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Abstract

Free-Space Optical (FSO) communication systems have recently attracted consider-
able attention in last-mile applications. High bandwidth, unlicensed spectrum; ease
of installation, and high security have made them a good candidate for high data rate
transmissions. However, distance-dependent atmospheric turbulence and channel loss
degrade the optical link reliability and confine FSO systems to short-haul applica-
tions. This thesis addresses innovative all-optical relaying techniques to mitigate the
degrading effects of atmospheric turbulence-induced fading by relaying data from the
source to the destination using intermediate terminals. The proposed techniques, op-
tical amplify-and-forward (OAF) relaying and optical regenerate-and-forward (ORF)
relaying, are deployed in multihop FSO systems to extend the maximum accessible
communicating distance of high data rate wireless optical systems.

In all-optical relaying techniques, photodetection is performed once at the re-
ceiver and intermediate terminals process optical field envelopes instead of optical
intensities. This major difference requires a new definition of channel model for pi"op—
agation of optical waves through the atmosphere. By using the developed chanﬁel
model, bit error rate (BER) performance of multihop OAF FSO systems is analyzed
through Monte-Carlo simulations. The simulation results indicate that OAF relaying

technique mitigates the channel impairments and enhances the BER performance. By

iv



employing more relays, longer distances become accessible, however distance improve-
ment decreases due to accumulating background noise at relays. Iﬁ order to remove
background noise effects, another optical relaying technique is developed. The ORF
relaying technique eliminates the received background noise at each relay and signifi-
cantly outperforms OAF systems. For example at high bit rate BR= 10 Gbps, using
two equally-spaced OAF relays during a 3 km turbulence-free link increases the total
communicating distance by about 1.11 km. Replacing OAF relays by ORF relays
extends the total communicating distance to 4.48 km which is 1.66 km longer than

the similar OAF FSO system. By deploying more ORF relays, even longer distances

are achievable.
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Chapter 1

Introduction

1.1 Free-Space Optical Communication Systems

A tremendous evolution has recently emerged in telecommunication systems. Var-
ious reliable and cost-effective techniques and technologies have evolved to deliver
high data rate services to users. Optical fiber communications have_ the potential to
deliver high data rate applications for long-haul and network access. Beside opti-
cal fiber communication, wireless optical communication has recently emerged as a
new technology to deliver various types of services such as indoor infrared wireless
communications [1, 2], visible light communications (VLC) [3], terrestrial links [4],
ground to air (UAV) [5, 6], satellite to ground [7], and inter-satellite communications
8, 9].

Free-space optical (FSO) communication is one of the most prevalent applications
for wireless optical systems and refers to terrestrial line-of-sight (LLOS) optical trans-
mission through the atmosphere [10]. Today’s commercial FSO systems provide bit

rates ranging from 100 Megabits/second (Mbps) to 10 Gigabits/second (Gbps) over
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distances on the order of a few kilometers, e.g. SONAbeam™1250-M by fSONA
[11] and TereSCOpe®1OGE (TS 10GE) by MRV [12]. For a given system reliability,
by increasing data rate, link coverage decreases. For example SONAbeam™1250-M
provides 1.25 Gbps transmission over distances up to 5400 m, while MRV product T'S
10GE can deliver 10 Gbps data over only distances up to 350 m. These high-speed
systems are utilized in last-mile applications to connect buildings, companies, and
business offices to the fiber network.

Optical fiber systems also can be used in last-mile applications. Optical ﬁber is
one of the most reliable candidates for connecting the end user, e.g. buildings, offices,
etc, to high rate fiber networks without loosing data rate. However, its deployment
requires digging and a right-of-way license which makes fiber deployment expensive
and even impracﬁcal in high density cities. Various communication systems exist to
connect high data rate fiber net\'?vorks to the end users.

Microwave access via WiMAX technology has been introduced as a promising
technology deployed in point-to-multipoint broadband wireless applications. As an
example, the Proxim product Tsunami™ MP-8100 exhibits speeds up to 300 Mbps
over a range of up to 8 kilometers (km) [13]. Although WiMAX technology provides
high data rates, it still does not reach the demanded Gbps data rates used in optical
networks. As an alternative, RF communication links operating at high frequencies
in the range 60 — 86 GHz can be deployed to connect local sites to the fiber network,
e.g. the commercial product GigaBeam - Gi-CORE G1.25 provides 1.25 Gbps iipk
over about 1.6 km [14]. Although these systems are capable of delivering Gbps data
rates, the cost and the high attenuation in rain are the main challenges for these

systems [15]. Moreover, they fail to match high speed.commercial optical networks
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working at data rates in excess of 1.25 Gbps.

Free-space optical (FSO) systems are license-free with high—BandWidth provid-
ing a cost-effective and easy-to-install alternative to fiber optics and RF systems.
They also have the features of simple deployment, digging-free installation, and re-
deployment, felxibility [16]. They further provide inherent security due to the nature
of their directional and narrow beams that makes interception difficult [17]. More-
over, narrow-beam line-of-sight FSO connections preserve the average transmit power
which is limited in wireless communication systems. Compared to state-of-the-art RF
technologies such as GigaBeam - Gi-CORE G1.25 accommodating 1.25 Gbps data
rate, commerciaﬂy—producéd FSO links provide higher data rates up to 10 Gbps. In
addition, FSO links suffer from smaller attenuation in rain compared to RF links
which operate in tl.le 60 — 86 GHz band [18].

FSO links can be deployed as a high-bandwidth bridge to connect local area net-
works (LANSs) to long-haul wide-area networks (WANSs) or metropolitan area networks
(MANS) [19]. They are also used as wireless backhaul for WiMAX or WiFi networks
[20]. Unlike WiMAX which is mainly deployed in point-to-multipoint topologies, FSO
point-to-point links provides higher data rate transmissions. In addition, FSO link
is an efficient alternative to a fiber system to establish high data rate transmission
in populated city areas where laying fiber is too expensive or impractical. These ad-
vantages introduce FSO communications as a promising candidate for high data rate
transmissions.

