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Abstract

M -ary pulse position modulation (M -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 Eb/N0 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 Eb/N0 values at a target BER of 10−3 due to the availability of FEC codes that

can reduce the input BER down to 10−12. 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 sin2

pulse, while for 64-ary PPM systems, those values are 8.35 dB for the rectangular pulse and

9.6 dB for the sin2 pulse, respectively. This result indicates that under an ER value of 20
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dB, 16-ary PPM systems require smaller values of Eb/N0 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 Eb/N0 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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Inter-satellite link 
GEO to (GEO-LEO)

Geostationary  orbit (GEO)
40,000 Km Low earth orbit (LEO)

GEO to GEO: 45,000 – 72,000 Km
GEO to LEO : 35,000-85,000 Km

160- 2000 Km

Satellite - ground
link

(GEO-LEO) to (UAV)
Unmanned Aerial Vehicles (GEO - LEO) to  (HAP)

High Altitude Platform
1717--22  Km22  Kmlink

GEO to Ground: 40,000 Km GEO to Aircraft: 40,000 Km

Terrestrial link
Optical ground

station

2Figure 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 50 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 forM ∈ [8, 16, 64] in PDM-QPSKM -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 (s0) represents a binary

“0” where the waveforms of s1 and s0 can be represented as:

s1(t) = A cos (2πf0t) ,

s0(t) = 0. (2.1)

NRZ-OOK and RZ-OOK modulation schemes are illustrated in Figures 2.1 and 2.2,

respectively. In RZ-OOK, s1 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%.

NRZ OOKNRZ OOK

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 π 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 π is detected and a binary “1” is decoded [31]. Figure 2.3 illustrates

the structure of the differential receiver.
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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 10−9.
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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 (M -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 log2M . Figure 2.4 illustrates a 16-ary PPM where the slot interval

(Tslot) is equal to 1/16 of the symbol interval (Tsym). For example, the sequence “0000” is

mapped into the 1st PPM slot, the sequence “0010” is mapped into the 3rd PPM slot, and

the sequence “1111” is mapped into the 16th PPM slot.

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 (φ1 and φ2) spaced by π. For

example, when “0” is represented by φ1 = 0, “1” is represented by φ2 = π. Figure 2.5

shows the BPSK modulation scheme.

BPSK

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 (φ1, φ2, φ3, and φ4) spaced by π/2 are used to repre-

sent four different symbols (“00”, “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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PDM QPSKPDM QPSK

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.

(a) PDM-BPSK

In PDM-BPSK, two phase shifts (φ1and φ2) spaced by π in addition to two polar-

izations states (e.g., x polarization and y polarization) are used to represent four different

symbols (“00”, “01”, “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 (φ1, φ2, φ3, and φ4) spaced by π/2 in addition to

two polarizations states (e.g., x polarization and y polarization) are used to represent 16

different symbols (“0000”, “0001”, . . . , “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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BPSK

(0) , (1) ,  (1) ,  (0) ,  (0) (a) Waveform

BPSK

(b) Lowpass Equivalent

Figure 2.7: PDM-BPSK Modulation Scheme.
PDM QPSKPDM QPSK

(a) Waveform (b) Lowpass Equivalent

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 28 symbols represented by eight bits. The first four bits determine the location

of the pulse in one of 24=16 slots. The remaining four bits represent the symbols of PDM-

QPSK modulation scheme.
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(a) Waveform (b) Lowpass Equiva-
lent

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 10−3 with bit

rates of 2.5 Gbps and 6.23 Gbps using PDM-QPSK 16-ary PPM and PDM-QPSK 4-ary

PPM, respectively.
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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.
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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 µm 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]:

BFP (f) =
1

1 + j2f/FWHM
(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].
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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 = A cos(2πfoct), (2.3)

where foc 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
√
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 =
1

2
(G− 1)hfocnsp, (2.4)
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where h is the Planck’s constant, and nsp is the amplifier noise figure. For ideal amplifiers,

the value of nsp is 1 and for typical amplifiers the value of nsp 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:

EF =
√
GA cos(2πfoct) + n‖F (t)

=
√
GA cos(2πfoct) + nxI(t) cos(2πfoct)− nxQ(t) sin(2πfoct), (2.5)

where n‖F (t) is the output noise of the bandpass filter which is modeled as bandpass Gaus-

sian noise. nxI and nxQ are the in-phase and the quadrature-phase components of n‖F (t).

