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Abstract

M -ary pulse position modulation (A -ary PPM) has been widely considered as an attractive
solution for increasing the bit rates in free-space optical (FSO) communications. Besides
increasing the bit rate, M -ary PPM increases the power efficiency of FSO systems. Hence,
better performance can be achieved at lower Ej, /N, values when compared to on-off key-
ing (OOK). M-ary PPM systems can be implemented using optically preamplified, direct
detection receivers. Furthermore, M -ary PPM can be combined with polarization division
multiplexed-quadrature phase shift keying (PDM-QPSK) or with PDM-binary phase shift
keying (PDM-BPSK) and then detected using optically preamplified coherent detection

receivers based on phase/polarization diversity techniques.

In this thesis, the performance of optically preamplified, direct detection 16-ary and 64-
ary PPM systems in terms of the bit error ratio (BER) is evaluated. Simulation techniques
were used to evaluate the BER without the need to assume that the noise at the decision
sample is Gaussian. The combined effects of the dual polarized amplifier noise, the Fabry-
Pérot optical filter, the extinction ratio (ER) of the optical transmitter, and the electrical
filter at the receiver are all considered in the evaluation. The bandwidths of the optical and
electrical filters at the receiver were optimized to obtain the best performance. In addition,
the penalties due to frequency drift and timing jitter are also calculated. Simulation results
provide the Ej, /N, values at a target BER of 1072 due to the availability of FEC codes that
can reduce the input BER down to 1072, Four systems with different pulse shapes under
an ER value of 20 dB were considered. In each case, the optimum filters were used. For
16-ary PPM systems, those values are 8 dB for the rectangular pulse and 8.2 dB for the sin?
pulse, while for 64-ary PPM systems, those values are 8.35 dB for the rectangular pulse and

9.6 dB for the sin® pulse, respectively. This result indicates that under an ER value of 20



dB, 16-ary PPM systems require smaller values of F},/N, when compared to 64-ary PPM
systems to achieve the same BER. In addition, 16-ary PPM systems have better bandwidth

efficiency compared to 64-ary PPM systems.

Also, the Ej,/N, performance of optically preamplified coherent M -ary PPM combined
with PDM-BPSK and with PDM-QPSK systems is evaluated. The performance penalties
due to finite ER values are also evaluated. For PDM-QPSK 8-ary PPM systems, the penalty
at 20 dB ER is 0.5 dB and for PDM-QPSK 16-ary PPM systems is 1.5 dB, while for PDM-
BPSK 8-ary and 16-ary PPM systems, the penalty is 1 dB and 2.6 dB, respectively. For
64-ary PPM systems combined with PDM-QPSK or PDM-BPSK, the penalty at 20 dB ER

is much larger than 7 dB, which indicates the impracticality of these systems.

Search Terms— Optically Preamplified Receivers, Direct Detection, Coherent De-
tection, M-ary Pulse Position Modulation (PPM), Fabry Pérot Filters, Extinction Ratio,
Polarization Division Multiplexed (PDM), Binary Phase Shift Keying (BPSK), Quadrature
Phase Shift Keying (QPSK).
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Chapter 1

Introduction

1.1 Free-Space Optical (FSO) Communication Systems

FSO communication systems utilize modulated laser beams propagating between
two optical terminals to form line-of-sight (LOS) free-space links. Unlike radio frequency
(RF) communication systems, FSO communication systems enjoy an abundance of band-
width without the need for spectrum licensing. The transmitted optical power in FSO
systems can be focused into very narrow laser beams. This ability eliminates interference
and increases the achievable bit rate-distance products (e.g., links with bit rates in the range
of Gbits/s and distances in the range of tens of thousands kilometers). However, using very
narrow laser beams requires accurate acquisition pointing and tracking (APT) control sys-
tems to ensure continuous alignment of the optical terminals. Optical terminals are usually
smaller and lighter than RF terminals. This property, in addition to the ability to transmit
at high data rates, gives an advantage to FSO communication systems over RF systems in
many applications. However, when mobility is considered, RF communication systems are
superior to FSO communication systems although the former is typically characterized by
their low bit rate-distance products [1].

Figure 1.1 illustrates some examples of FSO links and their corresponding dis-
tances. FSO optical terminals can be used to form various types of networks between
buildings in what is known as terrestrial links. Terrestrial links are useful when high data

rates are needed, especially when it is difficult to construct fiber-optic links [2]. However,
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Figure 1.1: Examples of FSO Links and Corresponding Distances.

they are affected by atmospheric conditions. FSO links can also be used to form inter-
satellite communication links [3]. These include links between two low earth orbit (LEO)
satellites with a distance of 15,000 km, between two geostationary orbit (GEO) satellites
with distances between 40,000 and 84,000 km, or between a GEO to a LEO with distances
up to 85,000 km [4].

Other examples of FSO systems include satellite to aircraft links. These systems
are of recent interest and still encounter many challenges [5]. The major challenge is that
the continuous and fast movement of aircrafts imposes strict requirements on APT sys-
tems. Examples of these systems include communication with unmanned aerial vehicles
(UAV) [6], with airplanes [7], and with high altitude platforms (HAP) [8, 9, 10]. Some
of the applications of FSO communication with HAP include constructing optical back-
hauls [11] and data rely systems [12]. Furthermore, FSO links can be used in satellite to
ground base optical station communications [4, 13] and for deep-space and interplanetary

communications [14, 15] where the link distance usually extends to millions of kilometers.

It is desired in FSO systems to reduce the size, weight and power (SWaP) require-

ments of the optical terminals [16]. SWaP can be reduced through increasing the receiver
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sensitivity, which is defined as the minimum optical power, or alternatively, the minimum
number of photons per bit (PPB) required to achieve a desired bit error ratio (BER) for a
given modulation scheme. Higher sensitivity leads to a smaller antenna diameter and thus

reduces SWaP.

Several modulation schemes have been considered for FSO communication sys-
tems. Non-return-to-zero (NRZ) and return-to-zero (RZ) on-off keying (OOK) modula-
tion schemes have been extensively analyzed for FSO communications [17]. The direct
detection-based OOK, also known as intensity modulation with direct detection (IM-DD),
has been widely implemented due to the simplicity of the optical receivers. Coherent mod-
ulation schemes have also been considered since they offer better performance than OOK
systems [18]. Homodyne binary phase shift keying (BPSK) has been examined and imple-
mented for inter-satellite communications at bit rate of 5.65 Gbps as described in [3] and
recently demonstrated in [19] at a bit rate of 9.94 Gbps. M-ary pulse position modulation
(PPM) has been also studied and evaluated in [20, 21, 22, 23] as a promising modula-
tion scheme capable of offering better sensitivity and higher data rates at reduced power
consumption. Recent attempts to achieve higher efficiency than conventional M-ary PPM
systems include demonstrations of combined modulation formats such as polarization di-
vision multiplexed quadrature phase shift keying (PDM-QPSK) with M-ary PPM using

coherent techniques [24].

Many FSO links were successfully implemented and tested [25], where the dom-
inant technology was based on IM-DD and on beacon-assist for tracking. In 1995, the
Ground Orbiter Lasercomm Demonstration (GOLD) resulted in a 1 Mbps optical link
between a Japanese GEO and the Table Mountain Facility (TMF) in the USA [4]. In
2001, the Geosynchronous Lightweight Technology Experiment (GeoLITE) was launched
by Lincoln Laboratory to achieve a duplex 1550 nm downlink between the GEO and the
ground [4, 25]. In the same year, the Semiconductor Inter-Satellite Lasercom Experiment
(SILEX) was held by the European Space Agency to accomplish a duplex LEO to GEO
50 Mbps link [26]. Later in 2002, the Airborne Laser EXperiment (ALEX) by Lincoln
Laboratory was conducted leading to a duplex 1 Gbps GeoLITE air link [4]. In 2005,

17



the Japanese space agency (JAXA) accomplished LEO to GEO and LEO to ground links
and later in 2006, Liaison Optique Laser Aéroportée conducted a S0 Mbps duplex link to
SILEX [27]. Finally in 2008, the German company, Tesat-Spacecom, launched a 5.65 Gbps

LEO to LEO link using beacon assist and coherent BPSK receivers [4].

1.2 Motivation

Future FSO applications and services are expected to demand higher bit rate-distance
products. Current modulation schemes used in FSO communication systems such as NRZ
and RZ-OOK set an upper limit on the achieved data rates, especially for inter-satellite
links that are characterized by high distances. Therefore, to increase the bit rate at high
transmitter-receiver distances while improving the BER performance, more efficient mod-
ulation schemes such as M-ary PPM with direct detection and M -ary PPM combined with
PDM-QPSK with coherent detection need to be considered. Along with the recent ad-
vances in optical technology, error correcting codes, and digital signal processors (DSPs),
such optical modulation schemes have become viable alternatives to current modulation

schemes.

1.3 Contributions

The main contribution of this thesis is the evaluation of the BER performance of
optically preamplified direct detection 16-ary and 64-ary PPM systems. Simulation tech-
niques were used to evaluate the BER without the need for the analysis that assumes that
the noise at the decision sample is Gaussian. The combined effects of the dual polarized
amplifier noise, the Fabry-Pérot optical filter, the extinction ratio of the optical transmitter,
and the electrical filter at the receiver are all considered in the evaluation. Extensive simu-
lations were carried out to optimize the bandwidths of the optical and electrical filters at the
receiver. Furthermore, the performance penalties due to frequency drift and deterministic

timing jitter at the receiver are calculated.
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The performance of optically preamplified NRZ-OOK systems was also evalu-
ated and compared with M-ary PPM systems. Finally, the performance of optically pre-
amplified coherent systems combining M -ary PPM with PDM-QPSK or with PDM-binary
phase shift keying (PDM-BPSK) for M € [4, 8, 16, 32, 64] was evaluated. Also, the penal-
ties due to finite extinction ratio for M € [8, 16, 64] in PDM-QPSK M -ary and PDM-QPSK
M-ary PDM-BPSK were calculated.

1.4 Thesis Organization

The rest of this thesis is organized as follows. In Chapter 2, optical modulation
schemes, optical transceiver components, and link budget calculations for FSO systems are
explained. Chapter 3 presents a brief evaluation of optically preamplified OOK systems and
Chapter 4 addresses a detailed evaluation of optically preamplified M-ary PPM systems.
Chapter 5 discusses the combined modulation formats and Chapter 6 concludes the work

presented.
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Chapter 2

Background

In this chapter, the modulation schemes that can be used for FSO communication
systems are explained. The components of FSO communication systems are illustrated
and the differences between various receiver configurations, namely, photon-counting re-
ceivers, optically preamplified direct detection receivers, and coherent receivers are demon-

strated. Finally, the link budget estimation for FSO communication systems is described.

2.1 FSO Modulation Schemes

The selection of the modulation scheme to be used in FSO communication systems
depends mainly on the type of detection, the required BER, and the available detection tech-
nology. For direct detection receivers, intensity and some differential modulation schemes
are more suitable. The most common formats of digital intensity modulations are the on-off
keying (OOK) and the M -ary pulse position modulation (M -ary PPM) which are catego-
rized as pulse-based modulations. In differential modulation schemes, such as differential
phase shift keying (DPSK), the bits are differentially-encoded and additional optical de-
vices are added to the direct detection receiver to convert the differential phase information
into intensity-based signaling.

Coherent receivers are capable of extracting the phase or the polarization informa-
tion with the aid of a local oscillator and/or additional optical devices such as polarization
beam splitters (PBS) and 90° hybrid devices. Non-pulsed modulation schemes such as
phase shift keying (PSK) and polarization shift keying (POLSK) are possible. Coherent

receivers are also capable of detecting pulse-based modulation schemes.
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Capacity and spectral efficiency of classical modulation formats can be increased
by combining more than one modulation format through simultaneous modulation of more
than one property of light. Combined modulation formats provide higher sensitivities when
compared to classical modulation formats as a result of aggregating more bits in each sym-
bol for the same optical power. In the following subsections, the details of the commonly

addressed optical modulation formats are explained.
2.1.1 On-Off Keying (OOK)

In OOK, the binary bits are represented by the presence or absence of the light
pulse in the corresponding symbol interval [4, 28]. OOK signaling consists of two symbols
and can be categorized into non-return-to-zero (NRZ) and return-to-zero (RZ) signaling. In
NRZ-OOK, the symbol (s1) represents a binary “1”” and the symbol (s() represents a binary

“0” where the waveforms of s; and s, can be represented as:
s1(t) = Acos (2 fot) ,
so(t) = 0. (2.1
NRZ-OOK and RZ-OOK modulation schemes are illustrated in Figures 2.1 and 2.2,
respectively. In RZ-OOK, s; contains an optical pulse that occupies a portion of the symbol

interval [29]. The percentage of the full portion relative to the empty portion is known as

the duty cycle. For example, the RZ-OOK waveform in Figure 2.2 has a duty cycle of 50%.