Beside the advantages of FSO communication links, it is important to point out
the disadvantages and challenges in these systems. Since the laser beam is extremely

narrow, accurate alignment is required between transmitter and receiver. The weather
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dependence of the optical channel is another issue so that the system performance
highly depends on atmospheric conditions. In FSO systems, the propagating optical
beam is attenuated over the optical channel due to absorption and scattering [18].
The optical beam is absorbed mainly by water particles and carbon dioxide molecules
in the atmosphere (absorption). In addition, scattering deflects away a portion of the
optical beam from the intended direct path to the receiver and is mainly caused by
fog, haze, rain, snow, etc. Although rain is known as one of the most destructive
atmospheric condition for 60 — 86 GHz radio frequency (RF) links [18], F'SO links
mostly suffer from fog and haze. Typical atmospheric attenuation of optical. beam at
clear air is 0.43 dB/km, at haze is 4.3 dB/km, and at fog is 43 dB/km [21]. That is,
at a foggy weather condition, FSO transmitter must send at least 43 dB more power

to overcome atmospheric attenuation during a 1 km link which is not feasible from

practical stand point. Other than atmospheric attenuation, optical links also suf-

fer from atmospheric refractive index random fluctuations (atmospheric turbulence)
which induce intensity and phase ﬂuctuatioﬁs of optical beam at the receiver. This
fluctuations degrade the system performance ( atmospheric turbulence is described
in detail in Section 2.1.2.) Furthermore, due to eye-safety regulations governed by
International Electrotechnical Commission (IEC) [22], the average transmit power is
limited in FSO systems. Ambient illumination is another challenge of FSO systems
that is a huge amount of background noise is collected along with the incident data
signal at the receive aperture [10]. In Chapter 3, it will be shown that these limita-
tions confine FSQO system transmissions to short range applications. In this thesis, the
degrading effects of randomly varying atmospheric conditions and background illumi-

nation noise on the performance of FSO systems are investigated and new techniques
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Figure 1.1: An FSO Communication system

are proposed to increase the accessible communicating distance of FSO systems. The
next section presents a brief overview of FSO channels and summarizes the techniques

which have been proposed so far to combat the aforementioned challenges.

1.2 FSO Systems and Channel Impairments

A point-to-point FSO communication link is shown in Fig. 1.1. In the transmitter
side, a laser diode modulates data onto an optical wave. The modulated optical wave
is shaped and directed through the atmosphere via an optical lens. For the sake of
simplicity, in practical direct FSO systems Intensity Modulation with Direct Detection
(IM/DD) is utilized in which data are modulated in the instantaneous intensity of
optical Waves [23]. The intensity of optical waves corresponds to the squared absolute
value of optical field envelopes. The field envelope is the time-varying amplitude of
an optical wave which is modulated by data. Assume a laser oscillating at angular

frequency w which is placed at z = 0 in the transmitter side. A forward propagating
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wave along the positive z-axis can be expressed as

U(r,¢,2,t) = U(t) P(r,z,¢)  exp[—i(wt — kz)] (1.1)
e e N -~ ~
Field envelope Transverse field profile Carrier

where r = /22 + y? is the radial distance from the beam center line, k is the prop-
agation constant along the positive z-axis in free space, and ¢ is the phase. From

(1.1), the transmit instantaneous intensity I(¢) is defined as
1) = U0 (12)

In such systems, at the receiver, a receiving aperture followed by a lens collects
and focuses the incident beam onto a photodetector. The photodetector coverts the
collected optical power to an electrical current. This current is proportional to the
insténtaneous intensity of the received signal at the receiver scaled by the detector
responsivity, R (A/W),

i(t) = R|U.(t), (1.3)

The electrical current is sampled and detected inside the receiver electronic unit.
Finally, the detected data are decoded to extract the sent data stream.

In this thesis, data are modulated onto the instantaneous intensity of optical
fields and at the receiver direct detection technique is performed to detect the signal
(IM/DD). However, as will be discussed in Chapter 2, both intensity and phase
information of optical field -envelopes are required for system analyses.

An additive channel model is considered for the direct FSO system and can be
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expressed as [10]

U, (t) = h(O)U,(t) + Uy(t), (1.4)

where U;(t) and U, (t) are respectively the transmitted and received optical field en-
velopes at the transmitter and receiver (Fig. 1.1), h(¢) is the temporal random fluctu-
ations of optical channel, and. U, (t) is the temporal profile of background illumination

noise that are briefly overviewed in Section 1.2.1 and 1.2.2.

1.2.1 Atmospheric Channel Impairments: h(t)

The channel gain A(t) models the random fluctuations of the propagation path. The
FSO optical link is a time-varying channel whose random fluctuations arise due to
variation of atmospheric conditions. Atmospheric molecules cause absorption and.
scattering which attenuate the power of the light traveling through the atmosphere.
Furthermore, spatial and temporal variations of the air thermal inhomogeneities cause
random fluctuation of the refractive index (i.e., atmospheric turbulence-induced fad-
ing) which results in fluctuation of the optical intensity at the receiving lens plane.
These intensity fluctuations degrade the performance of FSO communication systems.
The optical channel impairments will be discussed in more detail in Section 2.1.
The time scale at which the fading state remains approximately constant is de-
noted as the coherence time. If the coherence time is nﬁmh smaller than the symbol
duration 7', many different fading states occur within the transmission, which is called
fast-fading atmospheric turbulent channel. However, if the coherence time is equal
or greater than 7', the channel is a slow-fading atmospheric turbulent channel [24].
Typical FSO fading coherence time varies approximately between 1073 and 107! sec