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

Iph =
<
2

[[√
GA(t) + nxI(t)

]2
+ [nxQ(t)]2

]
, (2.6)

where < = ηe/hfoc is the responsivity of the photodetector, e is the electron charge, and η

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) = <
√
GAnxI(t). (2.7)

The double-sided spectral density for the signal-ASE noise term, Ssignal-ASE(f), is flat and

extends between−B0/2 andB0/2, whereB0 is the bandwidth of the optical bandpass filter,

with a constant value of [66]:

Ssignal-ASE(f) = G(G− 1)hfocnsp<2A2

= 2G(G− 1)hfocnsp(
eη

hfoc
)2Pin

= 2G(G− 1)nsp
e2

hfoc
Pin, (2.8)
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where Pin = A2/2 is the power of the optical signal and η is assumed to be 1. The

photodetector current of the ASE-ASE noise term equals:

IASE-ASE(t) =
<
2

(
n2
xI(t) + n2

xQ(t)
)
. (2.9)

The autocorrelation for the random process n2
xI(t) is given by [67, 29]:

E
[
n2
xI(t)n

2
xI(t+ τ)

]
= R2

nI
(0) + 2R2

nI
(τ), (2.10)

where RnxI
(τ) is the autocorrelation of nxI(t). Since nxI(t) and nxQ(t) are independent

random processes, the power spectral density of IASE-ASE(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 IASE-ASE(t) will include two terms. The first term is an impulse at f = 0 with

a value of 1
2

[(G− 1)nspeB0]
2. The second term has a triangular shape with a maximum

power density at f = 0 that is equal to [(G− 1)nspe]
2B0 and extends from −B0 to B0.

The power spectral densities of Ssignal-ASE and SASE-ASE 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 [GPin + (G− 1)nsphfoc]

= G
e2Pin
hfoc

+ (G− 1)nspe
2B0. (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/
√
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 (flo) should match the

frequency of the optical carrier (foc). 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

fIF = foc − flo [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 ES to the local oscillator field

(ELO).
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Figure 2.13: Single Branch Homodye Receiver.

The equivalent electrical field of ES and ELO can be represented as:

ES(t) = As(t) cos (2πfoct+ φs(t)) , (2.12)

ELO = Al cos (2πflot+ φlo(t)) , (2.13)

where As(t) is the modulated amplitude, φs(t) is the modulated phase, Al is the amplitude

of the local oscillator wave, and φlo(t) is the local oscillator phase shift. At the input of

the photodiode, the mixed optical field equals [ES(t) + ELO(t)]/
√

2. The current of the

photodetector is then given by:

I(t) =
<
2
〈[ES(t) + ELO(t)]2〉, (2.14)
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where < 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(t) =
<
2
ALOAS cos [2πfIF t+ φS(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) + ELO(t)]/
√

2, while the field into the second photodiode is

[ES(t)− ELO(t)]/
√

2. The currents of the two photodiodes are:

I1(t) =
<1

2
〈[ES(t) + ELO(t)]2〉,

I2(t) =
<2

2
〈[ES(t)− ELO(t)]2〉. (2.16)

D t ti
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Phase/Frequency
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Phase/Frequency 
Locking

Electrical signal

Figure 2.14: Balanced Homodyne Receiver.

Assuming equal responsivities (i.e., <1 = <2), the detection current is then:

I(t) =
<
2

[
〈[ES(t) + ELO(t)]2〉 − 〈[ES(t)− ELO(t)]2〉

]
(2.17)

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

I(t) = <AloAs(t) cos [2πfIF t+ φs(t)] . (2.18)
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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 (I) and quadrature-phase (Q) components of two different orthogonal polariza-

tions (e.g., x and y polarizations) of the incoming optical signal.

PBS

90˚
Optical 
Hybrid

Detection

PBS
90˚

Optical 
Hybrid

Optical signal
Electrical signal

Local oscillator

ect ca s g a

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) = (nxI(t) cos(2πfoct)− nxQ(t) sin(2πfoct))

+ (nyI(t) cos(2πfoct)− nyQ(t) sin(2πfoct)) , (2.19)
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where nxI(t) and nxQ(t) are the in-phase and quadrature-phase components of the ASE

noise in the x polarization while nyI(t) and nyQ(t) are the in-phase and quadrature-phase

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

ES,x(t) = (Ix(t) + nxI(t)) cos(2πfoct)− (Qx(t) + nxQ(t)) sin(2πfoct)

ES,y(t) = (Iy(t) + nyI(t)) cos(2πfoct)− (Qy(t) + nyQ(t)) sin(2πfoct), (2.20)

where Ix(t) is the incoming signal in-phase component in the x polarization, Qx(t) is the

quadrature-phase component in the x polarization, Iy(t) is the in-phase component in the

y polarization, and Qy(t) is the quadrature-phase component in the y polarization. The

outputs of the 90◦ optical hybrid devices are:

E1,2 =
1

2
[ES,x(t)± Alo,x cos (2πflot− φlo(t))] ,

E3,4 =
1

2
[ES,x(t)± Alo,x sin (2πflot− φlo(t))] ,

E5,6 =
1

2
[ES,y(t)± Alo,y cos (2πflot− φlo(t))] ,

E7,8 =
1

2
[ES,y(t)± Alo,y sin (2πflot− φlo(t))] , (2.21)

whereAlo,x is the local oscillator amplitude in the x polarization,Alo,y is the local oscillator

amplitude in the y polarization, φlo(t) = 2π∆ft + θ, ∆f = foc − flo, and θ is a random

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

I1 = <[〈E2
1〉 − 〈E2

2〉],

I2 = <[〈E2
3〉 − 〈E2

4〉],

I3 = <[〈E2
5〉 − 〈E2

6〉],

I4 = <[〈E2
7〉 − 〈E2

8〉]. (2.22)

I1 can be expanded as follows:
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I1 = <[〈E2
1〉 − 〈E2

2〉]

=
<
4

[ 〈[ES,x(t) + Alo,x cos (2πflot− φlo(t))]2〉

−〈[ES,x(t)− Alo,x cos (2πflot− φlo(t))]2〉 ]

=
<
4

[ 〈[(Ix(t) + nxI + Alo,x cos(φlo(t))) cos(2πfoct)− (Qx(t) + nxQ) sin(2πfoct)]
2〉

−〈[(Ix(t) + nxI − Alo,x cos(φlo(t))) cos(2πfoct)− (Qx(t) + nxQ) sin(2πfoct)]
2〉.

