identical, if the bandwidths of the transmitter and receiver increase, the
achieved ISIs (bothSlnax normalized@NAISlms normaiized) decrease, as shown in Figures 4.11
and 4.12. In these figures, the different numbers of interfering bits (i.e., 2, 4, and 6 bits)
are used to calculate the ISIs by assunii®) bits from the preceding bits and another
N/2 bits from the following bits. Figure 4.11 indicates that the mininhuthat can give
an accurate normalized maximum ISl is 4, while mininNifior the normalized RMS ISI
is 2 as shown in Figure 4.12. Thus, the minimifior ISI calculation is 4 bits.

The impulse response of the system is shown in Figure 4.13. In this figure, the
bandwidths of transmitter and receiver are identical and equal to 10 MHz. The impulse
response of the system is causal (i.e. zero value for negative time). The sampling points
for the bit rate of 75 Mbps are shown in the figure. The signal is sampled at the time at
which h(t) is maximum as shown at the peak of the impulse response. Obviously, the
number of interfering bits in the negative and positive time corresponding to the sampling
time are not the same, since the profile of the impulse response is not symmetric. The
negative time profile of the impulse response approaches zero rapidly. It is seen that the
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number of interfering bits from the following bits should be less that the number of
interfering bits from the preceding bits. From Figures 4.11, 4.12, and 4.13, the minimum
number of interfering bits (N) that should be used to calculate ISI is 4; i.e., from 1

following bit and 3 preceding bits.
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Figure 4.11 The normalized maximum ISI versus the transmitter bandwidth: for
different numbers of interfering bits.

Effect of system bandwidth on intersymbol interference 70



0.3 T T T T T T
0.25 |
For N=2 bits
- For N=4 bits
02k - - For N=6 bits i
%)
n
s
a4
S 0.15F -
N
T
£
o
2
0.1F |
0.05 -
0 | | | | |
4 6 8 10 12 14

Bandwidth of Transmitter (MHz)
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4.2.4 Comparison between Butterworth filters and raised cosine-rolloff filters for
the transfer functions of transmitter and receiver.

A type of filter that can give zero intersymbol interference is raised cosine-rolloff
filters. It is interesting to study the effect of this filter on ISI and compare the result with
the result from section 4.2.2. In this section, square root raised cosine-rolloff filters with
different rolloff factors ) will be used to be the transmitter and receiver transfer
functions. Assuming that the bandwidth of the fiber is much larger than those of
transmitter and receiver, the system transfer function is given by equation (4.2.3). The
intersymbol interference from this system transfer function will be compared to the
system transfer function froni'brder Butterworth filters.

By setting the bit rate to be 10 Mbps and assuming that the bandwidths of the
transmitter and receiver are identical, as the bandwidths of the transmitter and receiver
increases, the achieved ISIs from the raised cosine-rolloff filter tend to decrease as shown
in Figure 4.14. Moreover, they are zero at the bandwidths of 5, 10, 15, 20, and so on.
These results come from the zero ISI condition that we can get from the raised cosine-
rolloff filter. This means that we can get the best performance from using the raised
cosine-rolloff filters for specific bandwidths. Considering the rolloff factor of 1, it is
shown that the ISIs are zero not only at the bandwidths of multiple of 5 MHz; but at the
bandwidths of 7.5, 12.5, 17.5, 22.5, and so on, as well. This results from the impulse
response of the unity rolloff factor raised cosine-rolloff filter, which has twice the number
of zero-crossings as from other rolloff factors. With different rolloff factors, the larger
gives the better performance as seen from Figures 4.14 and 4.15. The ISIs from the
rolloff factor of 1 is smaller than the ISIs from the rolloff factor of 0.9, and the ISIs from
the rolloff factor of 0.9 is smaller than the ISIs from the rolloff factor of 0.5.