[23] and typical symbol duration T is on the order of 107° sec, therefore FSO channels
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can be modeled as slow-fading channels. That is, the channel gain h(t) is assumed
constant over 10® — 108 symbols. In what follows, h simply refers to the channel gain
and implicitly indicates that fading is constant over many transmitted symbols. The
constant channel gain & is a multiplicative factor [25] representing the amplitude and
phase fluctuations which arise due ‘éo atmospheric attenuation h,, geometric spread

of optical beam h,, and atmospheric turbulence 7, and can be formulated as
h(t) =~ h = hghyT. (1.5)

The atmospheric attenuation h, depends on the weather condition and wavelength
and includes both absorption and scattering effects (Section 2.1.1). Since the weather
changes slowly on the order of minutes to hours, atmospheric attenuation can be
considered constant over a long time. Geometric spread of the optical beam 5, is also
constant for a given optical beam and distance (Section 2.1.3). Despite h, and hy,
atmospheric-induced fading factor 7 is a random coefficient which causes the received
intensity fluctuates at the receive aperture (Section 2.1.2). Inteﬂsit-y fluctuations at

the receiver degrades the FSO systems performance.

1.2.2 Background Illumination Noise: Up(t)

The additive noise in (1.4), arises due to ambient illuminations which is the dominant
source of noise in FSO communication systems. In addition to the desired signal,
strong undesirable background radiation is also collected at the receive aperture.
Background noise mainly originates from ambient light coming from optical sources
such as sun, sky, moon, incandescent bulbs, etc, and -is statistically modeled as an

additive white Gaussian noise in time and space with zero mean and variance o7 =

8
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Ny/2 [26]. The collected background noise is processed along with the desired signal
and degrades the overall system performance.

The intensity and phase fluctuations at the receiver, that are induced by atmo-
spheric turbulence random variations, degrade FSO system performance. Although,
atmospheric turbulence mitigation techniques have been extensively investigated in
literature, background illumination noise has not been separately considered as a lim-
iting performance factor in FSO systems. Whereas, in Chapter 3, it will be shown
that background illumination noise can deteriorate the error performance and limit
the link distance coverage. The next section briefly denotes techniques and methods

which have been proposed so far to combat atmospheric turbulence degrading effects.

1.2.3 Atmdspheric Turbulence Mitigation Techniques

Atmospheric turbulence fading is one of thé major impairments over FSO channels
where the link range is longer than 1 km [27]. This factor limits the link rate, reliability
and distance [23]. Different techniques have been proposed to mitigate fading effects
such as error control coding [28, 29], maximum-likelihood sequence detection (MLSD)

[30], spatial diversity [31], cooperative diversity, and multihop transmission [32].

1.2.4 Forward Error Correction

Various forward error correcting (FEC) techniques have been deployed in the liter-
ature to combat atmospheric turbulence degrading effects. Forward error correction
is accomplished by adding redundancy to the transmitted data through an error cor-
rection coding algorithm such as turbo codes [33], block and convolutional codes [29],

Reed-Solomon (RS) codes [34], and low-density parity-check (LDPC) codes [35]. In
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[29], the performance of block codes and convolutional codes have been investigated
and compared with turbo codes in the presence of weak atmospheﬁc turbulence con-
dition. It has been numerically shown that turbo coding can achieve better BER
performance over atmospheric turbulence channel. However, turbo coding is not
suitable for high-speed optical transmissions because of its high complexity and long
encoding/decoding time that imposes delays on the system [36]. A promising alterna-
tive for mitigating atmospheric fluctuation is low-density parity-check (LDPC) coding
scheme which greatly improves BER performance of the system even under strong
atmospheric turbulence condition [35]. Although FEC is one of the best techniques to
combat atmospheric turbulence-induced fading, use of them in high data rate optical

transmissions imposes high delay and complexity to encoding/decoding units which

may not be practical.

1.2.5 Maximum-Likelihood Sequence Detection

Based on the knowledge of the joint temporal statistics of turbulence-induced inten-
sity fluctuations, maximum likelihood sequence detection (MLSD) has been proposed
as another solution to mitigate atmospheric turbulence fading. The MLSD attempts
to track the instantaneous state of intensity fluctuations and adjusts the detection
threshold to the optimal value [30]. For trans-mitted sequences of length n, the MLSD
computes the likelihood ratio of each of 2" possible sequences which imposes complex
computational costs and long delays to decoder. Various sub-optimal methods have
been proposed to reduce computational complexity in MLSD method, e.g. single-step
Markov chain maximum likelihood detection (SMC-ML) [30] and pilot-symbol as-

sisted detection (PSA-ML) [30]. The sub-optimal methods provide comparable error
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performance with respect to the MLSD method while they reduce the computational
complexity of MLSD detection method. All the proposed detection techniques pro-
vide significant performance improvements over symbol-by-symbol detection method
at the cost of increased delays and computational complexity for simulating multidi-

mensional integrals.

1.2.6 Spatial Diversity

Spatial diversity technique is another promising alternative for fading compensation
that imposes less latency to encoding/decoding units. This technique takes advantage
of multiple transmit/receive apertures that are placed far apart from each other so
that each LOS path experiences a different fading condition [23]. Each receiver collects
the received optical beam(s) from different spatial angles, this way spatial diversity
provides information redundancy at the receiver and improves systenll performance
[37]. In optical spatial diversity systems, the total average transmit power is the sum
of maximum allowed transmit power of all transmit apertures, therefore, employing
multiple apertures at the transmitter increases the total average transmit power of the
link and allows the system to cover longer distances. Spatial diversity can significantly
reduce the outage probability [38] and improve the outage capacity [39] of a multiple-
input multiple-output (MIMO) link. -

To maximize spatial diversity performance, the receive apertures should be placed
as far apart as possible from each other, so that various receivers experience uncorre-
lated turbulence-induced fadings. In practice, it may not be always possible to place
the receivers sufficiently far apart [23]. On the other hand, F'SO systems are based on

point-to-point transmission that is the transmitted signal directs to a specific receiver.