(2.23)

Using the trigonometric equation,
[
A cos(x)±B sin(x) =

√
A2 +B2 cos(x∓ tan−1 B

A
)
]
,

I1 can be expressed as:

I1 = <Alo,x [Ix(t) + nxI(t)] cos(φlo(t))−<Alo,x [Qx(t) + nxQ(t)] sin(φlo(t)) (2.24)

Similarly, I2, I3, and I4 can be expressed as:

I2 = <Alo,x [Ix(t) + nxI(t)] sin(φlo(t)) + <Alo,x [Qx(t) + nxQ(t)] cos(φlo(t))

I3 = <Alo,y [Iy(t) + nyI(t)] cos(φlo(t))−<Alo,y [Qy(t) + nyQ(t)] sin(φlo(t))

I4 = <Alo,y [Iy(t) + nyI(t)] sin(φlo(t)) + <Alo,y [Qy(t) + nyQ(t)] cos(φlo(t)) (2.25)

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

are then:

I1 = <Alo,x [Ix(t) + nxI(t)]

I2 = <Alo,x [Qx(t) + nxQ(t)]

I3 = <Alo,y [Iy(t) + nyI(t)]

I4 = <Alo,y [Qy(t) + nyQ(t)] (2.26)

which represents the separated I and Q 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:

Pr = PtGtGr
λ2

(4π)2d2
. (2.27)

where, λ is the signal wavelength, Pt is the transmitter power, andGt, Gr 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:

Aeff =
λ2

4π
G, (2.28)

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

Pr = Pt

(
4πAeff

t /λ
2
) (

4πAeff
r /λ

2
)

(4π)2d2/λ2
, (2.29)

which yields:
Pr = Pt

Aeff
t A

eff
r

λ2d2
. (2.30)

The effective area in the above equation is the optical telescope cross-section areas [8, 16,

28, 71]. Aeff of the transmitter and the receiver can be expressed in terms of the diameter

(D) and the efficiency (η) as follows:

Aeff =
πD2

4
η. (2.31)

Assuming a free-space optical communication system operating at 1.55µm wavelength

with optical telescope diameters (D) of 0.16 m [21] or 0.2, transmitter and receiver tele-

scope efficiency η of 0.5, average optical power of 1 W, and at a distance of 40,000 km, the

minimum required Eb/N0 to achieve the link is:

Eb/N0 =
Pr × Tb
hfocnsp

. (2.32)
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Table 2.1 summarizes the minimum required Eb/N0 for different bit rates, telescope diam-

eters, and values of nsp.

Table 2.1: Link Budget Estimation.
D=0.16 m D=0.2 m

10 Gbps 40 Gbps 10 Gbps 40 Gbps
nsp = 1 13.12 dB 7.1 dB 17 dB 10.98 dB
nsp = 3 8.35 dB 2.33 dB 12.23 dB 6.21 dB

From Table 2.1, if an FSO system provides a BER of 10−3 at an Eb/N0 value of 12

dB, it can be concluded that the only achievable link is the 10 Gbps link with D = 0.16

and nsp = 1. This link has a margin of 1.12 dB. For another FSO system that provides a

BER of 10−3 at an Eb/N0 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 nsp = 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]:

f1(r) =
r

σ2
n

I0

(
rA

σ2
n

)
exp

(
−r

2 + A2

2σ2
n

)
for s1, (3.1)

and

f0(r) =
r

σ2
n

exp

(
− r2

2σ2
n

)
for s0, (3.2)

where A is the maximum output of the matched filter, σ2
n is the variance of the noise, f1(r)

and f0(r) are the PDFs when the transmitted bits are “1” and “0”, respectively, and I0 is
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the 0th order modified Bessel function of the first kind. f1(r) and f0(r) are the Rice and

Rayleigh distributions, respectively [72].