Toym

“177 “077 “177 “177 “077 “077
Figure 2.1: NRZ-OOK Modulation Scheme.

RZ-OOK modulation scheme clearly reduces the optical power consumption but
increases the bandwidth requirements for the same bit rate. RZ and NRZ-OOK with direct

detection have been implemented in most FSO links due to their receiver simplicity [25].
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Figure 2.2: RZ-OOK Modulation Scheme.

2.1.2 Differential Phase Shift Keying (DPSK)

Direct detection receivers are usually insensitive to the phase and polarization of
the received optical field. However, direct detection of phase- or polarization-based modu-
lation schemes is possible with the aid of additional optical devices [30]. The role of these
optical devices is to transform the phase or polarization information into OOK signaling.
A differentially encoded phase-based modulation format could be directly detected with
the aid of a delay line interferometer (DLI). In DPSK, a binary “1” is encoded as a phase
shift of 7 and a binary “0” as no-phase shift. The role of the DLI is to produce two signals
where the second signal is a delayed version of the first one. The two signals are usually
connected to a balanced receiver where the output of the first photodiode represents the
sum of the two signals and the second represents the difference. When the output of the
sum diode is high and the difference is low, “‘0” is decoded since the consecutive symbols
have no phase difference. When the output of the sum diode is low and the difference is
high, a phase shift of 7 is detected and a binary “1” is decoded [31]. Figure 2.3 illustrates
the structure of the differential receiver.

Delay Line Interferometer
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Figure 2.3: DPSK Receiver.

DPSK offers better sensitivities than OOK and provides constant envelop input to
the receiver thus reducing the nonlinear effects. The sensitivity of optically preamplified

DPSK was recorded in [32]. Results indicated sensitivity of 25 PPB at a BER of 107°.
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2.1.3 Polarization Shift Keying (POLSK)

In POLSK, the data is modulated using the optical field polarization state. For ex-
ample, in binary POLSK, “1” and “0” are encoded into two orthogonal polarization states.
POLSK can be directly detected with the aid of the PBS [33]. In binary POLSK, the PBS
at the receiver separates the two orthogonal fields and feeds them into a balanced receiver.
POLSK is considered for FSO communications to overcome the effects of atmospheric tur-
bulence [34]. This is because the optical field polarization state is one of the most stable
properties of the light while propagating in free-space. POLSK can also be detected coher-

ently to provide higher sensitivities when compared to directly detected POLSK [35, 36].

2.1.4 M -ary Pulse Position Modulation (1 -ary PPM)

In M-ary pulse position modulation, each r-bits are translated into a single pulse
in one of M distinct positions within the symbol period. The number of bits (r) contained
in each PPM symbol is log, M. Figure 2.4 illustrates a 16-ary PPM where the slot interval
(T4ot) 1s equal to 1/16 of the symbol interval (7%,,,). For example, the sequence “0000” is
mapped into the 15 PPM slot, the sequence “0010” is mapped into the 3" PPM slot, and
the sequence “1111” is mapped into the 16" PPM slot.

v Tsym

“111177 UU

Figure 2.4: 16-ary PPM Modulation Scheme.
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M-ary PPM systems are highly desired for FSO communications because they of-
fer higher sensitivities than those provided by OOK systems [20, 21, 22, 37, 38]. M-ary
PPM have been demonstrated in [39] with bit rates between 52 Mbps and 311 Mbps, and
in [40] with bit rates of 78 Mbps for 256-PPM up to 1244 Mbps for 2-PPM. The study
in [41] suggests an implementation for a 12.5 Gbps 16-ary PPM receiver for FSO com-
munications that relies on planner lightwave circuits. M -ary PPM systems have been also
considered for fiber links where both optically preamplified direct and coherent detections

were studied [42, 43, 44].

2.1.5 Binary Phase Shift Keying (BPSK)

In BPSK, binary data is encoded into two phase shifts (¢; and ¢5) spaced by 7. For
example, when “0” is represented by ¢; = 0, “1” is represented by ¢ = 7. Figure 2.5

shows the BPSK modulation scheme.

o1 P2
“0” “1” “1’7 “0’7 “0”

Figure 2.5: BPSK Modulation Scheme.

BPSK has been implemented in inter-satellite links as described in [3, 13, 19].
Those links provide a typical sensitivity of 40 PPB at a data rate of 1 Gbps. Recently,
BPSK was demonstrated in [45] with bit rates of 9.94 Gbps and 19.88 Gbps and found to
provide sensitivities of 2.1 PPB and 3.9 PPB, respectively.

2.1.6 Quadrature Phase Shift Keying (QPSK)

In QPSK, four phase shifts (¢1, ¢2, ¢3, and ¢4) spaced by 7/2 are used to repre-
sent four different symbols (007, “01”, “10”, and “11”"). Figure 2.6 represents the QPSK

modulation scheme. QPSK was considered for FSO communication in [46, 47].
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Figure 2.6: QPSK Modulation Scheme.

2.1.7 Combined Modulation Schemes

Combined modulation schemes are achievable by modulating more than one prop-
erty of light at the same time such as the phase, the polarization, and the pulse position.
Examples of combined modulation schemes are polarization division multiplexed quadra-
ture phase shift keying (PDM-QPSK), PDM binary phase shift keying (PDM-BPSK), and
PDM-QPSK M -ary PPM.

(@) PDM-BPSK

In PDM-BPSK, two phase shifts (¢;and ¢2) spaced by 7 in addition to two polar-
izations states (e.g., x polarization and y polarization) are used to represent four different
symbols (“007, “017, “10”, and “11”"). Figure 2.7 shows the waveform and the lowpass

equivalent signal for three symbols of the PDM-BPSK modulation scheme.
(b)) PDM-QPSK

In PDM-QPSK, four phase shifts (¢1, ¢o, ¢3, and ¢4) spaced by 7/2 in addition to
two polarizations states (e.g.,  polarization and y polarization) are used to represent 16
different symbols (“00007, “00017, ..., “1111”). Figure 2.8 shows the waveform and in-
phase and quadrature-phase components for three symbols of the PDM-QPSK modulation

scheme.
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Figure 2.7: PDM-BPSK Modulation Scheme.
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Figure 2.8: PDM-QPSK Modulation Scheme.

(c) PDM-QPSK M-ary PPM

In PDM-QPSK M -ary PPM, the pulse position, the phase, and the polarization of
the optical field are used to encode the bits. Figure 2.9 illustrates 16-ary PPM systems
which have 2% symbols represented by eight bits. The first four bits determine the location
of the pulse in one of 2*=16 slots. The remaining four bits represent the symbols of PDM-

QPSK modulation scheme.
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Figure 2.9: PDM-QPSK 16-ary PPM Modulation Scheme.

The implementation of combined modulation schemes in optical communication
systems have become realizable through employing digital coherent receivers. In digital
coherent receivers, carrier estimation, phase recovery, and demodulation are performed by
means of digital signal processing through digital signal processors (DSPs) [48] or field
programmable gate arrays (FPGAs) [49]. Thus, the complexities of implementing opti-
cal phase locked loops (OPLLs) in coherent receivers are avoided [8]. Another advantage
of digital coherent receivers is their flexibility. Several modulation schemes or levels can
be implemented on the same digital system by simple modifications to the applied soft-

ware [50].

DSP based coherent receivers have been considered for dual-mode optical receivers
that are capable of detecting IM-DD and BPSK at 6 Gbps or QPSK at 12 Gbps. These sys-
tems have been developed and tested for future FSO communication links [51, 52]. The
performance of several combined modulation schemes such as polarization-shift-QPSK
(PS-QPSK), PDM-QPSK, and PDM-QPSK M-ary PPM was addressed in several stud-
ies [53, 54, 55, 56]. PDM-QPSK M-ary PPM was analyzed and demonstrated in [57, 58,
59, 24]. Sensitivities of 3.5 PPB and 2.7 PPB where recorded at a BER of 10~ with bit
rates of 2.5 Gbps and 6.23 Gbps using PDM-QPSK 16-ary PPM and PDM-QPSK 4-ary
PPM, respectively.

27



2.2 Components of FSO Communications Systems

Figure 2.10 depicts the general block diagram of an FSO communication sys-
tem. FSO communication systems are usually bi-directional, thus consisting of optical
transceivers that include a transmitter and a receiver in both terminals. For simplicity,
Figure 2.10 shows a uni-directional FSO system. In inter-satellite links the only channel
impairment is the propagation loss which is explained by the fact that the channel is vacuum
which is typically free of any atmospheric effects [60]. The optical transmitter generates
the optical carrier and then modulates and amplifies the generated optical signal before be-
ing emitted into a free-space link. At the other side, the receiver collects the transmitted
optical signal and performs the necessary amplification, filtering, and detection processes.

The following subsections describe the components of the optical transmitter and receiver.

_______ Front end

1 ! Optical Optical Photo- Post
#Z 1 Modulator :—) Telescope > Filter > detector ] detection
and/or Lens

Laser Module

booster
— —l— —  amplifier rAa
| Electrical | ! |
Data ) 1
L Fitter__J =

Local oscillator

Optical Transmitter Optical Receiver
3 Optical signal

—> Electrical signal

Figure 2.10: A General Block Diagram of FSO Systems.

2.2.1 Optical Transmitters

The optical transmitter consists mainly of a laser source, a modulator, an electrical
filter, and a booster amplifier. The laser module generates an optical carrier with a certain
desired wavelength. The most widely used wavelength ranges are the (800-900 nm) range
and the (1310 or near 1550 nm) range. The first range is preferred for low cost, low data
rates, or short distance applications while the second range is preferred for high data rates

over long distance applications [2].
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The modulation process in the optical transmitters can be performed internally or
externally [61]. Internal modulation is achieved by controlling the output of the laser source
using the modulating data as a biasing current. The output is then selected to be either
on, off, or a controlled amplitude. A simple set of modulation formats can be achieved
through direct modulation such as intensity or amplitude modulation. External modulation
is achieved through operating the laser device to emit a continuous wave (CW) output.
Then, the modulation is achieved externally. A wide set of modulation formats can be
performed through external modulation. This includes pulse-based modulations such as
OOK and PPM which can be achieved by allowing/blocking the CW into the optical booster
amplifier. It also includes phase- and polarization-based modulation formats, where the
modulation can be achieved by controlling the electro-optic or acousto-optic effects of the
external modulator material on the phase or the polarization of the CW [61, 62]. For high
bit rates, external modulators are preferred over internal modulators since they offer faster
response and reduced frequency chirp [62]. An optional electrical filter can be used in the
optical transmitters to reshape the transmitted optical pulse. Finally, a booster amplifier is

used to amplify the optical signal to the desired power level.

2.2.2 Optical Receivers

Optical receivers consist of three main systems: the front end receiving system, the
photo-detection system and the the post-detection system [61].

The front end receiving system consists mainly of an optical telescope to collect the
transmitted optical signal, and an optical bandpass filter to reduce the excess optical noise.
An optical preamplifier might be added to the front end receiving system to increase the
sensitivity of optical receivers. The most widely used optical preamplification technology
is the Erbium-Doped Fiber Amplifier (EDFA) that operates in the 1.55 ym wavelength
window. A drawback of using EDFA amplifiers is the addition of amplified spontaneous
emission (ASE) optical noise [62].

One of the most practical optical bandpass filters is the Fabry Pérot filter which con-

sists of a cavity formed by two highly reflective parallel mirrors [29]. The complex base-
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band field transfer function of the Fabry Pérot filter can be expressed using the Lorentzian

approximation as [17]:
1

" 1+ j2f/FWHM

Brp(f) (2.2)

where FWHM is the full width half maximum or the 3-dB bandwidth.

The photo-detection system converts the optical signals into electrical signals using
photodetectors. Photodetectors used in FSO receivers might be a p-intrinsic-n (PIN) device
or an avalanche photodetecor (APD) device [2]. PIN photodiodes have an intrinsic (or
lightly doped) region between the p-type and the n-type doped semiconductor material.
When reverse biased, the internal impedance is significantly large and the diode acts as
an open circuit. When photons enter the intrinsic region, electron-hole pairs are produced
and an amount of current proportional to the input optical power is generated. The APD
consists of a two-layer semiconductor sandwich where the upper layer is n-doped and the
lower is heavily p-doped. When reverse biased (i.e., no light received), a dark current is
produced due to the thermal generation, and when forward biased, photons reach the p-
layer and produce electron-hole pairs. Because the electrical field is strong, electrons can
gain enough energy to create secondary electron-hole pairs; a phenomenon known as the

avalanche process [2].