Comparing the raised cosine-rolloff filters to the first order Butterworth filter
from Figures 4.14 and 4.15, the raised cosine-rolloff filters give much better performance
than the first order Butterworth filter at the bandwidths of 5, 10, 15, and so forth.
However, if the bandwidths of the transmitter and the receiver are not a multiple of 5
MHz, the achieved ISIs from the raised cosine-rolloff filters fluctuate and are higher than

the achieved ISIs from the first order Butterworth filter. This means that if the bandwidth
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of the raised cosine-rolloff filter is slightly changed from the multiple of 5 MHz (half the
bit rate), the system ISI will increase rapidly.
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Figure 4.14  The normalized maximum ISI versus the bandwidth of transmitter:
assuming thatit(f)=Hrxf), and bit rate=10 Mbps.
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Assuming that the bandwidth of the transmitter is fixed at 10 MHz, the bandwidth
of the receiver will be varied to study the intersymbol interference. The normalized
maximum ISl and the normalized RMS ISI are plotted in Figures 4.16 and 4.17,
respectively. For the raised cosine-rolloff filters with the receiver bandwidth below 10
MHz, their ISIs tend to decrease as the bandwidth of the receiver increases. In this range
of bandwidth, the ISls fluctuate and become very high at a bandwidth below 3 MHz. At
the receiver bandwidth of 10 MHz, the ISIs are zero because the bandwidth of the
receiver matches the bandwidth of the transmitter; thus, the zero ISI condition is satisfied.
For the transmitter bandwidth above 10 MHz, the ISIs increase slightly and then become
constant.

Comparing the raised cosine-rolloff filters to the first order Butterworth filter
from Figure 4.16 and 4.17, at the receiver bandwidth below 10 MHz, the ISIs from the
first order Butterworth filter is better than the ISIs from the raised cosine-rolloff filters
with 0.25 and 0.5 rolloff factors. But, for the unity rolloff factor, the ISls from the raised
cosine-rolloff filter are a little bit better than that of the first order Butterworth filter.
Certainly, at the bandwidth of 10 MHz, the ISIs from the raise cosine-rolloff filters are
much better because the zero ISI condition is satisfied. For the receiver bandwidth higher
than 10 MHz, the ISls from the first order Butterworth filter approach zero while those of
the raised cosine-rolloff filters are constant. For example, the normalized maximum ISl
for r=0.25 and 0.5 are 0.15 and 0.11, respectively, while the normalized maximum ISI of
the first order Butterworth is 0.004 and approach zero as the receiver bandwidth
increases.

To summarize, the raised cosine-rolloff filters can give better I1SIs than the first
order Butterworth filter if the bandwidths of the transmitter and receiver are identical and
the bandwidths are matched to the bit rate of the signal, as shown in Figures 4.14 and
4.15. However, the achieved ISIs from the raised cosine-rolloff filters fluctuate and
become much higher than the achieved ISIs from the first order Butterworth filter at a
bandwidth below approximately 3 MHz. And, if the bandwidths of the transmitter and
receiver are not identical, the achieved ISIs from the raised cosine-rolloff filters are

almost always poorer than the ISls from the first order Butterworth filter, except for some
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cases of high rolloff factor and low receiver bandwidth; for example, at r=1 with the
receiver bandwidth below 11 MHz, as shown in Figures 4.16 and 4.17.
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Figure 4.16  The normalized maximum ISI versus the receiver bandwidth:
assuming that B¥10 MHz and bit rate=10 Mbps.
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4.3 Power Penalty due to the intersymbol interference

In this section, the power penalty from the intersymbol interference will be
discussed. From previous sections, the intersymbol interference has been categorized into
two types; that is, the normalized maximum ISI and the normalized RMS ISI. The power
penalty from each type will be considered.

* Power penalty due to the normalized maximum ISI.

— O —)

Figure 4.18 The eye diagram.

Considering the eye pattern in Figure 4.b8is the height of the eye in the
absence of ISI and is the minimum height of the eye when the intersymbol interference
occurs. The normalized maximum ISl is given by

ISI maxnormalized = b;ba (4 3. 1)

To increase the heigha (from ISI) to be the heighb (in case of no ISl), the
power must be increased. This increased power is the power penalty of the normalized

maximum IS, and is given by
Bt :1OIog10%@ 4.3.2)

Applying equation (4.3.1) to equation (4.3.2), the power penalty due to the

normalized maximum ISI is given by

6ISI,max = _1O|0910 (l_ ISIm.slxnormalized) (433)
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* Power penalty due to the normalized RMS ISl
Assuming that only thermal noise and intersymbol interference are impairments in the
system, and the extinction ratio is zero, the input current to the decision circuit is given
by
P=1,+i, +x1, (4.3.4)
where 1, is the mean of the input currerfor bit O or bit 1
it Is the current induced by thermal noise
Xlpis the current due to the RMS ISI
X is the RMS ISI parameter, which is assumed to be a zero mean Gaussian
random variable with a variance af,.