In NRZ-OOK, a threshold (rthr) is required to decide on the received bit. If the value

of the decision sample r is larger than rthr, the detector decides that “1” was transmitted

and if r is less than rthr, the detector decides that “0” was transmitted. For equally likely

binary outputs, the BER is:

BEROOK =
1

2

∫ ∞

rthr

f0(r)dr+
1

2

[
1−

∫ ∞

rthr

f1(r)dr

]
. (3.3)

The BER expression can be written in terms ofA, rthr and σn by substituting Equations 3.1

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

Q (a, b) =





exp(−a2+b2

2
)
∞∑
k=0

(
a
b

)k
Ik (ab), a ≤ b

1 + exp(−a2+b2

2
)I0(ab)− exp(−a2+b2

2
)
∞∑
k=0

(
a
b

)k
Ik (ab) a > b

(3.4)

The BEROOK is then given by [30]:

BEROOK =
1

2

[
1−Q

(
A

σn
,
rthr
σn

)]
+

1

2
exp

(
− r

2
thr

2σ2
n

)
. (3.5)

The optimum threshold rthr can be obtained by solving [d/drthr (BEROOK)=0] to get [30]:

I0

(
Arthr
σ2
n

)
exp

(
− A2

2σ2
n

)
= 1 (3.6)

Note that for optical matched-filters [72]:

(
A

σn

)2

= 4Eb/N0, (3.7)

where Eb is the average energy per bit and N0 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 Eb/N0 is given by:

BEROOK =
1

2

[
1−Q

(
2
√
Eb/N0, 2αthr

√
Eb/N0

)]
+

1

2
exp

(
−2α2

thrEb/N0

)
, (3.8)

and

I0 (4αthrEb/N0) exp (−2Eb/N0) = 1, (3.9)

where αthr = rthr/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 f1(r) and by assuming a fixed threshold rthr

at Eb. For Eb/N0 � 1, the BEROOK is approximated by:

BEROOK ≈
1

2
e−

1
2
Eb/N0 . (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 (r):

f1(r) =
1

2σ2
n

√
r

A2
exp

(
−(A2 + r)/2σ2

n

)
I1

(√
r
A

σ2
n

)
, r ≥ 0 for s1, (3.11)

f0(r) =
r

4σ4
n

exp
(
−r/2σ2

n

)
, r ≥ 0 for s0, (3.12)

where I1 is the 1st order modified Bessel function of the first kind. f1 follows the non-

central chi-square (χ2) distribution with four degrees of freedom while f0 is Gamma dis-

tributed [30].

The BER expression can be written in terms of A, rthr, and σn using Equations 3.11

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

Q2 (a, b) = Q (a, b) +
b

a
e−(a

2+b2)/2I1(ab). (3.13)
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Then, BEROOK−2ASE can be expressed as:

BEROOK−2ASE =
1

2

[
1−Q2

(
A

σn
,

√
ythr

σn

)]
+

1

2
exp

(
−ythr

2σ2
n

)(
1 +

ythr
2σ2

n

)
. (3.14)

The optimum threshold rthr can be obtained by solving [d/drthr (BEROOK−2ASE)=0] to get:

√
rthr

A

2σ2
n

= e−A
2/2σ2

nI1

(√
rthr

A

σ2
n

)
, r ≥ 0. (3.15)

The BER and the optimum threshold expression in terms of Eb/N0 is given by:

BEROOK−2ASE =
1

2

[
1−Q2

(
2
√
Eb/N0, 2

√
γthr × Eb/N0

)]

+
1

2
exp (−2γthrEb/N0) (1 + 2γthrEb/N0) , (3.16)

and

I1 (4γthrEb/N0) exp (−2Eb/N0) = 2
√
γthrEb/N0, (3.17)

where γthr = rthr/A
2.

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 10−9 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
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with 5th 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 10−3 and 10−4.

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 Ein(t) 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‖(t), 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⊥(t) 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 NASE equal to nsphf(G− 1), which is also equal to N0(G− 1), where N0

is the single-sided power spectral density of the amplifier equivalent input noise, G is the

amplifier power gain, nsp is the amplifier noise figure, h is Plank’s constant, and f is the

optical frequency. The amplifier output field is given by:

Eout(t) = Ein(t)
√
G+ n‖(t) + n⊥(t) (3.18)

The amplifier output field is then passed through the optical filter, the output of which is

given by:

Ef (t) =
(
Ein(t)

√
G+ n‖(t)

)
∗ h(t) + n⊥(t) ∗ h(t) (3.19)

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

that is given by:

Iph(t) =
∣∣∣
(
Ein(t)

√
G+ n‖(t)

)
∗ h(t)

∣∣∣
2

+ |n⊥(t) ∗ h(t)|2 (3.20)

where h(t) is the impulse response of the optical filter and “∗” denotes linear convolution.

The electrical current Iph(t) 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 Eb/N0.

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 n‖ 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 10−4, more than 106 bits were simulated. The

optimum threshold at eachEb/N0 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 Eb/N0 values (Eb/N0 less than 3 dB), our simulations showed that the

BER performance is not sensitive to the threshold used. On the other hand, for higher

Eb/N0 values, the BER performance is more sensitive to the threshold and matches the

analytical results as can be seen in Figure 3.2.
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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 Eb/N0.