APD devices are more sensitive than PIN devices and have internal amplification
capabilities that allow the implementation of automatic gain control (AGC) functions in
optical receivers. APD devices reduce the need for optical preamplifiers and hence increase
the sensitivity without adding ASE noise [4]. PIN devices compared to APD have simpler
driving circuitry and lower bias voltages. PIN devices are faster in response and hence more
suitable for high data rate systems. In many applications, PIN devices with preamplification

are preferred over APD devices [8].

The post-detection system processes the photo-detected electrical signals. It con-
tains the required electrical devices such as electrical amplifiers, electrical filters, as well

as demodulation circuity and/or processors.

Optical receivers can be generally divided into three categories: photon-counting
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receivers, direct detection receivers, and coherent receivers. Direct detection receivers that
utilize optical preamplifiers are known as optically preamplified direct detection receivers.

In what follows, each category is illustrated.

(a) Photon-Counting Receivers

Photon-counting receivers are a special type of APD detectors where the internal
gain is high enough to enable a few number of photons to generate a binary nature output.
In a given time interval, if photons are received “1” is detected, and if no photons are
received “0” is detected. Photon-counting receivers are affected mainly by the dark current
noise generated when no photons are received [16]. The suitable modulation formats for

photon counting receivers are OOK and M -ary PPM [63, 64].

Although photon-counting receivers are efficient, they are not suitable for future
high data rate applications [63, 64]. This is due to the limitations induced by the count-
ing process where after each detection event, the photo-detector remains idle for a pe-
riod of time, known as the reset time, before it can resume counting. However, photon-
counting receivers are desired for power-starving links with low data rates such as deep
space links. Photon-counting receivers are being considered for the Lunar Laser Commu-
nications Demonstration (LLCD) scheduled to be launched in 2013 [65]. The terminals for
LLCD employ 64-ary PPM to achieve a 622 Mbps downloadlink and a 20 Mbps uplink
between the spacecraft and the ground link. The approximate distance for these links is

400 thousands kilometers.

(b) Optically Preamplified Direct Detection Receivers

Optically preamplified direct detection receivers operate through detecting the in-
stantaneous power of the received optical signal and thus have a simpler structure than
photon-counting or coherent receivers. These receivers are capable of detecting OOK, dif-
ferential phase shift keying, and M -ary PPM modulated signals where the data is encoded

into the instantaneous optical power [16].
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Figure 2.11 shows a general block diagram of optically preamplified direct detec-
tion receivers. They consist mainly of an optical preamplifier, optional polarization filter,
bandpass optical filter, single photodetector, electrical amplifier, electrical filter, and de-
tection or demodulation circuitry. The optical preamplifier is used especially with a PIN
photodetector to improve the sensitivity of the receiver [4]. This amplification process is
usually incorporated with the addition of ASE noise components in two polarization modes.
The first one is parallel to the incoming optical field and the second one is perpendicular to
the incoming optical field. The polarization filter eliminates the perpendicular ASE mode
and hence improves the sensitivity of direct detection receivers. The bandpass optical filter

suppresses the out-of-band ASE noise and any other background optical noise [4].

Es |G ! polarization ! >| Optical Ep Ty Electrical Detect
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Amplifier Amplifier

=3 Optical signal
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Figure 2.11: A General Block Diagram of Optically Preamplified Direct Detection Re-
ceivers.

Noise Statistics in Optically Preamplified Direct Detection Receivers

The electrical field of the received optical signal can be expressed as:
Es = Acos(27 foct), (2.3)

where f,. is the optical carrier frequency and A is the amplitude of the incoming optical
signal. The optical preamplifier amplifies the signal by a factor of v/G, where G is the
power gain of the amplifier, and adds ASE noise components. The parallel ASE noise (n))
can be considered as a bandpass Gaussian noise with double-sided power spectral density
(PSD) given as [66]:

Nase = 5(C — Dhfuns, 2.4)
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where 1 is the Planck’s constant, and ng, is the amplifier noise figure. For ideal amplifiers,
the value of ng, is 1 and for typical amplifiers the value of ng, is between 1.4 and 4 [66].
The electrical field of the optical signal after the polarization filter and the bandpass optical

filter can be expressed as:

Er = VGA cos(27 foct) + 1y (1)
= VG ACOS(2T foet) + Ngr (1) COS(2T foct) — Na () SIN(27 foet), (2.5)

where 1z (t) is the output noise of the bandpass filter which is modeled as bandpass Gaus-
sian noise. n,; and n,g are the in-phase and the quadrature-phase components of 7z (t).

The photodetector output which is proportional to the incident optical power is:

2

Ly = % H\/EA(t) +ngr(t)| + [an(t)]Q] , (2.6)

where ® = ne/hf,. is the responsivity of the photodetector, e is the electron charge, and 7
is the quantum efficiency of the photodiode [62]. Due to the square-law nature of the pho-
todetector, the resulting ASE noise will contain two terms which are known as the signal-
spontaneous (signal-ASE) and the spontaneous-spontaneous (ASE-ASE) noise terms. The

photodetector current of the signal-ASE noise equals:
Isignal—ASE(t) = %\/EATL:C[ (t) (27)

The double-sided spectral density for the signal-ASE noise term, Sgignai-ase(f), is flat and
extends between — By /2 and By /2, where B, is the bandwidth of the optical bandpass filter,

with a constant value of [66]:

Ssignal—ASE(f) = G(G - 1)hfocnsp§RQA2

en
= 2G(G —1)h focnsp(—h fOC)QB"

62
= QG(G — ].)nspm.meJ (28)
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where P;,, = A?/2 is the power of the optical signal and 7 is assumed to be 1. The
photodetector current of the ASE-ASE noise term equals:

R (n2;(t) + nip(t)) - (2.9)

Inspase(t) = 3

The autocorrelation for the random process n?;(t) is given by [67, 29]:
E [z (g (t+7)] = By, (0) + 2R, (7), (2.10)

where R,_,(7) is the autocorrelation of n,;(¢). Since n,;(t) and n,q(t) are independent
random processes, the power spectral density of Iasp asg(t) is twice the power spectral
density of the first term in Equation 2.9. Using Equations 2.9 and 2.10, the power spectral
density of Iasg.asg(t) will include two terms. The first term is an impulse at f = 0 with
a value of % (G — 1)nspeBO]2. The second term has a triangular shape with a maximum
power density at f = 0 that is equal to [(G — 1)n8pe]2 By and extends from — B, to Bj.

The power spectral densities of Sgigna-ase and Sasg-asg are shown in Figure 2.12.
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Figure 2.12: Photocurrent Power Spectral Densities.

In addition to ASE optical noise components, electrical noise components such as

shot noise and thermal noise exist in optically preamplified direct detection receivers. The
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shot noise is generated by the photodetector as a result of the randomness of the electrons
flow inside the photodetector [68]. The power spectral density of the shot noise current is

given by [29]:

Sshot(f) = eR [Gpm + (G - 1)nsphfoc]
2P,

= Y

+ (G — 1)nge®Bo. (2.11)

The power spectral density of the shot noise is also shown in Figure 2.12. The
thermal noise results from the Brownian movements of the electrons inside the electrical
components. The power spectral density of the thermal noise is assumed to be flat with a

typical value of 1 pA/v Hz [29].

In optically preamplified receivers, thermal and shot noise terms are much smaller
than the signal-ASE and ASE-ASE noise terms and thus can be neglected. Also, the ASE-
ASE noise terms are not Gaussian; thus analytical solutions to their effects on optical sys-

tems performance are difficult.

(c) Optical Coherent Receivers

Optical coherent receivers mix a locally generated optical signal with the incoming
optical signal before the photo-detection process. The mixing process in optical coherent
receivers is equivalent to amplifying the optical signal without noise addition. Detection in
optical coherent receivers can be categorized into homodyne detection and hetrodyne de-
tection. In homodyne detection, the frequency of the local oscillator ( f},) should match the
frequency of the optical carrier ( f,.). The detection in this case is performed at the baseband
which reduces the receiver bandwidth and simplifies the detection electronic circuitry [3].
In hetrodyne detection, the mixed signal is down converted into an intermediate frequency
fir = foc — fio [69]. Homodyne receivers are more sensitive than optically preamplified
direct detection receivers while hetrodyne receivers are equivalent in their performance to

optically preamplified direct detection receivers [70].
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An advantage of coherent receivers is their capability of detecting the variations in
the amplitude, frequency, phase, and polarization of the incoming optical signal. However,
the local oscillator optical field should be locked in phase and in polarization to the in-
coming optical field. This requirement increases the complexity of the receiver design and
makes the receiver harder to tolerate [3, 8].

Figure 2.13, shows a simple implementation of coherent receivers known as single
branch homodyne receivers. To achieve the optimum mixing, the phase, frequency, and
polarization of the local oscillator should be locked to those of the received optical field

(Es). In this configuration, an optical coupler is used to add Eg to the local oscillator field

(ErLo).

PD

Es I—) g —>l>—> Detection
Ero s NG Electrical
Amplifier

Coupler

i
i
i
Optical H
i
i
i
]

Local oscillator

- Optical signal
—— Electrical signal

Figure 2.13: Single Branch Homodye Receiver.

The equivalent electrical field of Eg and £ can be represented as:
Es(t) = Ag(t) cos (27 foct + ¢5(t)) , (2.12)

ELO = Al COS (27Tf10t + ¢10(t)) y (213)

where A,(t) is the modulated amplitude, ¢,(t) is the modulated phase, A; is the amplitude
of the local oscillator wave, and ¢y, (t) is the local oscillator phase shift. At the input of
the photodiode, the mixed optical field equals [Es(t) + E1o(t)]/v/2. The current of the

photodetector is then given by:

1) = 2 ((Bs(t) + Bro(t)?), .14
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where R is the photodiode responsivity and the operation (-) represents the time average.

The beating term of the detection current in Equation (2.14) is the dominant term and can

be expressed as:

I(Zf) = %ALOAS COS [27Tf1Ft + ¢S(t)] .

(2.15)

An alternative simple implementation of homodyne coherent receivers, known as

the balanced receiver, is shown in Figure 2.14. This configuration increases the received

signal power and reduces the local oscillator noise. In balanced receivers, two photodiodes

are used where the difference of their currents is used for the detection [30]. The field into

the first photodiode is [Es(t) + FEro(t)]/v/2, while the field into the second photodiode is

[Es(t) — Ero(t)]/v/2. The currents of the two photodiodes are:

R
1(t) = SHIBs(t) + Ero(t))),
R
I(t) = f([Es(t) — Ero(t)]?).
Es — gz PD,
Ero Detection
. —> 52 PD» Electrical 1
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Locking
Local oscillator
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Figure 2.14: Balanced Homodyne Receiver.

Assuming equal responsivities (i.e., &, = Ry), the detection current is then:

1(0) = % [([Bs(0) + Bro(®)) —{[Es(t) ~ Bro(t)])]

(2.16)

(2.17)

The beating term of the detection current is the dominant term and can be expressed as:

I(t) = RALAs(t) cos 2T frpt + ¢s(1)] .
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The block diagram of an optically preamplified homodyne phase/polarization di-
versity receiver is shown in Figure 2.15. This configuration is capable of separating the
in-phase (/) and quadrature-phase (()) components of two different orthogonal polariza-

tions (e.g., x and y polarizations) of the incoming optical signal.
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Figure 2.15: Phase/Polarization Diversity Coherent Receiver.