11



B

McMaster University - Electrical Engineering
Chapter 1. Introduction

Spatial diversity requires a line-of-sight communication link between the source and
destina.tion terminals which may not be feasible in all situations. Furthermore, spa-
tial diversity in F'SO systems must involve multiple transmit and receive apertures at
each terminal to create a spatial diversity. Implementing multiple transmit/receive
aperture scheme and designing encoding/decoding protocols increase the complexity
and implementation costs of the system. Multihop transmission is another alternative
to combat the atmospheric fading effects and increasing free-space link coverage. The

next section provides a brief overview of this technique.

1.3 Optical Multihop Transmission

Multihop transmission relays the data signal from the source node (transmitter) to
destination node (receiver) through intermediate terminals called relays or nodes and
has been introduced as a promising technique to improve FSO links coverage and
reliability through mitigating atmospheric fading impairment [40, 41]. Arranging re-
lays in a serial configuration exempts FSO relays from being equipped by multiple
transmit/receive apertures. Despite spatial diversity which requires transmit/receive
apertures to be positioned in a LOS configuration, in multihop systems, source and
destination nodes are connected via intermediate relays and co:qsequently LOS con-
nectivity is not necessary. In other words, multihop techniques can support an optical
connection between two buildings which do not have a line of sight. Furthermore,
by subsequent deployment of smaller multiple hops (hop is the distance between two
relays), more reliable FSO transmission over longer distances becomes achievable [32].
As shown in Fig. 1.3, by employing multihop links in a parallel configuration, new

relaying scheme based on cooperative diversity is developed [42, 43]. In this scheme
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Figure 1.2: Multihop Transmission

which is a special configuration of .spatial diversity, intermediate relays involve only
one transmit/receive aperture and are placed far enough from each other so that each
receiver suffers from a different fading condition. The diversity of received signal
intensities at destination improves the link end-to-end reliability [32]. Obviously, in
cooperative diversity systems, the total communicating distance is determined by the
length of the shortest multihop link. Therefore, to increase the total communicating
distance of the link, a huge number of relays must be placed between the corhmuni-
cating nodes, that in practice, may not be possible. Since the primary purpose of this
study is to propose methods of increasing the total communicating distance of FSO
systems, only multihop systems are of great interests.

In multihop transmission relays are employed in series. This scheme is typically
illustrated in Fig. 1.2. In serial relaying scheme, the source transmits an intensity-
modulated signal to the first relay. The relay (depending on relaying technique)
performs optical operations on the signal and forwards it to the next relay. This
continues until the transmitted signal arrives at the destination. In this thesis in-
novative techniques are developed for the multihop schemes to increase the total
communicating distance of FSO systems while guaranteeing a reliable high data rate.
The next section presents a brief overview of multihop FSO systems and summarizes
their achievements and drawbacks. Also techniques which have been proposed in the

literature to combat these challenges are described.
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Figﬁre 1.3: Cooperative Diversity

1.4 Multihop Communication Systems

Multihop transmission has been introduced as a powerful technique to mitigate the
fading and path loss effects in FSO systems. Two processing techniques are widely
used in literature to implement multihop FSO transmission; namely: decode-and-

forward (DF) relaying and amplify-and-forward (AF) relaying.

1.4.1 Amplify-and-Forward relaying technique

In the previously considered AF methods, the collected optical signal at the receiving
lens of each relay is converted to a photo-current via a photo detector. The electrical
signal is amplified by an electrical amplifier with a gain specific to each relay. Then

the amplified signal is optically modulated and retransmitted through the next hop.
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roposed so far, the amplifier gain of each relay is determined
based on the knowledge of the channel state of the previous hop. The channel state

information-assisted (CSI-assisted) gains have been widely utilized to analytically
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study end-to-end performance of optical [27, 44, 45] and RF [11, 46] amplify-and-
forward multihop systems. Relays using CSl-assisted gains use instantaneous CSI of
previous hop to control the gain of the relay and as a result fix the instantaneous
output power of the relay [47, (4)]. In the most AF multihop FSO and RF systems
investigated in the literature, to maké mathematical analyses tractable, an ideal model
for relay gains has been considered by which relay completely compensates-the channel
fading effects of the last hop, regardless of the noise of that relay [47, (5)]. ThiS
approach has been widely used in analyzing the performance of RF communication
systems [42, 41] and recently attracted attention in FSO system studies [27, 44, 45].
The CSl-assisted relays continuously estimates the channel fading amplitude which
may not be practically feasible in all situations.

A practical alternative for CSl-assisted gain is using fixed-gain amplifiers in AF
relays [47, (13)]. In [47], it has been shown that RF systems with fixed gain relays have
comparable performance with systems equipped with CSl-assisted relays. However
the fixed-gain method low complexity and ease of deployment make it a promising
alternative for CSl-assissted AF systems. Although average BER, of CSl-assisted and
fixed-gain AF FSO systems over strong Gamma-Gamma atmospheric turbulence have
been investigated in [45], no explicit comparison has been made between performance
of these to gaining techniques. In AF FSO systems, the noise added to the signal at
each relay propagates through transmission path. This accumulated noise is another

limiting factor in AF FSO systems as the number of relays increases.
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1.4.2 Decode-and-Forward relaying technique

Similar to AF systems, in DF FSO systems,v at each intermediate relay the received
optical signal is photodetected and converted to an electrical current. The electrical
signal is decoded and re-encoded before retransmission. In DF technique, the noise
at each relay is eliminated and does not propagate through the channel. The recon-
structed signal is ideally a noiseless signal with average power equal to the transmitted
power at the source. In [48] various DF techniques have been proposed for cooper-
ative diversity systems. The primary concepts of these techniques can be applied to
DF multihop systems. In bit detect-and-forward (BDF) technique the bit sequence
is detected and the detected ”0” or ”1” bits are retransmitted through the next hop
without applying any error correction technique.