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 Eb/N0 are also shown. Simulation results are identical to the theoretical

BER expression for two ASE noise sources.
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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 0.2Rb to 1Rb in steps of 0.1Rb, where Rb 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 Eb/N0 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
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Figure 3.5: BER Results for Optically Preamplified NRZ-OOK Systems.

three values are 0.4Rb, 0.7Rb, and 1Rb, respectively. As shown in Figure 3.5, the optimal

FWHM value is 0.7Rb which provided an Eb/N0 value of 12.4 dB at a BER of 10−3. The

results presented in Figure 3.5 are summarized in Table 3.1 in terms of Eb/N0 as well as

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

and 10−4.
MF∗ MF Theoretical FP‡ (0.4Rb) FP (0.7Rb) FP (1Rb) FP (0.7Rb) FP(0.7Rb)

Performance BER 1 ASE 2 ASE Approx. 2 ASE 2 ASE 2 ASE 2 ASE 2 ASE
ER =∞ ER =∞ ER =∞ ER =∞ ER =∞ ER∞ ER = 20 dB ER = 20 dB§

Eb/N0 (dB)
10−3

10.53 11.05 10.95 13.95 12.4 13.13 13.05 16.9
PPB (nsp = 1) 11.3 12.7 12.4 24.8 17.37 20.56 20.18 49
PPB (nsp = 3) 34 38.2 37.3 74.5 52 61.68 60.55 147
Eb/N0(dB)

10−4
11.96 12.42 12.3 15.8 13.9 14.6 14.7 19.2

PPB (nsp = 1) 15.7 17.46 17 38 24.55 28.84 29.5 83.18
PPB (nsp = 3) 47.11 34.92 51 114 73.64 86.5 88.5 250

∗ Matched Filter
‡ 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 Eb/N0 of approximately 13.05 dB is required for

a BER of 10−3. 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 = ∞) and were obtained at

eachEb/N0 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 Eb/N0 in this case is 16.9 dB at a BER of 10−3 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 Eb/N0 (dB) values as follows:

PPB = nsp × Eb/N0, (3.21)

where Eb/N0 is in linear units, N0 = hfonsp and hfo 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 0.7Rb for the Fabry Pérot filter require a
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minimum Eb/N0 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 nsp = 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 Eb/N0 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 M -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”, f1(υ), 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”, f0(υ), 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, f1(υ) and f0(υ) can be expressed

as [69]:

f1 (υ) = 2υEs/N0 × I0 (2υEs/N0) exp
(
−(υ2 + 1)Es/N0

)
. (4.1)

f0 (υ) = 2υEs/N0 exp
(
−υ2Es/N0

)
. (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 (υe) higher than υ, given that the received

optical power (υf ) in the filled slot is equal to υ. Assuming that the noise power in the

empty slots are independent, we have:

P ( υe > υ|υf = υ) = 1− P (υe < υ|υf = υ)(M−1) . (4.3)

Then, the probability that at least one empty slot has optical power higher than (υ) is:

P (υe > υ) =

∫ ∞

υ=0

P [υe > υ|υf = υ]× P [υf = υ] dυ, (4.4)

Using the PDF in Equation 4.2, the term P (υe < υ|υf = υ) in Equation 4.4 can be ex-

pressed as:

P (υe < υ|υf = υ) = 1−
∫ ∞

y=υ

2yEs/N0 exp
(
−y2Es/N0

)
dy. (4.5)
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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 Es/N0 as follows:

P (υe > υ|υf = υ) = 1−
(

1−
∫ ∞

y=υ

2yEs/N0 exp
(
−y2Es/N0

)
dy

)(M−1)

.

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

by one ASE noise can be formulated as:

SERM−PPM-1ASE =
∫ ∞

υ=0

[
1−

(
1−

∫ ∞

y=υ

2yEs/N0 exp
(
−y2Es/N0

)
dy

)(M−1)
]

×2υEs/N0 × I0 (2υEs/N0) exp
(
−(υ2 + 1)Es/N0

)
dυ. (4.6)

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

BERM−ary =
2r−1

2r − 1
SERM−ary =

M

2(M − 1)
SERM−ary, r = log2M. (4.7)

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:

BERM−ary =
2r−1

2r − 1

M−1∑

n=1

(−1)n+1

n+ 1

(
M − 1

n

)
exp

[
− nr

n+ 1
Eb/N0

]
. (4.8)

For systems affected by two ASE noise sources, f1(υ) and f0(υ) as a function of Es/N0

can be expressed as:

f1 (υ) =
√
υEs/N0 × I1

(
2
√
υEs/N0

)
exp (−(υ + 1)Es/N0) . (4.9)

f0 (υ) = 2υEs/N0 exp (−υEs/N0) . (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:

SERM-PPM-2ASE =
∫ ∞

υ=0

[
1−

(
1−

∫ ∞

y=υ

yEs/N0 × exp (−yEs/N0) dy

)(M−1)
]

×√υEs/N0 × I1
(
2
√
υEs/N0

)
exp (−(υ + 1)Es/N0) dυ. (4.11)

The SER expressions provided by Equations 4.6 and 4.11 are limited toM -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. n‖ and n⊥) 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 Eb/N0 where

for M -ary systems, Eb/N0 is related to Es/N0 as follows:

Es/N0 = (log 2(M))× Eb/N0. (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 = log2(M) bits. Based on the transmitted r bits, an optical pulse

will be located in one of the M slots. The lowpass equivalent electrical field of the M -ary