In phase/polarization diversity coherent receivers, two polarization beam splitters
(PBS), two 90° optical hybrid devices, and four balanced receivers (i.e., eight photodetec-
tors) are used [69]. The 90° optical hybrid device uses the local oscillator optical signal to
internally generate an optical signal with a 90° phase shift. Optical preamplification can
be used in coherent detection to increase sensitivity. The phase/polarization coherent re-
ceiver in Figure 2.15 utilizes an optical preamplifier to increase sensitivity. The equivalent

electrical field of the two ASE noise components can expressed as:

n(t) = (nur(t) cos(2m foct) — nguq(t) sin(27m foct))

+  (nyr(t) cos(27 foct) — nyo(t) sin(27 foct)) , (2.19)
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where n,;(t) and n,q(t) are the in-phase and quadrature-phase components of the ASE
noise in the z polarization while n,;(t) and n,q(t) are the in-phase and quadrature-phase

components of the ASE noise in the y polarization. The outputs of the PBSs are:

Biso(t) = (L(t) + nar(t)) cos(27 foet) — (Qu(t) + nug(£)) sin(27 foct)

Es,(t) = (1y,(t) + nyr(t)) cos(2m foct) — (Qy(t) + nyq(t)) sin(2m foct),  (2.20)

where I,(t) is the incoming signal in-phase component in the z polarization, Q,(t) is the
quadrature-phase component in the x polarization, I,() is the in-phase component in the
y polarization, and @), (t) is the quadrature-phase component in the y polarization. The

outputs of the 90° optical hybrid devices are:

Bio = o [Bsalt) & A cos (2n il — (1)),
Bya = 5 [Boalt) & Auyusin (2nfist — (1)),
Bro = 5 [Bsy(t) £ Ay o8 (2n it = (1)
E:s = % [Esy(t) £ Ajoysin (27 fiot — dio(t))], (2.21)

where A;, , is the local oscillator amplitude in the x polarization, A, , is the local oscillator
amplitude in the y polarization, ¢, (t) = 2nrAft + 0, Af = f.c — fi0, and 0 is a random

phase shift. The output current of the balanced receives can be given as:

I, = R[(E7) — (E3)]. (2.22)

I; can be expanded as follows:
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L = gce[<152> (E3)]
= [ ([Esa(t) + Aso cos (2 fiot — io(1))]?)
~([Es.0(t) = Ato,w cos (27 fiot — d1o(1))]?) |
[{[(La(t) + nar + Ato.o c05(d10(1))) c08(27 foct) — (Qu(t) + 1) SIn(27 foct)]*)
—(

R
T4
(L, (t) + Npr — Atop c08(d1o(t))) cos(27 foet) — (Qu(t) + 12g) SIN(27 fort)]?).
(2.23)
Using the trigonometric equation, [A cos(z) & Bsin(z) = V'A% + B2 cos(z F tan™! 8],

I can be expressed as:

I =RA,. [L(t) + ngr(t)] cos(dio(t)) — RAx [Qu(t) + nug(t)] sin(gi(t)) (2.24)

Similarly, -, I3, and I, can be expressed as:

Iy =RA. [L:(t) + nur(t)] sin(dio(t)) + RAios [Qu(t) + nag(t)] cos(@io(t))
Iy = RAky [1, () +ny1(t)] cos(dio(t)) — KAy [Qy(t) + nyq(t)] sin(ei(t))
Iy =RAk, [1,(t) +nyr(t)] sin(¢i(t) + RA,y [Qy (1) + nyq(t)] cos(gi(t)) (2.25)

For ideal homodyne phase/diversity receivers, ¢;,(t) = 0. The balanced receivers currents

are then:

L = RAu, [L(t) + ne(t)]
Iy = RAq [Qa(t) + nag(t)]
Iy = Ry [L,(t) +nyr(t)]
L = RAuy [Qt) + nyo(t)] (2.26)

which represents the separated I and () components of the optically preamplified signal in

the x polarization and y polarization.
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2.3 Link Budget for FSO Systems

Assuming a free-space optical communication system composed of a transmitter
and a receiver with a line-of-sight (LOS) and separated with a distance d, Friis free-space
transmission equation is typically used to compute the receiver power as follows:

)\2
P. = PG\G,——. 2.27
T t t T (47T)2d2 ( )
where, ) is the signal wavelength, P, is the transmitter power, and G, GG, are the transmitter
and receiver antenna gains, respectively. Equation 2.27 can also be expressed in terms of
the antenna’s effective areas defined as:
)\2

~a, (2.28)

Aeff —
4

in which case, the link budget equation shown in Equation 2.27 becomes:

(AT AST/N2) (47 A /N2)

P. =P, (42232 , (2.29)
which yields: ASff peff
P. = Pt#. (2.30)

The effective area in the above equation is the optical telescope cross-section areas [8, 16,
28, 71]. A° of the transmitter and the receiver can be expressed in terms of the diameter
(D) and the efficiency (7)) as follows:

wD?

Aeff —
4

n. 2.31)

Assuming a free-space optical communication system operating at 1.55um wavelength
with optical telescope diameters (D) of 0.16 m [21] or 0.2, transmitter and receiver tele-
scope efficiency 7 of 0.5, average optical power of 1 W, and at a distance of 40,000 km, the
minimum required E}/Nj to achieve the link is:

Pr X Tb
hfocnsp .

Ey/Ny = (2.32)
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Table 2.1 summarizes the minimum required £} /N, for different bit rates, telescope diam-

eters, and values of n,.

Table 2.1: Link Budget Estimation.
D=0.16 m D=0.2 m
10 Gbps | 40 Gbps | 10 Gbps | 40 Gbps
neg =1113.12dB | 7.1dB 17dB | 10.98 dB
neg =93 | 835dB | 2.33dB | 12.23dB | 6.21dB

From Table 2.1, if an FSO system provides a BER of 1072 at an E},/N; value of 12
dB, it can be concluded that the only achievable link is the 10 Gbps link with D = 0.16
and ng, = 1. This link has a margin of 1.12 dB. For another FSO system that provides a
BER of 1073 at an £, /Ny value of 7 dB, the same link is achievable with a margin of 6.12
dB. Also a 10 Gbps link with D = 0.16 and n,, = 3 is possible with a margin of 1.35 dB.
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Chapter 3

Performance Evaluation of Optically Preamplified NRZ-OOK

Systems

In this chapter, the theoretical performance of optically preamplified NRZ-OOK
systems that employ optical matched-filters and are affected by one or two ASE noise
sources is discussed. Monte-Carlo simulations using MATLAB were used to evaluate the
BER performance of these systems in addition to systems using non-matched filters such
as Fabry-Pérot filters. In the rest of this chapter, the simulation model is discussed as well

as the BER results.

3.1 Theoretical Performance of Optically Preamplified NRZ-OOK Systems

In non-coherent detectors with optical matched-filters, the received NRZ-OOK sig-

nal amplitude (r) at the decision sample has a probability density function (PDF) given

by [72]:
r rA r? + A2
fi(r) = ;]0 (;) exp (— 572 ) for sq, 3.1
and
r r?
folr) = s exp <_ﬁ> for sy, (3.2)

where A is the maximum output of the matched filter, o2 is the variance of the noise, fi(r)

and fo(r) are the PDFs when the transmitted bits are “1” and “0”, respectively, and I is
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the 0" order modified Bessel function of the first kind. f;(r) and fy(r) are the Rice and
Rayleigh distributions, respectively [72].

In NRZ-OOK, a threshold (7, ) is required to decide on the received bit. If the value
of the decision sample r is larger than 7, the detector decides that “1” was transmitted
and if r is less than r,,, the detector decides that “0” was transmitted. For equally likely

binary outputs, the BER is:

BEROOK = % fo(T)dT—i—% ll — f1 (T)d”f’:| . (33)

Tthr Tthr

The BER expression can be written in terms of A, r;,, and o, by substituting Equations 3.1

and 3.2 into 3.3 and by using the Marcum’s ()-function defined as:

exp(—#) i (%)k]k (ab), a<b
Q(a,b) = , h=0 (3.4)

The BERok is then given by [30]:

BERooK = % {1 —Q (U% 7:;)} + % exp (—%) . (3.5)
The optimum threshold r;,, can be obtained by solving [d/d,., (BERoox)=0] to get [30]:
Iy (Ar;hr> exp (—A—2) =1 (3.6)
o? 202
Note that for optical matched-filters [72]:
(;)2 = 4F},/No, (3.7)

where L, is the average energy per bit and N is the effective single-sided power spectral

density of the noise [72]. In this case, the BER and the optimum threshold expression in
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terms of E}, /N is given by:

1 |
BERook = 5 [1 —0Q (2\/Eb/N0, zathr\/Eb/No)} + 5 exp (<205, B0/No) . (B:8)

and

Io (4o B/ No) exp (—2Ey/No) = 1, (3.9)

where iy = Ttne/A. Equations 3.8 and 3.9 can be used for optically preamplified NRZ-
OOK direct detection systems with matched filters and affected by 1 ASE noise compo-
nent [30, 69]. In [72], an approximate BER expression for non-coherent OOK systems is
provided through Gaussian approximation for f;(r) and by assuming a fixed threshold 7,

at E,. For E, /Ny > 1, the BERgok is approximated by:

1
BERox ~ 56*5%/%. (3.10)

Optically preamplified NRZ-OOK direct detection systems with matched-filters
and affected by 2 ASE noise components have the following PDF for the received NRZ-
OOK signal power (7):

filr) = L,/%exp (—(A2 +T)/202) I (\/Fé) ,v >0 for sy, (3.11)

2 2
QUn On

r
- 4
4o

fo(r) exp (—r/202) ,r >0 for s, (3.12)

where I; is the 15 order modified Bessel function of the first kind. f; follows the non-
central chi-square (?) distribution with four degrees of freedom while f;, is Gamma dis-

tributed [30].

The BER expression can be written in terms of A, r,,, and o,, using Equations 3.11

and 3.12 and by using the second-order generalized Marcum’s ()-function defined as:

Qs (a,b) = Q (a,b) + 96—<a2+b2>/211(ab). (3.13)

a
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Then, BERpok_2asE can be expressed as:

1 A Yinr 1 r r
BER 0K 2458 = {1 ~Q, (—, o )} + - oxp (— o ) (1 + y“;) L G14)

2 o, On 2 202 20

The optimum threshold r;,, can be obtained by solving [d/d,,,. (BERook—24sr)=0] to get:

A A
\/Tthrﬁ = €_A2/2072111 (\/rthr;> , T 2 0. (315)

n n

The BER and the optimum threshold expression in terms of Ej /N is given by:

1
BERooKk-24as8 = 3 [1 — Q2 (2\/Eb/N072\/%hr X Eb/Noﬂ
1
+ 5 &XP (—29nr Eb/No) (1 + 2790 Eb/No) , (3.16)
and
I (4yne B/ No) exp (—2Ey/No) = 24/Yenr Eb/ No, (3.17)

_ 2
where Vthr = rthr/A .

Note that the BER expressions and optimum threshold equations provided above
are limited only to NRZ-OOK systems with optical matched-filters. Several studies for
optically preamplified OOK systems have used the Gaussian approximation to evaluate the
BER performance. In [73], the Gaussian approximation results were compared to the exact
results obtained through the Marcum Q function for OOK, DPSK, and FSK systems using
matched-filters. The study in [74] also used the Gaussian approximation to analyze the
effects of the amplifier noise and the linewidth of the laser in addition to the bandwidth of

the bandpass optical filter and the bit rate on optically preamplified systems.

The performance of practical OOK systems employing non-matched realistic opti-
cal filters such as the Fabry Pérot filter have been addressed in many studies. In [17], the
performance of optically preamplified NRZ and RZ OOK systems was evaluated at a BER
of 107 using the Gaussian approximation and quasi analytical methods. This study consid-

ered and optimized two types of optical filters, namely the Fabry Pérot and Bragg Grating

46



with 5" order Butterworth electrical filters. The effects of pulse shaping and system im-
perfections such as ISI, extinction ratio, frequency chirp, and frequency drift were also
addressed. In [75], a closed form expression for the moment generating function (MGF)
for the decision samples was derived and used to evaluate the performance of optically
preamplified OOK systems with Fabry Pérot filters. The study in [76] presented experi-
mental and numerical investigations for the effects of varying the bandwidths of the optical
and electrical filters on the performance of 10 Gbps optically preamplified NRZ and RZ
OOK systems. Optical and electrical filter optimization was also addressed in [77] and re-
cently in [78]. In [77], the exact mean and variance of the noised signal were used to obtain
another Gaussian approximation. This approximation allowed for the performance evalu-
ation of systems with arbitrary filters. The study in [78] used the Fourier series expansion

methods to evaluate the exact BER.

In this chapter, Monte-Carlo simulations were used to evaluate the performance
of NRZ-OOK systems including the Fabry Pérot filter, dual polarization noise, and finite
extinction. Unlike, previous studies and due to the advances in FEC [79], the system per-
formance is provided in terms of the receiver sensitivity at BER values of 1073 and 10~%.

The following sections provide the details of the simulation model and the obtained results.