In the normal decode-and-forward (DF) relaying technique which has been em-
ployed in all multihop FSO systems proposed in the literature [27, 32, 49|, the bit
stream is decoded. The incorrectly decoded bits are corrected before transmission via
an error correcting technique. At each relay a finite error occurs due to the decoding
process. This error accumulates over multiple hops for long-length hops. In [40], it is
shown that for hops longer than 500m, error grows rapidly as the number of relays.
In DF relaying, noise does not propagate through the channel and decoding error is
less than BDF technique, therefore DF method outperforms BDF technique at a cost
of higher complexity through decoding/encoding processes at each relay. Moreover,
decoding and re-encoding processes at each relay inject a time delay into the system
which leads to an end-to-end delay that increases by the number of relays. Although
DF techniques outperform AF methods, the simplicity of AF over DF, introduce AF

relaying technique a more desirable candidate for practical purposes.
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1.4.3 Optical multihop relaying techniques proposed in the

literature

Multihop techniques have been extensively studied for years in RF communications,
however applying them to FSO systems emerged only recently. In [49], the capac-
ity of multihop FSO systems is analyzed from a networking standpoint and channel
impairments such as atmospheric fading, attenuation, and geometric losé were not
considered in the analysis. The bit-error rate (BER) of a DF FSO system was stud-
ied in [40], in which atmospheric attenuation and geometric loss were the only effects
included in the channel model. In [40], it was demonstrated that the mean and
variance of the error rate is smaller in multihop systems rather than single hop com-
munication systems for the same link range and launched power. In contrast to [40],
a loss-free strong turbulence fading channel is considered in [27] to analyze the end-
to-end outage probability of an FSO link employing OOK modulation with IM/DD
scheme. Both DF and CSl-assisted AF relaying techniques have been investigated.
The results indicate that the outage performance of AF multihop systems degrades
with increasing number of relays. Using the same gain model, outage probability
of AF multihop FSO systems has been analytically calculated for strong turbulence
fading channel modeled by K-channel and Negative Exponential (NE) channel [44].
The results proposed in [44] justify that by increasing the number of relays while the
hop lengths are fixed, the outage probability increases. In [32], an aggregated optical
channel model including both path-loss and weak turbulence fading e
sidered and the end-to-end outage probability of FSO systems utilizing DF relaying
technique was presented. A fixed spacing between the source and destination nodes

has been considered in [32] and the end-to-end outage performance of the system for
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different number of relays is simulated. It was shown that outage probability of a
fixed-length multihop system improves by increasing the number of relays because
hop lengths and consequently atmospheric turbulence-induced fading decrease as the
number of relays increase.

In all multihop systems proposed so far, each relay is equipped with a photodetec-
tor which converts the incident optical power into a photocurrent. Then the electrical
signal is processed by electrical units performing either AF or DF relaying technique.
The processed electrical current is modulated through a high bandwidth laser and
retransmitted to the next relay. In fact, each relay is equipped with analog-to-digital
(ADC) and digital-to-analog (DAC) convertors operating at speeds up to a few Giga
samples per second (Gsps), e.g. ADX3500 — 3 Gbps XMC Digitizer produced by

PMC-Sierra® provides up to 3 Gsps data rate [60]. Even if it is assumed that ADC

(DAC) conserves the high data rate of the optical signal, relaying procedures, i.e.

amplification or detection (decoding) process, are performed by low speed electri-
cal processors. In other words, instead of tallzing advantage of wide bandwidth (high
data rate) of optical systems to communicate a huge amount of information at a short
time, the overall system data rate is confined to the speed of electrical processors.
Although high speed electrical processors operating at Gbps rates are emerging [50],
deploying them in all relays may be cost prohibitive. In addition, in DF systems, an
additional encoding/decoding delay is also added to the system and increases as the
number of relays. A solution for increasing the overall data rate of the multihop FSO
systems and accessing wider bandwidths in a cost-effective way is utilizing all-optical
processors at all relays.

Although all-optical AF relaying technique has been widely used in fiber optic
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communication systems [16], its application in FSO systems was tested for the first
time in. [51]. A dual-hop all-optical AF FSO system was implemented and its BER
was obtained at different bit rates BR= 2.5 Gbps and BR= 10 Gbps. In this ex-
periment an all-optical automatic gain controller (OAGC) is utilized to adjust the
optical amplifier gain so that it compensates the power fluctuations of the received
signal due to turbulence effects. The experimental results indicate that at higher
bit rates the probability of error increases. In [51], dual-hop relay-assissted config-
uration is examined for hop lengths of 75 m over which the effects of atmospheric
turbulence are negligible. Until now, no analytical investigation has been performed
on the performance analysis of all-optical multihop FSO systems impaired by atmo-

spheric turbulence in long-haul applications. This approach is the primary focus of

this thesis.
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1.5 Thesis Contributions

This thesis proposes novel relaying techniques for optical multihop communication
systems in which all relaying processes, i.e. amplification and detection, are performed
in optical domain.

In this work, an aggregated channel model is considered which takes into account
atmospheric turbulence-induced fading, atmospheric attenuation due to absorption
and scattering and optical beam-spread propagation loss. Although data are mod-
ulated in optical field intensity (IM/DD), instead of analyzing optical power, the
magnitude and phase variations of optical fields are considered. Because all-optical
components are employed in all relays and photodetection is only performed once
at the receiver. To analyze the optical field characteristics, a new channel gain is
proposed to completely characterize both magnitude and phase variations of optical
fields propagating through the channel. The main contribution of this work in defin-
ing a new channel gain corresponds to deriving new complex propagation loss over
the optical channel including beam propagation through FSO channel, beam focusing
and its projection onto an optical fiber at the beginning of each relay. Although, it
is optical field intensity that is finally detected at the receiver and its phase does not
contribute in detection process, a complete knowledge of field distribution is required
at intermediate relays. The proposed method supports more accurate description of
propagation loss rather than conventional geometric loss (equation (2.16)), especially
at short distances.