PPM, (Ein(t) =
√
p(t)), is applied to the receiver input where the power waveform of the

optical pulse p(t) can be expresses as:

p(t) =





1
2
Pmax(1− δ2)

[
1− sin

(
πk

(k−1)Ts

(∣∣t− Ts
2

∣∣− Ts
2k

))]
+ δ2

t ∈
[
0, k−1

k
Ts
]

and
[
1
k
Ts, Ts

]

Pmax, t ∈
[
k−1
k
Ts,

1
k
Ts
]

, (4.13)

where Ts is the slot duration, Pmax is the maximum value of p(t), δ 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 sin2 pulse shapes, respectively. The remaining (M -1) slots are represented

by a constant power of δ2.

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:

ER = 10 log10

(
Pmax

δ2

)
dB. (4.14)

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

ferent pulse shapes (e.g., for k = 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⊥(t), 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 NASE that is equal

to nsphf(G − 1) which is also equal to N0(G − 1), where N0 is the single sided power

spectral density of the amplifier equivalent input noise, G is the amplifier power gain, nsp

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:

Eout(t) = Ein(t)
√
G+ n‖(t) + n⊥(t). (4.15)

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

is given by:
Ef (t) =

(
Ein(t)

√
G+ n‖(t)

)
∗ h(t) + n⊥(t) ∗ h(t). (4.16)

The filter output is applied to a PIN photodiode to generate an electrical current Iph that is

given by:
Iph(t) =

∣∣∣
(
Ein(t)

√
G+ n‖(t)

)
∗ h(t)

∣∣∣
2

+ |n⊥(t) ∗ h(t)|2 , (4.17)

where h(t) is the impulse response of the optical filter and the “∗” 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(t) is connected to an ideal electrical PPM receiver
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where the BER is calculated. v(t) is given by:

v(t) = Iph(t) ∗ helec(t), (4.18)

where helec(t) 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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Figure 4.5: Theoretical and Simulation BER Results for Optically Preamplified 16-ary and
64-ary PPM Systems Using Optical Matched-Filters (1 ASE).
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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.
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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 Eb/N0 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 sin2 pulse (k = 2), and the 64-ary

PPM systems with a rectangular pulse and with a sin2 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 (Rs), respectively. In

M -ary PPM, Rs is related to the bit rate Rb as follows:

Rs =
M

log2M
Rb. (4.19)

The range of the FWHM of the Fabry Pérot filter was taken from 0.25Rs to 4.5Rs

and for the 3-dB bandwidth of the electrical filter was taken from 0.5Rs to 4Rs. For the

penalty calculations, a mesh of the electrical and optical bandwidths was used where the

penalty from the matched-filter results at 10−3 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 Eb/N0 performances at 10−3 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 k = 1, an optimum combi-

nation of a FWHM of 3.2Rb for the Fabry Pérot filter and a 3 dB-bandwidth of 3Rb 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 k = 2, an optimum combination of a FWHM of

4Rb for the Fabry Pérot filter and a 3 dB-bandwidth of 4Rb 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 k = 1 was selected to be a FWHM of 7.5Rb for the Fabry Pérot filter

and a 3 dB-bandwidth of 8Rb 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 k = 2, an optimum
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Figure 4.7: Performance Penalty as a Function of the FWHM of the Fabry-Pérot Filter and
the 3-dB Bandwidth of the Electrical Filter (Be) both Normalized to the Bit Rate (Rb).
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combination of a FWHM of 15Rb for the Fabry Pérot filter and a 3 dB-bandwidth of 10Rb

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 k = 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 k = 1, where an optimum combination of a FWHM of 3.2Rb for the Fabry

Pèrot Filter and a 3 dB-BW of 3Rb 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 Eb/N0 to achieve a BER of 10−3 is

approximately 8 dB.

Figure 4.9 represents the BER results for the 16-ary PPM systems with k = 2,

where an optimum combination of a FWHM of 4Rb for the Fabry Pérot filter and a 3

dB-BW of 4 Rb for the electrical filter was used. Under 20 dB ER, the required Eb/N0 to

achieve a BER of 10−3 is approximately 8.2 dB. Figures 4.10 and 4.11 show the BER results

for the 64-ary PPM systems with k = 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 10−3 is 8.35 dB for systems with k = 1 and 9.6 dB for systems with k = 2. Tables 4.1,

4.2, 4.3, and 4.4 summarize the required Eb/N0 to achieve a target BER of 10−3 and also

provide the corresponding PPB when nsp=1 and 3. From Table 2.1, optically preamplified

16-ary PPM systems with k = 1 and 2 ASE can establish 10 Gbps inter-satellite links using

a practical value of nsp = 3 and an optical antenna diameter of 0.16 m.
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Figure 4.8: BER Results for Optically Preamplified 16-PPM Systems with k = 1 (Fabry
Pérot Filter FWHM = 3.2Rb, Electrical Filter 3 dB-BW = 3 Rb).
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Figure 4.9: BER Results for Optically Preamplified 16-PPM Systems with k = 2 (Fabry
Pérot Filter FWHM = 4Rb, Electrical Filter 3 dB-BW = 4 Rb).
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Figure 4.10: BER Results for Optically Preamplified 64-PPM Systems with k = 1 (Fabry
Pérot Filter FWHM = 7.5Rb, Electrical Filter 3 dB-BW = 8 Rb).