3.2 Optically Preamplified NRZ-OOK Receiver Simulation Model

Figure 3.1 illustrates the simulation model used for the optically preamplifed NRZ-
OOK receiver. In this model, the lowpass equivalent electrical field of the received NRZ-
OOK signal is applied to the receiver input where the pulse shape was assumed to be
rectangular. The input field F;,(¢) is amplified by the optical amplifier and corrupted by
the amplifier output noise, n(t), which has two components. The polarization of the first
component of the noise, denoted by n (), is parallel to the input field polarization, and
the polarization of the second component, denoted by n, (t), is perpendicular to the input
field polarization. Each of the n)(t) and n, (¢) is modeled as a complex Gaussian noise

process. The real and the imaginary parts of this process have a zero mean and power
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Figure 3.1: Optically Preamplified NRZ-OOK Receiver Model.

spectral density Nysg equal to ng,hf(G — 1), which is also equal to Ny(G — 1), where N,
is the single-sided power spectral density of the amplifier equivalent input noise, G is the
amplifier power gain, n), is the amplifier noise figure, / is Plank’s constant, and f is the

optical frequency. The amplifier output field is given by:
Eou(t) = En(t)VG +ny(t) +n(t) (3.18)
The amplifier output field is then passed through the optical filter, the output of which is

given by:
Ey(t) = (Eina)\/é + n”(t)) s h(t) +n(t) * h() (3.19)

The filter output is then applied to a PIN photodiode to generate an electrical current [,

that is given by:
Lu(t) = ‘ (Em(t)\/é + n”(t)) * h(t)‘2 FnL(t) * h(t)]? (3.20)

where h(t) is the impulse response of the optical filter and “+” denotes linear convolution.
The electrical current /,,,(¢) is directly connected to an ideal NRZ-OOK receiver where the
BER is calculated. The receiver used in this model uses an optimum decision threshold at

each value of Ej,/Nj.

3.3 Optically Preamplified NRZ-OOK Simulation Results

Our simulations considered different scenarios. First, we simulated a system with

an optical matched-filter in the presence of one ASE noise component. Second, the same
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system was simulated in the presence of two ASE noise components, namely 7| and n .
To ensure the accuracy of the simulation results, more than 100 errors per each evaluation
were generated. For example, for a BER of 10~%, more than 10° bits were simulated. The
optimum threshold at each Fj, /N, value was determined through simulations in steps of 5%
of the maximum optical power. Figure 3.2 shows the optimum thresholds obtained through
simulation and through numerical solutions of the analytical expressions in Equations 3.9
and 3.17. For low £, /N, values (F}/Ny less than 3 dB), our simulations showed that the
BER performance is not sensitive to the threshold used. On the other hand, for higher
E}/Ny values, the BER performance is more sensitive to the threshold and matches the

analytical results as can be seen in Figure 3.2.

14 i " : . | -
\ Analytical Threshold
\ Eq.(3.9) 1ASE
1.2F M Simulation H
\\ __ _Analytical Threshold
\ Eq.(3.18) 2ASE
1t \\ 4 Simulation H
\
\
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> I NEEAEE X R ]
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\\ E 3 . -
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s T +I e 4 -
e e X
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o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Ey/No(dB)
Figure 3.2: Optimum Thresholds for Matched-Filter NRZ-OOK Systems.

3.3.1 Optical Matched-Filter Results

Figure 3.3 shows the BER results for systems employing a matched-filter, affected
by one ASE noise component, and using the simulation-based thresholds at each E;/Nj.
The optical matched-filter has a rectangular impulse response with a width equal to the bit
time. Theoretical and approximated curves in Figure 3.3 represent Equations 3.8 and 3.10,
respectively. Simulation results were found to match the theoretical BER, which validates

the model.
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Figure 3.3: Theoretical and Approximated BER for Optical Matched-Filter NRZ-OOK
Systems with 1 ASE Noise Source.

Figure 3.4 shows the BER results for systems with an optical matched-filter and
affected by two ASE noise sources. The theoretical curve in Figure 3.4 represents Equa-
tion 3.16. Simulation results for the systems with a matched-filter, that add two complex
noise components (n, and n) and use the simulation-based optimum thresholds deter-
mined at each E}/N, are also shown. Simulation results are identical to the theoretical

BER expression for two ASE noise sources.

) Theoretical 1
_l BER Eq(3.17)
10 F . . H
¢ Simulation
104 E
Jact
A
10% 4
1074 E
10

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Ey/No(dB)

Figure 3.4: Theoretical BER for Matched-Filter NRZ-OOK Systems with 2 ASE Noise
Sources.
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3.3.2 Fabry Pérot Filters Results

To evaluate the performance of NRZ-OOK systems that use practical optical filters,
the matched filter was replaced by a Fabry Pérot filter. Simulation results were obtained
assuming no electrical filter at the receiver. To determine the optimum full width half
maximum (FWHM) bandwidth of the Fabry-Pérot filter, simulations were carried out for a
range of FWHM values starting from 0.2R;, to 1R, in steps of 0.1 Ry, where R, is the bit
rate in bits/sec. It was noticed that the optimum thresholds varied by changing the FWHM
value of the Fabry Pérot filter. Thus, at each value of the FWHM, the optimum thresholds
at each F,/N, value were obtained and used. Figure 3.5 shows the BER results for the
matched-filter while considering one ASE and two ASE noise sources and for three values

of the FWHM for the Fabry-Pérot filter while considering two ASE noise sources. The

I ;i T I ;i
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Figure 3.5: BER Results for Optically Preamplified NRZ-OOK Systems.

three values are 0.4, 0.7y, and 1R;, respectively. As shown in Figure 3.5, the optimal
FWHM value is 0.7 R;, which provided an E}, /N, value of 12.4 dB at a BER of 1073, The
results presented in Figure 3.5 are summarized in Table 3.1 in terms of E}/N, as well as

required photons per bit (PPB) for n,, = 1 (ideal case) and n,, = 3.
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Table 3.1: Performance of Optically Preamplified NRZ-OOK Systems at a BER of 1073
and 10~%.

MFx MF Theoretical | FPT (0.4Rp) | FP (0.7Ry) | FP (1Ry) | FP (0.7Ry) | FP(0.7Ry)
Performance | BER | 1 ASE | 2 ASE Approx. 2 ASE 2 ASE 2 ASE 2 ASE 2 ASE
ER=00 | ER=0c0 | ER=00 ER =0 ER =0 ER oo | ER=20dB | ER =20 dB§

Ey/Ny (dB) 10.53 11.05 10.95 13.95 12.4 13.13 13.05 16.9
PPB (n,, = 1) | 1073 11.3 12.7 12.4 24.8 17.37 20.56 20.18 49
PPB (n,, = 3) 34 38.2 37.3 74.5 52 61.68 60.55 147

E,/No(dB) 11.96 12.42 12.3 15.8 13.9 14.6 14.7 19.2
PPB (n,, = 1) | 107* 15.7 17.46 17 38 24.55 28.84 29.5 83.18
PPB (n,, = 3) 47.11 34.92 51 114 73.64 86.5 88.5 250

* Matched Filter
I Fabry Pérot
§ For fixed threshold at 50% of the maximum received optical power.

The extinction ratio (ER) in NRZ-OOK systems is the ratio of the optical power
when “1” is transmitted to the optical power when “0” is transmitted. The impact of the
ER on the performance of systems with Fabry Pérot filters were also considered in our
simulations. Under an ER of 20 dB, an E}, /N, of approximately 13.05 dB is required for
a BER of 1073, The optimum thresholds when the ER is 20 dB were found to be different
than the optimum thresholds in the case of no extinction (ER = oco) and were obtained at
each £, /N value. Finally, the BER results for systems using an optimum Fabry Pérot filter
under 20 dB ER were also generated using a constant threshold at 50% of the maximum
received optical power. Systems using a constant threshold are more practical than those
using variable thresholds but noticeably, the latter reduce the sensitivity of the receiver.
The required Ej/Ny in this case is 16.9 dB at a BER of 10~ which is worse than the
optimum threshold results by 3.85 dB. Table 3.1 summarizes the simulation results for the
optically preamplified OOK systems considered in this study. The required PPB values are
calculated for the £, /N, (dB) values as follows:

PPB = ng, x E,/Ny, (3.21)

where Ej, /Ny is in linear units, Ny = h f,ns, and hf, is the energy of a single photon.
As seen in Table 3.1, optically preamplified OOK systems affected by two ASE

noise sources and using an optimum FWHM of 0.7R;, for the Fabry Pérot filter require a
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minimum £ /Ny of 13.05 dB and 16.9 dB for the cases of the optimized and the fixed
thresholds, respectively. As seen in Table 2.1, the only achievable link for the case of the
optimum threshold is the link with a bit rate of 10 Gbps and a value for n,, = 1, where the
margin is 0.07 dB, and 3.95 dB for the cases of an optical antenna diameter of 0.16 and 2

m, respectively.
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Chapter 4

Performance Evaluation of Optically Preamplified Direct

Detection 16- and 64-ary PPM Systems

In this chapter, the performance of optically preamplified direct detection 16-ary
and 64-ary PPM systems is evaluated. The selection of the modulation level (M) for opti-
cally preamplified M -ary PPM systems is based on a trade-off between the desired perfor-
mance and the available receiver bandwidth. It will be shown that in M-ary PPM orthog-
onal modulation schemes, increasing M reduces the required Fj /N, to achieve a certain
BER and hence increases the sensitivity. However, increasing M increases the bandwidths

of the optical and electrical filters.

MATLAB-based Monte-Carlo simulations were used to evaluate the BER without
assuming that the noise at the decision sample was Gaussian. The combined effects of
the dual polarized amplifier noise, the Fabry Pérot optical filter, the extinction ratio of the
optical transmitter, and the electric filtering at the receiver are all considered. Extensive
simulations were carried out to optimize the bandwidths of the optical and electrical filters
at the receiver. Sensitivity degradations due to finite extinction ratios in the 16-ary and
the 64-ary PPM systems with two different pulse shapes are studied. Furthermore, the

performance penalties due to frequency drift and timing jitter at the receiver are calculated.
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4.1 Theoretical Performance of Optically Preamplified )/-ary PPM Systems

The BER performance of optically preamplified M-ary PPM systems using optical
matched-filters can be obtained by using the PDFs of the received optical power in NRZ-
OOK systems provided in Chapter 3 and following the analysis in [71]. The PDF of the
output of the matched-filter for bit “1”, f;(v), in OOK systems can be used to represent
the PDF of the output of the matched-filter for the slot that contains the optical pulse in the
M -ary PPM systems. The PDF of the output of the matched-filter for bit “0”, fy(v), can be
used to represent the PDF of the output of the matched-filter in the remaining (M —1) empty
slots. For systems affected by one ASE noise source, fi(v) and fy(v) can be expressed
as [69]:

f1 (v) = 20E, /Ny x Iy (20E,/No) exp (—(v* + 1) Es/No) - (4.1)

fo (v) = 20E, /Ny exp (—v*E/Ny) . (4.2)

The symbol error probability (SER) can be obtained by calculating the probability that at
least one of the empty slots has a noise power (v, ) higher than v, given that the received
optical power (vy) in the filled slot is equal to v. Assuming that the noise power in the

empty slots are independent, we have:
P(ve>vlvy=v) = 1— P(v. <vlvy= v) M 4.3)
Then, the probability that at least one empty slot has optical power higher than (v) is:

P(U6>U):/OOP[’U6>U|U]0:U]XP[’Uf:’U]dU, 4.4)
v=0

Using the PDF in Equation 4.2, the term P (v, < v|vy = v) in Equation 4.4 can be ex-
pressed as:

P(v, <vlvy=v)=1- / 2yE,/Noexp (—y°Es/No) dy. 4.5)

y=v
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The right term in the integration in Equation 4.4 equals the PDF in Equation 4.1. and the

left term can be expressed in terms of E /Ny as follows:

00 (M-1)
P(v. > vfvp =v)=1-— (1 — / 2yFEs /Ny exp (—yQES/NO) dy) )
y

Then, the symbol error ratio (SER) of optically preamplified M -ary PPM systems affected

by one ASE noise can be formulated as:

SERM—PPM—]ASE -

0 o (M—1)
/ 1— (1 — / 2yE /Ny exp (—yQES/NO) dy) ]
v=0 Y

x20E, /Ny x Iy (20Es/Ny) exp (—(v? + 1) E,/Np) dv. (4.6)

The BER of M-ary systems can be related to the SER as follows [16, 71]:

r—1

BERj/_yy = —SERy/_yry =

5 1 SERj/—_ary, 7 = log, M. 4.7)

2(M —1)
Equation 4.6 has a closed form expression provided in [71] as the theoretical BER perfor-
mance of non-coherent detection of orthogonal modulation schemes. The bit error ratio is
given by:

r—1 M-1
BERM—ary -

n+1
(;1) (Mn_ l)exp {— nr Eb/NO} (4.8)

2
2r—1 +1 n+1

n=1

For systems affected by two ASE noise sources, fi(v) and fy(v) as a function of F/Ny

can be expressed as:

f1 (v) = VUE; /Ny x I (2,/VE/Ny) exp (—(v + 1) E5/No) . (4.9)

fo (v) =2vE,/Nyexp (—vEs/Ny) . (4.10)

Then, the SER of optically preamplified M-ary PPM systems affected by two ASE noise
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sources can be formulated as:

SEl{M—PPM—2ASE =

) 0 (M-1)
/ 1-— (1 — / yFEs/Ny x exp (—yFEs/Ny) dy) ]
v=0 Y

X\ UEs[/No % I (2//VE;s/No) exp (—(v + 1) E,/Np) dv. (4.11)

The SER expressions provided by Equations 4.6 and 4.11 are limited to A/ -ary PPM
systems with matched-filters. Gaussian approximations were used in [38, 42, 43, 44] to

evaluate and analyze the BER performance of optically preamplified M -ary PPM systems.