X is assumed to be a zero mean Gaussian random variable since it is from the sum
of many interfering bits, which are assumed to have the same probability density
function.

Since the extinction ratio is zero, the average input currents for bit 1 and bit O are
I, and 0O, respectively. As mentioned in chapter 3, with the Gaussian approximation, the
variance of thermal noise will be added to the variances of both bits. The intersymbol
interference will also affect both bits since this interference is from the neighboring bits.

Thus, the variances of bit 1 and bit O are the same; that is,
ol =07 :<ith2>+<lelz>
=8mV;C, (Af)? +0 1] (4.3.5)
whereoy is the normalized RMS ISI.

Substituting the average input currents and their variances into equation (3.1.10),

and substitutind; by equation (3.2.5) with a zero extinction ratio, the paranmieier

B4 AN (4.3.6)

:E = -
8V, C, +U; (279N p)z%é

From equation (4.3.6), the average number of photons per bit is given by

— H 1 2 (AF O[87V.C
N, = %L%ﬁgf e (4.3.7)
" ﬁhwkzaj n B q
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Comparing the average number of photons per bit from equation (4.3.7) to
equation (3.2.16), the power penalty due to the normalized RMS ISl is given by

H 1 E
=10l —
ISI,RMS 0910@ ,—1—4k20)f E

From equation (4.3.8), it is seen that for a giggnthere exists a maximum value

> (4.3.8)

of k. Applying this maximunk into equation (3.1.9), there exists a lower bound to the
error probability that can be achieved even though the input optical power is increased.

The maximum value s given by

K, =—— (4.3.9)

In Figure 4.19, the normalized maximum ISI and RMS ISI are plotted versus the
ratio of the receiver bandwidth to the bit rate. It is assumed here that the bandwidths of
fiber and transmitter are much higher than the bandwidth of the receiver. Both ISIs
decrease as the ratio of receiver bandwidth to bit rate increases. And, for a le@BBW
the normalized RMS ISl is slightly lower than the normalized maximum ISI. Using these
ISIs with equation (4.3.3) and equation (4.3.8), the power penalties from both ISIs are
plotted in Figure 4.20. At a low [BW/B], the power penalty from the normalized RMS
ISI is much higher than the power penalty from the normalized maximum ISI. If
[BWR,/B] increases both power penalties will move closer and merge together at the high
[BWRr,/B], and finally approach zero. From this figure, for the low [BXB], the power
penalty of the normalized RMS ISI from equation (4.3.8) is pessimistic and may be less
useful than the power penalty of the normalized maximum ISI from equation (4.3.3). The
reason for this is when [B¥/B] is small, the number of interfering bits is not high
enough to assumg to be a zero mean Gaussian random variable. The tails of the
Gaussian distribution will lead to an unrealistically high power penalty. Also, as was
shown in section 4.2.3 since the number of interfering bits is 4, the normalized maximum
ISI is more likely to occur. The normalized maximum ISI is consequently more

meaningful than the normalized RMS ISI.
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The normalized maximum ISI and the normalized RMS ISl are plotted versus the
ratio of fiber bandwidth to bit rate (BML/B) in Figure 4.21. The transmitter and
receiver bandwidths are fixed at 0.7 times bit rate. From the figure, it is seen that the
normalized maximum ISl is slightly greater than the normalized RMS ISI. For low
[BWiiner/B] (€.9. [BWihe/B]=0.5), both ISIs are very high compared to those with high
values of [BWe/B]. If [BW sne/B] increases, both ISIs will decrease rapidly and get a
minimum value at [BWe/B] of 0.85. If [BWipe/B] increases further, both ISIs will
slightly increase and approach ISI of 0.07 approximately. The reason for this is explained
as follows. For low [BWhe/B], the effect of fiber bandwidth dominates both ISls. The
impulse response of the system for different values of {8¥B] is shown in Figure
4.22. It is seen that at [BML/B] of 0.4, the system impulse response wider than those of
other values of [BWe/B] and it is similar to the impulse response of rder
Butterworth filter as shown in Figure 4.2. When [BWB] increases from 0.4 to 0.6, the
width of the impulse response is narrower and the peak of the impulse response becomes
higher. This leads to a smaller ISI since the peak increases and the number of interfering
bits that strongly affect ISI is small. When [BMW/B] is 0.85, the impulse response is
similar to the impulse response shown in Figure 4.13. At thiss{BIB], the effect of
interfering bits to ISl is least so there is an optimum ISI. As shown in Figure 4.21, the
optimum maximum ISI and RMS ISI are 0.043 and 0.042, respectively. I&JBB]
increases further, the effect of transmitter and receiver bandwidths becomes more
significant and finally dominates the ISI computation. As seen in Figure 4.22, the impulse
response of [BWe/B] of 1.5 is similar to that shown in Figure 4.13. Consequently, for
high [BWiine/B], both ISIs will approach the values of 0.068 and 0.066 for maximum ISl
and RMS IS, respectively. These values of ISI are from{BBY of 0.7 in Figure 4.10
assuming that fiber bandwidth is much larger than transmitter and receiver bandwidths.