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
10

−4

10
−3

10
−2

10
−1

10
0

Eb/N0 (dB)

B
E
R

 

 
Theoretical
results,1ASE

ER=∞

ER=∞

ER=∞

ER=25dB
ER=20dB
ER=15dB

MF

1 ASE

Figure 4.11: BER Results for Optically Preamplified 64-PPM Systems with k = 2 (Fabry
Pérot Filter FWHM = 15Rb, Electrical Filter 3 dB-BW = 10 Rb).
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Table 4.1: Performance of Optically Preamplified 16-ary PPM Systems at BER of 10−3 for
k=1

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 =∞ ER =∞ ER =∞ ER = 25 dB ER = 20 dB ER = 15 dB
Eb/N0 (dB) 6 6.7 7.35 7.43 8 9.55

PPB (nsp = 1) 4 4.7 5.4 5.5 6.3 9
PPB (nsp = 3) 12 14.1 16.2 16.5 18.9 27

∗ Optimum combination of FWHM of 3.2Rb for the Fabry Pérot filter and 3 dB-BW of 3 Rb for the
electrical filter

Table 4.2: Performance of Optically Preamplified 16-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 =∞ ER =∞ ER =∞ ER = 25 dB ER = 20 dB ER = 15 dB
Eb/N0 (dB) 6 6.7 6.9 7.25 8.2 10.65

PPB (nsp = 1) 4 4.7 5 5.3 6.6 11.6
PPB (nsp = 3) 12 14.1 15 15.9 19.8 34.8

? Optimum combination of FWHM of 4Rb for the Fabry Pérot filter and 3 dB-BW of 4 Rb 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 EF‡ FP and EF‡ FP and EF‡
1 ASE 2 ASE 2 ASE 2 ASE 2 ASE 2 ASE

ER =∞ ER =∞ ER =∞ ER = 25 dB ER = 20 dB ER = 15 dB
Eb/N0 (dB) 4.9 5.5 6.1 6.85 8.35 11.5

PPB (nsp = 1) 3.1 3.5 4.1 4.8 6.8 14.1
PPB (nsp = 3) 9.3 10.5 12.3 14.4 20.4 42.3

‡ Optimum combination of FWHM of 7.5Rb for the Fabry Pérot filter and 3 dB-bandwidth of 8 Rb 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 =∞ ER =∞ ER =∞ ER = 25 dB ER = 20 dB ER = 15 dB
Eb/N0 (dB) 4.9 5.5 5.65 7.18 9.6 13.6

PPB (nsp = 1) 3.1 3.5 3.7 5.2 9.12 22.9
PPB (nsp = 3) 9.3 10.5 11.1 15.6 27.36 68.7

§ Optimum combination of FWHM of 15Rb for the Fabry Pérot filter and 3 dB-bandwidth of 10 Rb 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 Eb/N0 penalties at 10−3 for the four cases addressed are shown in Figure 4.12.

The Eb/N0 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 Eb/N0 values

required to obtain a BER of 10−3 for the systems affected by n‖ 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 sin2 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 Eb/N0 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 Eb/N0 penalties are 2.85 dB when k = 1 and 4.1 dB when k = 2, resulting an Eb/N0

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 k = 2 are higher

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

To justify these results, the orthogonality ofM -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 s0 and s1 is expressed as:

ρ1,2 =

∫ Tsym

t=0
s1(t)s2(t)dt∫ Tsym

t=0
s21(t)dt

,

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

cross-correlation coefficient (ρ1,2) as a function of M for different ER values.
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Figure 4.13: ρ1, 2 versus M for Different Extinction Ratios.
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Higher values of ρ1,2 indicate a higher correlation between the symbols and hence

degraded performance for the M -ary PPM systems. For finite ER values, increasing M

increases ρ1,2. Also, ρ1,2 for systems with k = 2 is higher than for systems with k = 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 k = 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 2Rb 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 (∆t) in this evaluation is ±25% of the slot time Ts, where

Ts = 1/Rs and Rs is the slot rate. Penalty results were calculated in steps of 1/(16× Rs).

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 k = 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 k = 2

(rounded pulses) are higher than the penalties for the systems with k = 1 (rectangular

pulses). This is because the amplitude of the electrical filter output decays faster in the

case of the sin2 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 2Rb 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 n‖ 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 k = 1 and k = 2, and for the 64-ary PPM systems with k = 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:

BERBPSK = 0.5 erfc
(√

Es/N0

)
, (5.1)
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where erfc is the error function and Es/N0 = Eb/N0. Then, the BER performance of

PDM-BPSK can be given as:

BERPDM - BPSK = 0.5 erfc
(√

Es/N0/2
)
, (5.2)

where Es/N0 = 2× Eb/N0. 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 Q component of the noise in the x polarization and the Q compo-

nent of the noise in the y polarization are eliminated. Thus, the performance of optically

preamplified PDM-BPSK systems follows Equation 5.2.