Theoretical BER performance of optically preamplified M -ary PPM systems using
matched-filters and affected by one ASE noise source (i.e. n)) and two ASE noise sources
(i.e. njand ny) for M € [4,8,16,32,64] are shown in Figures 4.1 and 4.2, respectively.
Equation 4.6 and 4.11 were numerically evaluated to obtain the SER results. The BER
results are obtained through Equation 4.7 and are provided as a function of Ej;/N, where

for M-ary systems, F;, /Ny is related to /Ny as follows:

Ey/No = (log2(M)) x Ep/No. (4.12)

Comparing the results in Figure 4.1 and Figure 4.2, it is noticed that systems af-
fected by two ASE noise sources have a degradation of approximately 0.5 dB relative to

systems affected by only one ASE noise source.
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Figure 4.1: Theoretical BER for Optically Preamplified M-ary PPM Systems Affected by
1 ASE Using Only an Optical Matched-Filter.
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Figure 4.2: Theoretical BER for Optically Preamplified M -ary PPM Systems Affected by
2 ASE Using Only an Optical Matched-Filter.

4.2 Optically Preamplified M/ -ary PPM Receiver Simulation Model

Figure 4.3 represents the simulation model for an optically preamplified M -ary

PPM receiver. In M-ary PPM systems, each symbol is divided into M slots of equal
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Figure 4.3: Optically Preamplified M -ary PPM Receiver Model.

durations to represent r = log, (M) bits. Based on the transmitted 7 bits, an optical pulse
will be located in one of the M slots. The lowpass equivalent electrical field of the M -ary
PPM, (E;,(t) = 1/p(t)), is applied to the receiver input where the power waveform of the

optical pulse p(¢) can be expresses as:

L Ps(1 = %) [1 = sin (287 (|t = %[ - %)) | + 2
p(t) = t € [0,517,] and [LT,, T,] , (4.13)

Pras; t e [52Ty, 1T,

where T is the slot duration, P,,,,, is the maximum value of p(t), ¢ is the extinction ampli-
tude, and k is a pulse shaping parameter ranging from 1 to 2. Varying k from 1 to 2 results
in rectangular to sin® pulse shapes, respectively. The remaining (M -1) slots are represented

by a constant power of §2.

For M-ary PPM systems, the ER is defined as the maximum optical power of the
pulse to the average optical power of the remaining (M/-1) slots. ER can be expressed in
dB as:

Prnax
ER = 10log,, (7) dB. (4.14)

Figure 4.4 shows some examples of the lowpass equivalent electrical field of dif-

ferent pulse shapes (e.g., for £ = 1,1.5, and 2) with finite and infinite extinction ratios.

The input field is amplified by the optical amplifier and also corrupted by the ampli-
fier output noise, n(t), which has two components. The polarization of the first component,

denoted by n(t), is parallel to the input field polarization and the polarization of the sec-
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Figure 4.4: Lowpass Equivalent Electrical Field of M -ary PPM for Different Pulse Shapes.

ond component denoted by ,n, (), is perpendicular to the input field polarization. Each of
n(t) and n (t) is modeled as a complex Gaussian noise process where the real and imag-
inary parts of this process have a zero mean and power spectral density Ngg that is equal
to ng,h f(G — 1) which is also equal to No(G — 1), where N, is the single sided power
spectral density of the amplifier equivalent input noise, G is the amplifier power gain, n,
is the amplifier noise figure, h is Plank’s constant, f is the optical frequency, and ASE is

the amplifier spontaneous emission. The amplifier output field is given by:

Eou(t) = En(t)VG +ny(t) +nL(t). (4.15)

The amplifier output field is passed through the optical filter. The output of the optical filter
is given by:

Ey(t) = (Em(t)\/@ +ny (t)) £ h(t) + 1 (1) % (). (4.16)
The filter output is applied to a PIN photodiode to generate an electrical current [, that is

given by: )
Ln(t) = ) (Em(t)\/é v n”(t)) % h(t)( F () * h(t)]?, 4.17)

., "

where h(t) is the impulse response of the optical filter and the “x” denotes linear convo-
lution in the time domain. Then, the electrical current is directly applied to an electrical

filter. The output of the electrical filter v(¢) is connected to an ideal electrical PPM receiver
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where the BER is calculated. v(t) is given by:

U<t> = ph(t) * helec<t)7 (418)

where heie. (1) is the impulse response of the receiver electrical filter which is modeled as a
third order butterworth filter. This electrical filter is practical for optical receivers [80, 81].
The electrical M-ary PPM receiver compares equally-spaced M samples taken from each

symbol and decides on the transmitted r bits by taking the position of the maximum output.

4.3 Optically Preamplified 16-ary and 64-ary PPM Simulation Results
4.3.1 Optical Matched-Filters Results

To validate the simulation model for the 16-ary and 64-ary PPM systems, the cases
where optical matched-filters are used were simulated. The optical matched-filters have
a rectangular impulse response with a width equal to the slot time of the corresponding
M-ary PPM system. As represented in Figure 4.5, the results for 16-ary and 64-ary PPM

systems affected only by n| agree with the closed form expression in Equation 4.8.
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<AL - = —64-PPM | Eq(4.8)
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Figure 4.5: Theoretical and Simulation BER Results for Optically Preamplified 16-ary and
64-ary PPM Systems Using Optical Matched-Filters (1 ASE).

61



Figure 4.6 shows that the simulation results for the systems affected by n and n

agree with the theoretical expression provided by Equation 4.11.

i : —— 16-PPM } Theoretical
=0 - = =64-PPM | Eq(4.11)
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Figure 4.6: Theoretical and Simulation BER Results for Optically Preamplified 16-ary and
64-ary PPM Systems Using Optical Matched-Filters (2 ASE).

4.3.2 Optical and Electrical Filters Bandwidths Optimization

To evaluate the performance of practical 16-ary and 64-ary PPM systems, the op-
tical matched-filter was replaced with a Fabry Pérot filter and an electrical filter was con-
sidered after the photodiode. The Fabry Pérot filter was modeled as a first order low pass
filter and the electrical filter as a third order butterworth filter. In this evaluation, n and n
were considered and the thermal noise was ignored as it was assumed to be much smaller
than n and n; .

There is a joint optimal selection of the optical and electrical filter bandwidths
which provides the minimum FE;,/N, performance penalty relative to the matched-filter
performance. This optimality is a trade-off between the noise-filtering and the signal-
filtering effects. Increasing the BW of the optical filter will reduce the rejection of the
signal-independent noise (ASE-ASE noise) and hence degrades the performance. On the
other hand, decreasing the BW of the optical filter increases the ASE-ASE noise rejection.
Further BW reduction causes filtering to some contents of the desired signal and hence de-

grades the performance. The electrical filter’s role is to reduce the ASE-ASE noise as well
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as the ASE-signal noise components. As for the optical filter, increasing or decreasing the

BW of the electrical filter is a trade-off between noise filtering and signal filtering [16].

In this study, four systems were mainly addressed. Those are the 16-ary PPM sys-
tems with a rectangular pulse (k = 1) and with a sin? pulse (¢ = 2), and the 64-ary
PPM systems with a rectangular pulse and with a sin? pulse. In order to optimize the op-
tical/electrical pair in each of the studied systems, the bandwidths of the optical and the
electrical filters were varied in steps of 8% and 1.8% of the slot rate (Ry), respectively. In
M-ary PPM, R; is related to the bit rate 1}, as follows:

M

L= , 4.1
Ro = oyt (4.19)

The range of the FWHM of the Fabry Pérot filter was taken from 0.25R; to 4.5R;
and for the 3-dB bandwidth of the electrical filter was taken from 0.5R, to 4R,. For the
penalty calculations, a mesh of the electrical and optical bandwidths was used where the
penalty from the matched-filter results at 10~2 was evaluated for each pair. The penalty
was calculated relative to 6.7 dB for the 16-ary PPM systems and to 5.5 dB for the 64-ary
PPM systems. These values represent the /N, performances at 10~2 for systems using

an optical matched-filter and affected by n and n; .

Figure 4.7 represents the contour results for the performance penalty as a function
of the FWHM of the Fabry Pérot filter and the 3-dB bandwidth of the electrical filter both
normalized by the bit rate. For 16-ary PPM systems where £ = 1, an optimum combi-
nation of a FWHM of 3.2R, for the Fabry Pérot filter and a 3 dB-bandwidth of 3R, for
the electrical filter was selected. This pair causes around 0.6 dB penalty as seen in Fig-
ure 4.7(a). For 16-ary PPM systems with &£ = 2, an optimum combination of a FWHM of
4Ry, for the Fabry Pérot filter and a 3 dB-bandwidth of 4 R,, for the electrical filter results
in a penalty of 0.2 dB as shown in Figure 4.7(b). An optimum combination for the 64-ary
PPM systems with £ = 1 was selected to be a FWHM of 7.5R;, for the Fabry Pérot filter
and a 3 dB-bandwidth of 8R; for the electrical filter. A minimal penalty of 0.7 dB was

obtained as shown in Figure 4.7(c). For the 64-ary PPM systems with £ = 2, an optimum
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combination of a FWHM of 15 R, for the Fabry Pérot filter and a 3 dB-bandwidth of 10R,,
for the electrical filter was selected. This caused a penalty of 0.2 dB as can be seen from

Figure 4.7(d).

4.3.3 BER Results

After optimizing the optical and electrical filters in optically preamplified 16-ary
and 64-ary PPM systems, the effect of finite extinction ratios on the BER performance was
studied. Finite ER breaks the orthogonality in M -ary PPM systems and thus results in
performance degradations when compared to the ideal case of infinite ER. The BER results
for the 16-ary and the 64-ary PPM systems with £ = 1 and k = 2 were generated at infinite
and finite ERs. For the case of finite ER, simulations were carried for ER values of 25, 20,
and 15 dB. For the infinite and finite ER cases, n and n were considered and the optimum
combination of optical and electrical filters was used. Figure 4.8 represents the 16-ary PPM
systems with £ = 1, where an optimum combination of a FWHM of 3.2 R, for the Fabry
Perot Filter and a 3 dB-BW of 3Ry, for the electrical filter was used. The theoretical results
for the 16-ary PPM systems using matched filters (MF) were also included to evaluate the
performance penalties. Under 20 dB ER, the required Ej /N, to achieve a BER of 1073 is
approximately 8 dB.