After completely defining the channel model, the error performance of all-optical
amplify-and-forward (OAF) multihop systems are investigated. In the OAF tech-

nique, the received optical field is simply coupled into a fiber and amplified by an

20



B tan e

McMaster University - Electrical Engineering
Chapter 1. Introduction

optical amplifier. Then the amplified signal is retransmitted through the next hop. A
fixed-gain protocol is deployed for amplifier gain which only depends on the determin-
istic structure of the preceding hop and guarantees a constant eye-safe average power
at the output of each relay. An adjustable gain optical amplifier can also be used at
each relay to compensate the last hop fading effects and provides a fixed instantaneous
output power at each relay. -This type of QAF systems are expected to outperform
the fixed-gain OAF systems, further investigations of these systems have been left
for future. Regardless of the amplification method, the collected background noise is
amplified along with the desii"ed signal. The OAF technique considerably improves
the BER of FSO systems over moderate distances (up to 5 km), but the amplified
background noise accumulates through the channel and deteriorates OAF FSO sys-
tem performance. Through Monte-Carlo simulations, it is numerically shown that
by increasing data rate and/or the number of relays, error performance improves
slowly because more background noise is injected into the system. This is the major
drawback of OAF FSO systems that limits the maximum accessible communicating

distance to a few kilometers even if a large number of relays is employed. Despite

their simple structure and ease of implementation, OAF FSO systems are practi-

cally suitable for moderate-range applications, i.e. on the order of a few kilometers.
To introduce FSO links as a promising candidate for long-range applications, new
techniques need to be developed ta eliminate background noise effects at each relay.

Also known as regenerative techﬁique in RF communications [46], a novel all-
optical regenerate-and-forward (ORF) relaying technique is proposed to combat back-
ground noise. In this technique, the optical signal is reconstructed so that the collected

background noise is eliminated at each relay. Atmospheric turbulence fading effects
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are not, considered in this study and only the effectiveness of ORF technique in re-
moving background noise is investigated in terms of BER performance. The optimal
relaying configuration is determined based on numerical simulations. It is numer-
ically shown that ORF technique significantly outperforms OAF technique and by
increasing the number of relays its berformance improves steadily. Despite OAF sys-
tems whose maximum accessible distance is limited to a few kilometers, FSO systems
which utilize ORF relaying are able to access extensive communicating distanceé,
given atmospheric turbulence can be neglected. This outstanding accomplishment is
achieved for the highest available data rate 10 Gbps employed in commercial FSO

communication systems.
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1.6 Thesis Structure

This thesis is organized as follows: In Chapter 2, a detailed description of optical
wave propagation in free space is provided. An aggregated optical channel between
every two relays is defined which starts from the fiber output at the transmit re-
lay and ends at the inside of the fiber at the receive relay. It is assumed that the
output laser beam at the transmitter has a Gaussian transverse profile. The parax-
ial approximation [52] is used to find the field distribution at the receive relay from
which propagation loss due to beam spreading through the channel is obtained. The
Beers-Lambert law [53] is modified to model atmospheric attenuation of optical fields
instead of optical intensities. Moreover, a weak log-normal atmospheric turbulence
regime is considered whose log-amplitude and phase are normally distributed and
their statistical moments are mathematically described. Finally, the optical channel
has been modeled as a multiplicative factor which takes into account weak log-normal
atmospheric turbulence, propagation loss and atmospheric attenuation.

In Chapter 3, an optical amplify-and-forward relaying techniqué is introduced
and applied to various FSO system configurations. The average BER is selected as
an evaluating metric for analyzing the error performance of different relaying schemes.
It is mathematically proved by induction that equally-spaced relaying configuration
provides the best average optical SNR, at the receiver side of OAF systems and the
result is numerically illustrated through Matlab simulations for the systems with-one
and two relays. Hence, the equally-spaced relaying configuration is employed in all ‘of
the considered OAF systems. Employing this configuration, the maximum accessible
communicating distance for different number of relays at two bit rates BR= 1.25

Gbps and BR= 10 Gbps is obtained through Monte—éarlo simulations. The BER
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results are presented for no fading and weak fading atmospheric conditions and ana-
lyzed to contrust the effects of atmospheric fading. Finally, the deétructive effects of
background noise in degrading BER performance of OAF systems is investigated and
background noise is introduced as a major distance-limiting factor in OAF multihop
FSO systems.

In Chapter 4, an optical regenerate-and-forward (ORF) relaying technique is pro-
posed to mitigate the degrading effects of background noise. Since Monte-Carlo (MC)
simulations are time-consuming, an alternative method called @-factor (QF) estima-
tion is utilized for additive white Gaussian noise (AWGN) channels to accelerate the
simulation process. The performance of MC and QF methods and are compared for a
nonlinear dual-hop ORF system, and it is shown that QI provides a close approxima-
tion of MC in sucﬁ systems. The equally-distance relaying configuration is assumed
for ORF systems based on BER simulation of a dual-hop ORF system at bit rate
BR= 10 Gbps. Using equally-distance scheme, the maximum accessible distance for
different number of relays is found. In this study, a very weak turbulence fading con-
dition (C? < 1 x 10~""m~%/? [52]) has been considered under which the atmospheric
fading effects can be neglected over distances up to 1 km. The simulation results show
that ORF systems are able to remove the background noise completely at each relay
when atmospheric fading is neglected. This property introduces the ORF technique
as a superior method over the OAF in increasing the total communicating distance
of FSO systems.