MF

Phase / 
Polarization

Diversity 
Optical Amplifier

MF

MF
PDM-BPSK 

Receiver

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:

BERQPSK = 0.5 erfc
(√

Es/N0/2
)
, (5.3)

where Es/N0 = 2 × Eb/N0. 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/N0/4
)
, (5.4)

where Es/N0 = 4 × Eb/N0. PDM-QPSK has the same performance as QPSK as well as

BPSK because the transmitted power is multiplied by four and the I and Q 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 Q components of the PDM-QPSK signal in both polarizations is

shown. For a perfect phase/polarization diversity system, the I and the Q components of

the noise in the x polarization will be added to the I and the Q signal components in the x

polarization. Similarly, the I and theQ component of the noise in the y polarization will be

added to the I and the Q signal components in the y polarization. Thus, the performance

of optically preamplified PDM-QPSK systems follows Equation 5.4.

MF

Phase / 
Polarization

Diversity 
Optical Amplifier

MF

MF

MF

PDM-QPSK 
Receiver

MF

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-QPSKM -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 M
2(M−1) log2 (M) of the r = log2(M) bits, corresponding to the M -ary PPM, is

in error. This is in addition to an average of 0+1+2
3

= 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:

BERPB-M-PPM =
SERM - PPM

[
1 + M log2M

2(M−1)

]
+ (1− SERM - PPM) [2BERPDM - BPSK]

log2M + 2
, (5.5)

where SERM - PPM is the SER of the M -ary PPM systems with one ASE noise source and is

given by Equation 4.6 and BERPDM - BPSK is given by Equation 5.2.

MF

PPM 
Receiver

MF

MF

PDM-BPSK 
Receiver

Phase / 
Polarization

Diversity 
Optical Amplifier

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
M

2(M−1) log2 (M) of the r = log2(M) bits, corresponding to the M -ary PPM, is in error.

Also an average of 0+1+2+3+4
5

= 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]:

BERPQ -M-PPM =
SERM - PPM

[
2 + M log2M

2(M−1)

]
+ (1− SERM - PPM) [4BERPDM - QPSK]

log2M + 4
, (5.6)

where SERM - PPM corresponds to the SER of the M -ary PPM systems with two ASE noise

sources and is given by Equation 4.11 and BERPDM - QPSK is given by Equation 5.4.

PPM 
Receiver

Phase /

MF

MFPhase / 
Polarization

Diversity 
Optical Amplifier

MF

MF

PDM-QPSK 
Receiver

Local oscillator

Figure 5.4: Optically Preamplified PDM-QPSK M -ary PPM System Model.
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5.3 Optically Preamplified PDM-QPSK and PDM-BPSKM -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 log2(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.

PPM 
Receiver

MF

MF

PDM-BPSK 
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 Q 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 log2(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 
Receiver

MF

MF

MF

MF

PDM-QPSK 
Receiver

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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Figure 5.7: PDM-BPSK M -ary PPM Theoretical and Simulation Results.
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Figure 5.8: PDM-QPSK M -ary PPM Theoretical and Simulation Results.
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Tables 5.1 and 5.2 summarize the Eb/N0 as well as the PPB for nsp = 1 and 3

values required to obtain a BER of 10−3. 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 10−3.

PB-4-PPM PB-8-PPM PB-16-PPM PB-32-PPM PB-64-PPM
Eb/N0 (dB) 5.3 4.75 4.3 3.95 3.65

PPB (nsp = 1) 3.4 3 2.7 2.48 2.32
PPB (nsp = 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
Eb/N0 (dB) 4.9 4.35 3.9 3.6 3.35

PPB (nsp = 1) 3.1 2.7 2.45 2.29 2.16
PPB (nsp = 3) 9.3 8.1 7.35 6.87 6.48

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
Eb/N0 (dB) 9 7.6 6.7 6 5.5

PPB (nsp = 1) 7.94 5.75 4.7 4 3.55
PPB (nsp = 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
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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.
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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 Eb/N0 values required to obtain a BER of 10−3 for four

optically preamplified systems. These systems are the direct detection OOK systems, the

direct detection M -ary PPM systems, the coherent PDM-BPSK M -ary PPM systems, and

the coherent PDM-QPSK M -ary PPM systems. The obtained Eb/N0 values are to be used

with proper FEC codes to reduce the achievable BER from 10−3 down to 10−12.

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 Eb/N0 values

at a target BER of 10−3 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 Eb/N0 values

are 8 dB for the rectangular pulse shape and 8.2 dB for the sin2 pulse shape. For 64-ary

PPM systems, the Eb/N0 values are 8.35 dB and 9.6 dB for the rectangular pulse shape and

the sin2 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 Eb/N0 values at a target BER of 10−3 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:

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

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

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

Gbps.

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

BPSK homodyne systems.

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

while taking into consideration the IQ imbalance effects.

• The performance degradation due to atmospheric effects on optically preamplified

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

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