Figure 4.9 represents the BER results for the 16-ary PPM systems with £ = 2,
where an optimum combination of a FWHM of 4R, for the Fabry Pérot filter and a 3
dB-BW of 4 Ry, for the electrical filter was used. Under 20 dB ER, the required E}/N; to
achieve a BER of 102 is approximately 8.2 dB. Figures 4.10 and 4.11 show the BER results
for the 64-ary PPM systems with £ = 1 and 2, respectively. The optimum combination of
the optical and electrical filters was used in each case. Under 20 dB ER, the performance
at 1073 is 8.35 dB for systems with ¥ = 1 and 9.6 dB for systems with k = 2. Tables 4.1,
4.2, 4.3, and 4.4 summarize the required F;/N, to achieve a target BER of 1072 and also
provide the corresponding PPB when n,,=1 and 3. From Table 2.1, optically preamplified
16-ary PPM systems with £ = 1 and 2 ASE can establish 10 Gbps inter-satellite links using

a practical value of ny, = 3 and an optical antenna diameter of 0.16 m.
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Figure 4.9: BER Results for Optically Preamplified 16-PPM Systems with £ = 2 (Fabry
Pérot Filter FWHM = 4 R,, Electrical Filter 3 dB-BW =4 R,).
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Table 4.1: Performance of Optically Preamplified 16-ary PPM Systems at BER of 102 for

k=1
MF MF FP and EFx | FP and EF* | FP and EFx | FP and EFx
1 ASE 2 ASE 2 ASE 2 ASE 2 ASE 2 ASE
ER =00 | ER =0 ER =00 ER=25dB | ER=20dB | ER=15dB
Ey/Ny (dB) 6 6.7 7.35 7.43 8 9.55
PPB (ng, = 1) 4 4.7 5.4 5.5 6.3 9
PPB (ng, = 3) 12 14.1 16.2 16.5 18.9 27

* Optimum combination of FWHM of 3.2R,;, for the Fabry Pérot filter and 3 dB-BW of 3 R, for the

electrical filter

Table 4.2: Performance of Optically Preamplified 16-ary PPM Systems at BER of 10~2 for

k=2.
MF MF | FP and EFx | FP and EFx | FP and EFx | EP and EFx
1 ASE | 2 ASE 2 ASE 2 ASE 2 ASE 2 ASE
ER=co | ER=0c0 | ER=cc |ER=25dB |ER=20dB | ER=15dB
E,/N, (dB) 6 6.7 6.9 7.25 8.2 10.65
PPB (1., = 1) 4 4.7 5 53 6.6 11.6
PPB (n,, = 3) | 12 14.1 15 159 19.8 34.8

* Optimum combination of FWHM of 4R, for the Fabry Pérot filter and 3 dB-BW of 4 R, for the

electrical filter

Table 4.3: Performance of Optically Preamplified 64-ary PPM Systems at BER of 10~3 for

k=1.
MF MF FP and EF: | FP and EFi | FP and EF: | FP and EF?
1 ASE | 2ASE 2 ASE 2 ASE 2 ASE 2 ASE
ER=00 | ER=0c0| ER=0cc |ER=25dB | ER=20dB | ER=15dB
Ey/Ny (dB) 4.9 55 6.1 6.85 8.35 11.5
PPB (ng, = 1) 3.1 3.5 4.1 4.8 6.8 14.1
PPB (ng, = 3) 9.3 10.5 12.3 14.4 20.4 423

1 Optimum combination of FWHM of 7.5 R;, for the Fabry Pérot filter and 3 dB-bandwidth of 8 Ry, for
the electrical filter

Table 4.4: Performance of Optically Preamplified 64-ary PPM Systems at BER of 10~3 for

k=2.

MF MF FP and EF§ | FP and EF§ | FP and EF§ | FP and EF§
1 ASE | 2 ASE 2 ASE 2 ASE 2 ASE 2 ASE
ER=00 | ER=0c0| ER=0cc |ER=25dB |ER=20dB | ER=15dB
Ey /Ny (dB) 4.9 55 5.65 7.18 9.6 13.6
PPB (ns, = 1) 3.1 35 3.7 5.2 9.12 229
PPB (n,, = 3) 9.3 10.5 11.1 15.6 27.36 68.7

§ Optimum combination of FWHM of 15R;, for the Fabry Pérot filter and 3 dB-bandwidth of 10 Ry for

the electrical filter
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4.3.4 Finite Extinction Ratio Results

The performance penalties due to ERs ranging from 35 dB to 15 dB were evalu-
ated. The Ej,/N, penalties at 102 for the four cases addressed are shown in Figure 4.12.
The E,/N, penalties for the cases of the 16-ary and the 64-ary PPM systems were evalu-
ated relative to 6.7 dB and 5.5 dB, respectively. These values represent the F, /N, values
required to obtain a BER of 1073 for the systems affected by ny and n, and use optical

matched-filters under no extinction ratio.
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Figure 4.12: Penalty Due to Finite Extinction Ratio.

For each case, the optimum pair of the FWHM of the optical filter and the 3-dB BW
of the electrical filter was used. Results at a high value of ER such as 35 dB are around
0.2 dB for the sin? pulse shape and around 0.6 dB for the rectangular pulse shape. These
results represent the penalties due to replacing the matched-filter with the optimum optical
and electrical filters pair. At an ER of 20 dB, the penalties for the 16-ary PPM systems
are 1.3 dB when k£ = 1 and 1.5 dB when k& = 2, resulting in E}/N, performances of 6.7
+ 1.3 = 8 dB and 8.2 dB, respectively. For the 64-ary PPM systems at an ER of 20 dB,
the F}, /Ny penalties are 2.85 dB when £ = 1 and 4.1 dB when k = 2, resulting an E}, /N
performances of 8.35 dB and 9.6 dB, respectively.
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In the ideal case (i.e., when the ER is infinite), the 64-ary PPM systems perform
better than the 16-ary PPM systems. However, it can be noticed from Figure 4.12 and
the results discussed above that decreasing the ER value results in penalty increase as M
increases. As a result, the 16-ary PPM systems outperform the 64-ary PPM systems at low
ER values. Also, as the ER decreases, the penalties for the systems with £ = 2 are higher

than the penalties for systems with £ = 1 for the same value of M.

To justify these results, the orthogonality of M -ary PPM systems is examined under
different values of the ER. In the ideal case of infinite ER, all symbols of the M-ary PPM
signals are orthogonal. On the other hand, when the ER is finite, the symbols are correlated
and the system is no longer orthogonal. To examine the effects of finite ER on M-ary PPM
systems, the cross-correlation between two different symbols normalized by the power in
the symbol was calculated. The normalized cross correlation between the electrical field of

symbols sy and s; is expressed as:

o 1 (1) sa () dt

P12 =
T 2 (t)dt

where Ty, is the M-ary PPM symbol duration. Figure 4.13 represents the normalized

cross-correlation coefficient (p; ) as a function of M for different ER values.

ER = 25 dB ER = 20 dB ER =15 dB
— (k=1) — (k=1) — (k=1)
- - = (k=2) - = = (k=2) - = = (k=2)
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Figure 4.13: p; o versus M for Different Extinction Ratios.
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Higher values of p; » indicate a higher correlation between the symbols and hence
degraded performance for the M-ary PPM systems. For finite ER values, increasing M
increases p; 2. Also, p; o for systems with & = 2 is higher than for systems with £ = 1.
These relations justify the penalty results represented in Figure 4.12. In Figure 4.12, the
penalties for the systems with k£ = 2 are higher than the systems with £ = 1. Also, as the
ER decreases, the penalties for the 64-ary PPM systems compared to the penalties for the

16-ary PPM systems increase at a higher rate.

4.3.5 Non-Ideal Receivers Results

For systems using the optimum combination of the optical and electrical filters at
an ER value of 20 dB, the degradations due to the non-ideal characteristics in the optical
receivers are evaluated. At the electrical detection circuitry, variations in the position of the
decision sample from the optimum position usually lead to degraded BER performance.
The movement of the optical transceivers in FSO links causes frequency drifts in the trans-
mitted optical signal due to Doppler effects. In this case, the optical carrier frequency of the
incoming optical signal is no longer centered at the optical and electrical bandpass filters
and the performance of the system will degrade. In the following subsection, the penalties

due to timing jitter and frequency drifts up to 2R, Hz are evaluated.

(a) Timing Jitter

Figure 4.14 depicts the performance penalty due to timing jitter at the decision
circuitry. The range for the jitter (At) in this evaluation is £25% of the slot time 7, where
Ts = 1/R, and R is the slot rate. Penalty results were calculated in steps of 1/(16 x Ry).
The penalties were evaluated relative to the systems affected by n and n, and using the
optimum combination of the electrical and the optical filters under 20 dB ER with optimum
sampling. Those penalties are 8, 8.2, 8.35, and 9.6 dB for the 16-ary PPM systems with
k =1 and k = 2 and for the 64-ary PPM systems with £ = 1 and k = 2, respectively. It is
worth mentioning that the optimum sampling point is at the higher expected amplitude of

the electrical filter output.
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Figure 4.14: Sensitivity Penalty Due to Deterministic Electronic Jitter.

As expected, the penalties for the 16-ary and the 64-ary PPM systems with & = 2
(rounded pulses) are higher than the penalties for the systems with £ = 1 (rectangular
pulses). This is because the amplitude of the electrical filter output decays faster in the
case of the sin® pulses than the case of rectangular pulses. The maximum penalty due to

deterministic jitter is around 1.75 dB for 64-ary PPM systems with k£ = 2.

(b) Frequency Drift

Figure 4.15 shows the penalty due to frequency drifts up to 2R, Hz. The bit rate
was assumed to be 10 Gbps; thus the evaluation is up to a frequency drift of 20 GHz. The
penalty was evaluated relative to the systems affected by 7| and n; and using the optimum
combination of the electrical and the optical filters under 20 dB ER without frequency drift.
As in the jitter penalty evaluation, those penalties are 8, 8.2, 8.35, and 9.6 dB for the 16-ary
PPM systems with £ = 1 and k£ = 2, and for the 64-ary PPM systems with £ = 1 and
k = 2, respectively.

As can be seen from Figure 4.15, the penalty due to a frequency drift of 10 GHz
can be neglected for 64-ary PPM systems and for 16-ary PPM systems with k£ = 2. For a
16-ary PPM system with k£ = 1, the penalty is approximately 0.2 dB. At a frequency drift
of 20 GHz, the penalties are 1.4 dB and 0.6 dB for 16-ary PPM with £k = 1 and k& = 2,
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Figure 4.15: Sensitivity Penalty Due to Frequency Drift.

respectively. For 64-ary PPM systems, the penalties are 0.25 dB and 0.1 dB, respectively.
The difference in the penalties can be justified by the differences in the bandwidths of the
optimum optical and electrical filters in each case. As the bandwidth of the filters increases,

the ability of tolerating frequency drifts increases.
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Chapter 5

Performance Evaluation of PDM-BPSK and PDM-QPSK
M -ary PPM Modulation Schemes

M-ary PPM combined with polarization division multiplexed-Quadrature phase
shift keying (PDM-QPSK M -ary PPM) was recently introduced and demonstrated in order
to achieve higher sensitivity than conventional M-ary PPM systems. This chapter starts
by introducing PDM-QPSK and PDM-binary phase shift keying (PDM-BPSK) modula-
tion schemes. Then, the performance of PDM-BPSK M -ary PPM and PDM-QPSK M -ary
PPM is examined. Finally, the penalties due to finite extinction ratio for M € [8, 16, 64]

are presented.

5.1 PDM-BPSK and PDM-QPSK Modulation Schemes

PDM-BPSK and PDM-QPSK modulation schemes were introduced in Chapter 2.
In these modulation formats, both the polarization and phase shift of the optical field are

used to encode the data. In the following subsections, theoretical BER performances of

PDM-BPSK and PDM-QPSK modulation schemes are discussed.

5.1.1 PDM-BPSK

The BER performance of the BPSK modulation scheme can be found in [71] and is

expressed as:

BERgpsk — 0.5 erfc (x/ES/N()) , (5.1)
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where erfc is the error function and F/Ny = E}/Ny. Then, the BER performance of
PDM-BPSK can be given as:

BERppy sk = 0.5 erfe (\/Es /N0/2> : (5.2)

where E;/Ny = 2 x E,/Ny. PDM-BPSK has the same performance as BPSK because the
transmitted power is doubled and the BPSK signals in each polarization are orthogonal.
Figure 5.1 shows the system model of an optically preamplified PDM-BPSK. An example
of the lowpass equivalent of the PDM-BPSK signal in both polarizations is shown. The
optical preamplifier adds two ASE noise sources; however, for perfect phase/polarization
diversity systems, the () component of the noise in the = polarization and the () compo-
nent of the noise in the y polarization are eliminated. Thus, the performance of optically

preamplified PDM-BPSK systems follows Equation 5.2.

1

| 0 n(t) = n +ny l
Tpol = (121 + Jneq) + (ny1 + jnyQ)

By =1, + n.p

Es =1,4+n,
Polarization PDM-BPSK |5 pite

010 | Tra /e Diversity Receiver

Ypol

Local oscillator

Figure 5.1: Optically Preamplified PDM-BPSK System Model.

5.1.2 PDM-QPSK

The BER performance of QPSK modulation format can be found in [71] and is

expressed as:

BERgpsk = 0.5 erfc (\/ES/NO/2) , (5.3)

where F;/Ny = 2 X Ej,/Ny. The BER performance of PDM QPSK can be found in [57,
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58, 59, 24] and is given as:

BERPDM—QPSK = 0.5 erfc (\/ ES/NU/4> s (54)

where E;/Ny = 4 x E;,/Ny. PDM-QPSK has the same performance as QPSK as well as
BPSK because the transmitted power is multiplied by four and the / and () components
of the QPSK signals are orthogonal. Also, the QPSK signals in each polarization are or-
thogonal. Figure 5.2 shows the system model of an optically preamplified PDM-QPSK.
An example of the I and () components of the PDM-QPSK signal in both polarizations is
shown. For a perfect phase/polarization diversity system, the I and the () components of
the noise in the = polarization will be added to the I and the () signal components in the x
polarization. Similarly, the I and the () component of the noise in the y polarization will be
added to the / and the () signal components in the y polarization. Thus, the performance

of optically preamplified PDM-QPSK systems follows Equation 5.4.