The power penalty due to the normalized maximum ISl is shown in Figure 4.23. It
is seen that there is a minimum power penalty at{8¥] of 0.85 since the normalized
maximum ISl is optimal. The minimum power penalty is 0.19 dB.

From Figures 4.21 to 4.23, it is shown that if the transmitter and receiver
bandwidths are fixed at 0.7, the fiber bandwidth affects ISI. For low{B\B], the
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effect of fiber bandwidth is dominant. On the other hand, for high«fg¥8], the effect
of transmitter and receiver bandwidths is dominant. Moreover, atJ88] of 0.85, the

optimum ISl is achieved; thus, a minimum power penalty.
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Figure 4.21 Normalized maximum ISI and normalized RMS ISI versus the ratio of
fiber bandwidth ( BWe) to bit rate (B):assuming BW=BWRr,=0.7*B.
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5.0 Conclusions and suggestions for future research

In optical communication systems many types of impairments are added to the
signal. These impairments result in a fluctuation to the signal; therefore, they can degrade
the system performance. In this thesis, the impairments have been categorized into four

types; that is,

thermal noise
shot noise (quantum noise)

signal-dependent noise

P w0 NP

intersymbol interference

Characteristics of these impairments have been discussed in chapter 2. It is
indicated that thermal noise arises from the random movement of the charge carriers in
electronic devices in the system. Thermal noise power does not depend on the signal
power as shot noise and signal-dependent noise do. Shot noise (or quantum noise) is from
the random nature of received photons that leads to a fluctuation of the photocurrent. The
power of shot noise is proportional to the received optical power. For signal-dependent
noise, it has been characterized into three types; that is, modal noise, mode partition

noise, and relative intensity noise. The interference among the various propagating modes
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in a multimode fiber results in a fluctuation of the received signal; thus, modal noise.
Mode partition noise is from an intensity fluctuation among longitudinal modes of a
multimode semiconductor laser and different propagating velocities caused by fiber
dispersion. Relative intensity noise (RIN) originates from a fluctuation induced by the
spontaneous emission in semiconductor lasers. RIN can be enhanced by optical feedback
from reflection from outside of laser cavity. Even if the optical feedback is not fed back
into the laser cavity, it can enhance RIN by a process called phase-to-intensity noise
conversion. The last impairment is intersymbol interference (ISl). I1SI is from overlapping
between pulses. This overlap may result in a wrong bit decision so it can increase bit-
error-rate of the system.

In chapter 3, the Gaussian approximation has been used to evaluate the system
performance parameters (e.g. bit-error-rate and receiver sensitivity). The effect of thermal
noise, shot noise, and signal-dependent noise are considered. The effect of nonzero-
extinction ratio is also included in this chapter. It is shown in Figure 3.2 that RIN
introduces an error floor to the system. In Figure 3.5, it is seen that nonzero-extinction
ratios shift the bit-error-rate curve to the right. The more the extinction ratio, the more the
bit-error-rate curve shifts to the right. The combined effect of RIN and nonzero-
extinction ratio is shown in Figure 3.7. The left-most curve is from the presence of
thermal noise and shot noise only. When RIN and nonzero-extinction ratio occur, the
curve is shifted to the right and an error floor is introduced. This error floor is poorer than
the error floor from the case of zero-extinction ratio. It is shown that the power penalty is
considerably increased if a nonzero-extinction ratio and RIN are present in the system.
The decision threshold at the decision circuit is an important parameter. If this parameter
is set improperly, a vertical offset from an optimum threshold occurs and subsequently
results in a power penalty to the system as shown in Figure 3.13.