Finally, Chapter 5 presents concluding remarks and future directions.
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Chapter 2

Channel Model

In the previous chapter, a typical direct FSO communication link was illustrated
in Fig. 1.1 and a propagating optical beam wave was expressed by (1.1). Many

lasers emit beams with a Gaussian profile, that is the laser is operating in a lowest-

‘order mode called TEMgp mode. At this mode of propagation, the field profile is

independent of ¢ , therefore, 9(r, z, ¢) at the transmitting aperture (z = 0) can be
described as [52]
1 2
W(r, 2z, ¢) = ho(r) = Ao exp(—ﬁka'ofr ) (2.1)
where oy is the complex parameter related to effective beam radius (spot size) W

and phase front radius of curvature Fy at the transmitter and is given by

2 1

AL

QOZW‘I—ZFO

(2.2)

The factor Ag is set to normalize the transverse field to carry unit energy at the

transmitting aperture. From (2.1), it is readily shown that
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For a bit stream of Gaussian pulses the transmitted optical field envelope is expressed

as

— /P Zan eXp( (t —nTy)’ ) , (2.4)

277
here a,, is the modulating coefficient taking the values 0 and 1 randomly when on-off-
keying (OOK) modulation is employed, Tj is the half of pulse width at 1/e-intensity,

Ty is the bit interval, and Py, is the peak power of the optical signal. For Gaussian

pulses, Py is obtained as [16]

T,
Py =2P——% _ 2.
M2 665Ty (2:5)

where P, is the average transmitted power at the transmitter.

2.1 Free-Space Optical Channel

Line-of-sight FSO communication systems generally use high-power lasers that op-

erate in eye safety Class 1M [11], {12] band to achieve a good power budget. The
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allowable safe laser power depends on the wavelength. According to the IEC stan-
dards [22], the 1550 nm band provides higher power budget, compared to the 850
nm band [15]. Consequently, the 1550 nm band is extensively used in long distance
commercial FSO systems, while inexpensive components operating at the 850 nm
band are utilized in short distance FSO systems. As mentioned, in the considered
optical system, data are modulated in the optical intensity of the light, therefore the
allowed power and its variations through the optical channel play a key role in overall
system performance. The considered FSO channel impairments originate from the

atmospheric attenuation, atmospheric turbulence, and propagation loss.

2.1.1 Atmospheric Attenuation

As the optical wave propagates through the atmosphere its power attenuates due to
absorption and scattering. Both absorption and scattering phenomena are depen-
dent on weather and wavelength. Absorption comes from the interaction between
the photons and atoms or molecules that leads to the extinction of the incident phc;-
ton, elevation of the temperature, and radiative emission. Scattering phenomenon
redirects the incident photons into a different direction with respect to the original
axis. The atmospheric optical power attenuation is determined by the exponential
Beers-Lambert law [53]. Using this definition, the atmospheric attenuation for optical

field, h,, can be expressed as

he = 7L/, (2.6)

where o(m™!) is the atmospheric attenuation coefficient. Each wavelength chosen as
a central wavelength has a specific attenuation coefficient, therefore it is preferred

to select the central wavelength corresponding to the least attenuation coefficient.
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Table 2.1: Atmospheric attenuation coefficients for different weather conditions.

Weather Condition | Attenuation (dB/km)
Clear 0.2-0.5
Haze 2-9
Fog 91-272

Fortunately, at 850 nm, and 1550 nm the attenuation coefficient is low, i.g. for the
clear weather condition o = 0.43 dBm/km at A = 1550 nm. The attenuation factor is
also dependent on weather condition. Table 2.1 provides the attenuation coefficients
for different weather conditions at wavelength A = 1550nm. As seen from this table,
the fog weather condition has the highest attenuation that limits the FSO link range

to a few meters [54].

2.1.2 Atmospheric Turbulence

Optical beam traveling through the atmosphere experiences random phase and am-
plitude fluctuations (scintillation) due to atmospheric turbulence. Turbulence is a
disordered state of the atmospheric flow which is caused by temperature variations
in the atmosphere. An atmospheric turbulent media ‘consists of many spherical re-
gions or eddies with randomly varying diameters and different indices of refraction.
The propagatihg optical beam experiences random spatial and temporal fluctuations
in this randomly varying refractive.indexed medium with different scale sizes. Large
scale inhomogeneities produce refractive effects that steer the beam in a slightly differ-
ent direction, therefore, large scale effects mostly distort the phase of the propagating
wave. Small scale inhomogeneities mostly produce diffractive effects and distort the

amplitude of the wave through beam spreading and amplitude fluctuations [52].
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According to Rytov theory which is proposed for weak turbulence conditions, the
turbulent medium is assumed to consist of a series of thin slabs. Each slab modulates
the optical field from the previous slab perturbation by some incremental values. The

received field can be expressed in terms of the transmitted field U; as
U.,. = UtT = Ut H ECi = UteziCi, . (27)

where 7 = €% = X9 represents the effect of turbulence-induced fading as a complex
multiplicative term. According to the central limit theorem % = ). 1; approaches a
complex Gaussian random variable and therefore, the fading log-amplitude (x) and

phase (5) are normally distributed [25].

F(x) = \/2177% exp (_(x_;ggﬁ) (2.8)

As a result, the turbulence-induced fading amplitude ( 74 = |7| = X ) is a log-normal

random variable with log-amplitude mean u, and log-amplitude variance ai.

fra(t) S (—M> : (2.9)

T 2ma’ 202
Considering that turbulence does not absorb optical energy, only scatters it, the
energy is conserved for an infinite plane wave or a spherical wave [55]. Gaussian
beam waves behave like plane waves at long distances from the source [56], therefore
an energy-conserving condition can be also applied to Gaussian beam waves. As
shown in [55] , to ensure that fading does not attenuate or amplify the average power

(E[|m]?] = 1), the log-amplitude mean g, must be equal to the negative of the

variance of the log-amplitude i, = —o2.
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The variance of log-amplitude fluctuation is a measure of the strength of the
amplitude fluctuations. The principal contribution to the log-amplitude fluctuations
is made by inhomogeneities whose sizes are close to Fresnel length v/AL [52], where
L is the thickness of the turbulent medium. The Kolmogorov spectrum is considered

as a satisfactory model to calculate the log-amplitude variance [52]:
B, (3¢) = 0.033C25711/3, (2.10)

where C? is the refractive index structure constant and index n indicates the refractive
index dependency of turbulence. Close to ground levels, for paths that are nearly
horizontal to the earth’s surface, C2 does not change considerably and is assumed to
be constant. In (2.10), s is the spatial wave number defined by 3¢ = 27/l, where [ is

the scale size. The Kolmogorov model is applicable throughout the inertial interval

which is defined as [57]