Tpol Ypol
1T e
I

olo [)—| : n(t) =n +ng I
I L1 = (nar + jneq@) + (nyr +j”yQ)|

N B I O I Ev = Ipr + nar
U L5 ol i !
T B o By = Ig + g

| N
-~ O e
I PDM-QPSK

—> 4bits

L L ) o Polarization _ .
IO_I 0 0 []—| | _ _ _ _OpticalAmplfier | Diversity Es = Ty + nyr Receiver
Q

|1_ Q 1 Ey =IyQ+nyQ.

Local oscillator

Figure 5.2: Optically Preamplified PDM-QPSK System Model.

5.2 PDM-BPSK and PDM-QPSK M -ary PPM Modulation Schemes

In PDM-BPSK and PDM-QPSK M -ary modulation schemes, the polarization, phase
shift, and location of the optical pulse are used to encode the data. In the following subsec-
tions, theoretical BER performances of PDM-BPSK and PDM-QPSK M -ary modulation

schemes are discussed.
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5.2.1 PDM-BPSK-M-ary PPM

The system model of PDM-BPSK M -ary PPM is shown in Figure 5.3. An example
of the lowpass equivalent signal is also shown. The sum of the magnitude square of the
matched-filter (MF) outputs are used to identify the pulse location. Then, the PDM-BPSK
bits are determined at that location from the MF output. Symbol errors in PDM-BPSK- M -

ary PPM symbols have two causes. When the M-ary PPM slot is identified incorrectly, an

average of % log, (M) of the r = log, (M) bits, corresponding to the M-ary PPM, is
in error. This is in addition to an average of “3*2 = 1 bits in error, corresponding to the

PDM-BPSK. The other cause of symbol errors is when the M-ary PPM slot is identified
correctly, but the bits corresponding to the PDM-BPSK are in error. In this case, the BER
of PDM-BPSK M -ary PPM systems (PB-M-ary PPM) will be:

SERwm - ppm [1 + %} + (1 — SERy; - ppm) [2BERppy - psk]
logy M + 2 ’

BERpg.M-pPM = (5.5)

where SERy; _ppyv 1S the SER of the M-ary PPM systems with one ASE noise source and is

given by Equation 4.6 and BERpp)y; - gpsk 1S given by Equation 5.2.

____________ I PPM i .
n(t) =ny+ny > Receiver L——>log, (M) bits

|
| = (a1 +3100) + (01 + ig0)
|

Polarization
1 | Diversity

|

|
| T

| |
- + } 2 5
| G Y | Phase / _’ [
| PDM-BPSK | 2bits
Receiver

Local oscillator

Figure 5.3: Optically Preamplified PDM-BPSK M -ary PPM System Model.
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5.2.2 PDM-QPSK-M-ary PPM

Figure 5.4 shows the system model for PDM-QPSK M-ary PPM and shows an
example of the lowpass equivalent signal. The detection in PDM-QPSK M -ary PPM sys-
tems is similar to the detection in PDM-BPSK systems with the difference being that four
bits are identified by the PDM-QPSK demodulator. Symbol errors in PDM-QPSK- M -ary
PPM have two causes. When the M-ary PPM slot is identified incorrectly, an average of
% log, (M) of the r = log,(M) bits, corresponding to the M-ary PPM, is in error.
Also an average of X253+ — 2 bits is in error, corresponding to the PDM-QPSK. The
other symbol errors cause is when the M -ary PPM slot is correctly identified, but the bits
corresponding to the PDM-QPSK are in error. In this case, the BER of PDM-QPSK M -ary

PPM systems (PQ-M-ary PPM) will be [24]:

SERw - ppm [2 + %} + (1 — SERwm - ppm) [4BERppM - opsk |
log, M + 4 ’

BERpq -m-pPM = (5.6)

where SERy; _ppy corresponds to the SER of the M-ary PPM systems with two ASE noise

sources and is given by Equation 4.11 and BERppy - gpsk 18 given by Equation 5.4.
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Figure 5.4: Optically Preamplified PDM-QPSK M -ary PPM System Model.
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5.3 Optically Preamplified PDM-QPSK and PDM-BPSK M -ary PPM Receivers Sim-

ulation Models

5.3.1 PDM-BPSK M-ary PPM

Figure 5.5 represents the simulation model used to evaluate the BER performance
of PDM-BPSK M-ary PPM systems. White Gaussian noise is added to each signal com-
ponent. This is equivalent to the operation of a perfect phase/polarization diversity block,
where the noise and the signal components in the x and the y polarization are perfectly
separated. Each of those electrical signals is then passed to a matched-filter and the mag-
nitude square for each is evaluated. The sum of the magnitude squares is used to identify
the M-ary PPM slot and the corresponding log, (M) bits. The location of the slot is used
to identify the two PDM-QPSK bits from the output of the matched-filter. The BER is then

evaluated.

Receiver

| 713 PPM ——>log, (M) bits

0 N .
Lpol FA 5 !
MF [
TT_LJ]

Ypol é& MF | i |2

1 PDM-BPSK |5 9bits
Receiver

Figure 5.5: Optically Preamplified PDM-BPSK M -ary PPM Simulation Model.

5.3.2 PDM-QPSK M-ary PPM

Figure 5.6 represents the simulation model used to evaluate the BER performance
of PDM-QPSK M-ary PPM systems. White Gaussian noise is added to each signal com-
ponent. This is equivalent to the operation of a perfect phase/polarization diversity block,
where, the I and () components in the x and the y polarization are perfectly separated.

Each of those electrical signals is then passed to a matched-filter and the magnitude square
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for each is evaluated. The sum of the magnitude squares is used to identify the M -ary PPM
slot and the corresponding log, (M) bits. The location of the slot is used to identify the four
PDM-QPSK bits from the output of the matched filter. The BER is then evaluated.

PPM .
—>log, (M) bits
Receiver 082(M) bits
||0 Na1 r
I G_B El, i
0 Tpol  NQ
J]—Q é Ea
Ny T
"1 . yé B 7 PDM-QPSK | > 41its
Ypol MF ‘ . | Receiver
77’5}(2
0 E, =
o O wr gl

Figure 5.6: Optically Preamplified PDM-QPSK M -ary PPM Simulation Model.

5.4 Simulation Results
(a) Simulation Results for PDM-BPSK M -ary PPM

Figure 5.7 represents the BER results for the PDM-BPSK M-ary PPM (PB-M-
ary PPM) systems. Equation 5.5 was used to obtain the theoretical performance for M &
[4,8,16,32,64]. Simulation results for the same values of M using the simulation model

described in subsection (5.3.1) are identical to the theoretical results.

(b) Simulation Results for PDM-QPSK M -ary PPM

Figure 5.8 shows the BER results for the PDM-QPSK M-ary PPM (PQ-M -ary
PPM) systems. Equation 5.6 was used to obtain the theoretical performance for M &
4,8, 16, 32,64]. Simulation results for the same values of M using the simulation model

described in subsection (5.3.2) are also identical to the theoretical results.
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Tables 5.1 and 5.2 summarize the E},/N, as well as the PPB for n,, = land3
values required to obtain a BER of 1072, The results in Table 5.2 match the results pre-
sented in [57, 58, 59, 24]. Table 5.3 is obtained from Figure 4.2 and is provided here to be
compared to PDM-BPSK and PDM-QPSK M-ary PPM systems.

Table 5.1: Performance of Optically Preamplified PDM-BPSK M -ary PPM Systems at a

BER of 1073,

PB-4-PPM | PB-8-PPM | PB-16-PPM | PB-32-PPM | PB-64-PPM
Ey/Ny (dB) 5.3 4.75 4.3 3.95 3.65
PPB (ng, = 1) 34 3 2.7 2.48 2.32
PPB (ny, = 3) 10.2 9 8.1 7.44 6.96

Table 5.2: Performance of Optically Preamplified PDM-QPSK M-ary PPM Systems at a

BER of 10~3.
PQ-4-PPM | PQ-8-PPM | PQ-16-PPM | PQ-32-PPM | PQ-64-PPM
E,/N, (dB) 49 435 39 3.6 3.35
PPB (1, = 1) 3.1 2.7 2.45 2.29 2.16
PPB (n,, — 3) 93 8.1 735 6.87 6.43

Table 5.3: Performance of Direct Detection Optically Preamplified M-ary PPM Systems
with two ASE Noise sources at a BER of 10~3.

4-PPM 8-PPM 16-PPM 32-PPM 64-PPM
Ey/Ny (dB) 9 7.6 6.7 6 5.5
PPB (ny, = 1) 7.94 5.75 4.7 4 3.55
PPB (ng, = 3) 15.88 17.26 14.1 12 10.65
(c) Finite Extinction Ratio Penalty for PDM-BPSK M -ary and PDM-QPSK

M-ary PPM

The penalty due to finite ER was also evaluated. For PDM-QPSK 8-ary PPM sys-
tems, the penalty at 20 dB ER is 0.5 dB and for PDM-QPSK 16-ary PPM systems is 1.5

82



dB while for PDM-BPSK 8-ary and 16-ary PPM systems is 1 dB and 2.6 dB, respectively.
For 64-ary PPM systems combined with PDM-QPSK or PDM-BPSK, the penalty at 20 dB

ER is much larger than 7 dB, which indicates the impracticality of these systems.

7
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Figure 5.9: Performance Penalty Due to Finite ER.
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Chapter 6

Conclusion and Future Work

This thesis provides the Ej,/N, values required to obtain a BER of 1072 for four
optically preamplified systems. These systems are the direct detection OOK systems, the
direct detection M -ary PPM systems, the coherent PDM-BPSK A -ary PPM systems, and
the coherent PDM-QPSK M -ary PPM systems. The obtained £, /N, values are to be used

with proper FEC codes to reduce the achievable BER from 1073 down to 10712,

The BER performance of optically preamplified direct detection 16-ary and 64-ary
PPM systems is provided. Simulation techniques were used to evaluate the BER without
assuming that the noise at the decision sample is Gaussian. The combined effects of the
dual polarized amplifier noise, the Fabry-Pérot optical filter, the extinction ratio of the opti-
cal transmitter, and the electric filtering at the receiver are all considered in the evaluation.
Extensive simulations were carried out to optimize the bandwidths of the optical and elec-
trical filters at the receiver. Furthermore, the performance penalties due to frequency drift
and timing jitter at the receiver are calculated. Simulation results provide the £, /N, values
at a target BER of 1073 for four systems with different pulse shapes under an ER of 20 dB.
In each case, the optimum filters were used. For 16-ary PPM systems, the E,/N, values
are 8 dB for the rectangular pulse shape and 8.2 dB for the sin® pulse shape. For 64-ary
PPM systems, the Ej, /N, values are 8.35 dB and 9.6 dB for the rectangular pulse shape and
the sin® pulse shape, respectively. This result indicates that under an ER value of 20 dB,

16-ary PPM systems outperform 64-ary PPM systems.
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The performance of optically preamplified coherent M-ary PPM combined with
PDM-BPSK and with PDM-QPSK systems is also provided. For PDM-QPSK M -ary PPM
systems, the Ej, /Ny values at a target BER of 1072 for 8-ary, 16-ary and 64-ary PPM sys-
tems are 4.35 dB, 3.9 dB, and 3.6 dB, respectively. For PDM-BPSK M -ary PPM systems,
the values are 4.75 dB, 4.3 dB, and 3.95 dB, respectively. The performance penalties due
to finite ER values are also provided. For PDM-QPSK 8-ary PPM systems, the penalty
at an ER value of 20 dB is 0.5 dB and for PDM-QPSK 16-ary PPM systems is 1.5 dB,
while for PDM-BPSK 8-ary and 16-ary PPM systems is 1 dB and 2.6 dB, respectively. For
64-ary PPM systems combined with PDM-QPSK or PDM-BPSK, the penalty at 20 dB ER

is much larger than 7 dB, which indicates the impracticality of these systems.

Future work will include the investigation of:

e The effects of employing other optical bandpass filters such as Bragg Grating and

Gaussian filters in optically preamplified direct detection M -ary PPM receivers.

e Several hardware designs for the M-ary PPM receiver at high bit rate such as 10
Gbps.

e Practical issues related to the realization of optical phase lock loops (OPLL) for

BPSK homodyne systems.

e The end-to-end performance of PDM-QPSK and PDM-BPSK M-ary PPM systems

while taking into consideration the 1Q imbalance effects.

e The performance degradation due to atmospheric effects on optically preamplified

M-ary PPM systems and PDM-QPSK and PDM-BPSK M -ary PPM systems.

e The coding gain for different families of error correcting codes in the above systems.
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