The effect of system bandwidth on intersymbol interference (ISI) has been
evaluated numerically in chapter 4. Transfer functions of transmitter, fiber, and receiver
are modeled as Butterworth filters (orders of 1, 2, and 1, respectively). The effect of fiber
bandwidth on ISl is similar to the effect of transmitter and receiver bandwidths on ISI.
That is, for low bandwidth, ISl is high. If bandwidth increases, ISI becomes smaller and

finally approaches zero. The number of interfering bits is a parameter that can affect the
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computation. It is shown that the minimum number of interfering bits is 4. The number of
following bits that interfere the bit at timteO is less than the number of preceding bits
since the impulse response of the system is not symmetric in time as shown in Figure
4.2.3. Comparing between Butterworth filters and raised cosine-rolloff filters, it is shown
that raised cosine-rolloff filters give much better performance for ISI than Butterworth
filters at particular bandwidths. However, if the transmitter and receiver bandwidths are
not matched and are not equal to these bandwidths, the achieved ISI from raised cosine-
rolloff filters is much higher than that from Butterworth filters.

The power penalty from ISI has been studied. The power penalty from the
normalized maximum ISl is determined by the eye diagram approach whereas the power
penalty from the normalized RMS ISl is determined by using Gaussian approximation as
shown in chapter 3. It is shown that the power penalty from the normalized RMS ISI is
more pessimistic and less useful than that from the normalized maximum ISI. Assuming
that the transmitter and receiver bandwidths are matched and fixed to be a constant, a
minimum ISI can be achieved if the ratio of fiber bandwidth to bit rate is 0.85 as shown
in Figure 4.21.

Future work may involve other approaches to model noise in the system because
some types of noise such as shot noise are not appropriate to be used in the Gaussian
approximation. These approaches will give alternatives to analyze noises and their effects
on system performance. It is also interesting to compare the analyzed result from the
thesis to the actual results from experiments. This may give us more understanding on the
effect of noise in the system and may lead to a more accurate way to analyze the system.

In chapter 4, only three components are modeled and combined to be a system.
However, for a more detailed examination, other components such as optical amplifier
and equalizer may be modeled and added to the system. The intersymbol interference of

such system should be evaluated and compared to that of the system in the chapter.
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Appendix A: Effect of signal-dependent noise in shot noise limit.

In this section, the photodetector is an avalanche photodetector (APD) with a
multiplication factor of M. For APDs, shot noise dominates the system; thus, we are in
the shot noise limit. Similar to chapter 3, the Gaussian approximation will be used to
evaluate the average number of photons per bit although the Gaussian approximation is
guestionable in the shot noise limit. Assuming zero-extinction ratio, the average currents

for bit 0 and bit 1 are given by
<io> =0 (A1)
(i,)=Ml, (A-2)

Assuming there is only shot noise in the system, the variances of current for bit 0

and bit 1 are given by [1]
(is)=0 (A.3)
(if) = 2gM°1,F, (af) (A.4)

where F, is the excess noise factor of the APD.

Substituting the average currents and their variances into equation (3.1.10) and

expressingd in terms ofN ,, the average number of photons per bit is given by
— 2 f
Np= H: A.5
p Ein %B Fa (A.5)
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If relative intensity noise is present in the on-state, the variance of current for bit 1

is changed to be
(i) = 2qM1,F, (Af ) + RIN(O)(AF )M ?1 ] (A.6)
Substituting the average currents and their variances into equation (3.1.10) and

expressind, in terms of N ,, the average number of photons per bit is given by

— 0O 1 2 [nf
N = H=RIN(0)(Af )k %%%%@EA A1)

From equation (A.7) and (A.5), the power penalty from RIN in shot noise limit is

given by

1 O
0)(Af)k* 1

Oxn (dB) =10log,, %_ RIN( (A.8)

Comparing equation (A.8) to equation (3.2.25), it is seen that the effects of signal-
dependent noise in the thermal noise limit and the shot noise limit are the same, assuming

the Gaussian approximation applies in both cases.
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