2w 5.92
— =y KL x K

= — 2.1

where [y and Lg are the internal and external turbulence scale respectively. The
behavior of ®,,(3c) outside the inertial intervals is not essential. By estimating Gaus-

sian beam waves with plane waves, the log-amplitude variance within the range of
lo € VAL < Ly is calculated as [25]
(o 0]

oy = ATKL | (e = 0.124C2T/6 110, (2.12)

where k = 27/ is the wave number.
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In [58], a zero-mean normal distribution is assumed for the phase fluctuations. De-
spite log-amplitude fluctuations, the phase fluctuations are mainly aeter1n111ed by the
large-scale inhomogenities (including the external scale Lg) [62]. Unfortunately the
phase refractive-index power spectrum is not well defined for scale sizes equal or larger
than Lg. In order to estimate the phase spectrum, certain limiting assumptions need
to be imposed on the behavior of ®,,(5) in the region of large-scale inhomogeneities.
Different models for phase spectrum have been investigated [52] among which the

two-parameter spectrum model proposed by Karman is considered here
O, (7) = 0.033C2(5¢% + 3¢2) "W/ exp(—32/32), (2.13)

where s and s, are given by (2.11). Under a geometrical optics approximation

(Ls?/k << 1), the phase variance for Gaussian beam waves is obtained from [52]
0%~ 47r2k2L/ D, (5¢)sed s (2.14)
0 :

by substituting (2.13) in (2.14) and performing mathematical simplifications, the

phase fluctuation variance is expressed as
o2 7 0.78C2k2Lagy ™/°. (2.15)

2.1.3 Propagation Loss

The third factor is the geometric power loss which results from the diffractive proper-
ties of optical wave propagating through optical media. The conventional model for

geometric loss which has been widely used in IM /DD FSO systems is approximated
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for unbounded plane waves as [59]

] st pPrards

Alens
H,= 3 L 2.16
g P, (dy +6L) (2.16)

where 13(r, ¢) is the transverse optical field profile at the receiving lens plane (point
®), L is the propagating distance, d; and d, are the transmitting and receiving lens
diameters in Fig. 2.1, and 6(rad) is the transmit beam divergence. In this model it is
assumed that the field intensity is distributed uniformly over the receiving aperture
area which is the case for plane waves. Although this model is a satisfactory estimation
for modeling plane waves, in many applications the plane wave approximation is not
sufficient to characterize the properties of the wave. In addition, other than power

loss which is a metric for evaluating the field magnitude variations, the phase of the

optical field is also of interest in many applications. In this work, since all-optical

components in all relays are employed, photodetection is only performed once at the
receiver. Thus, instead of analyzing opticai power loss, the magnitude and phase
variations of optical fields are considered. In this part, by assuming Gaussian field
distribution for the propagating wave a new model for geometric loss is introduced.
The optical channel between transmitter and receiver is shown in Fig.2.1. At the
transmitter, a signal is transmitted via a transmitting lens with focal length f;. The
distance between the fiber output and lens at the transmitter, L, is dependent upon
the required beam width at the receiving lens to guarantee a reliable alignment. The
receiver has a converging lens that focuses and couples the incident light into the
fiber. To gain a satisfactory coupling efficiency, the fiber is placed at the focal plane

of the receiving lens, i.e. L, = f,, where L, is the distance between the lens and fiber
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Figure 2.1: The Relay-to-Relay Channel Model

at the receiving node and f, is the focal length of the receiving lens.

The optical channel considered here starts from the fiber output at the transmitter
( point @) to the fiber input at the receiver (point ®). The wave coming out of
the fiber at point @ travels distance L; to reach to a thin lens at point @. After
propagating thorough a free-space path with length L, it is incident on an optical lens
that converges the received field and couples it onto a fiber at point @. In order to
analyze the transmitted wave characteristics after undergoing such propagation, the
optical wave propagation thorough various optical media such as free-space, optical

lens, and optical fiber will be discussed first.

2.1.4 (Gaussian-beam wave propagation

Over distances on the order of a few kilometers, it is reasonable to consider a Gaussian

model for optical wave profile propagating thorough optical media. Given the field
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profile at z = 0, the field distribution at distance z from the source must be found.

If diffraction effects on the optical wave change slowly with respect to propagation
distance z, the optical wave profile at a distance z from the source can be found by
solving the parazial wave equation [52]

. O
——(TE) + 2ik 5,

=0 (2.17)

The paraxial approximation (8%*t/02% = 0) is valid when the separation distance
between optical elements is large compared with the transverse extent of the beam.

By solving (2.17) for ¥(r, z), the optical wave profile at distance z from the source

is obtained as [52]

AO . 1 o 2
o) = ky — k| ———— .
@b('r, 4,) 1 i . exp [’& z (1 ; ,0~> T :I (2 18)

It is obvious that optical beam wave profile at distance z from the source has a

complex Gaussian distribution with new complex parameters a, and p,

Ay 1
P(r, z) = p_o exp(ikz) exp(—iko&?ﬂ) (2.19)
where
Qqp
, = — 2.2
“ 1+ 42 ( 0)
; Z 2z
. o= l4iapz=1——4+i—"
P + oz o +1 kzﬂf(?

S N
g Ag

In (2.20), ©g and Ag are input plane beam parameters and characterize, respectively,
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the refractive(focusing) and diffractive changes in the on-axis (r = 0) amplitude of
the Gaussian beam [52]. The transverse field amplitude at distance z is expressed in

terms of ©y and Ag as

A, = Ao (2.21)
: 0 + A
~—~ —~—

refraction  diffraction

When a Gaussian-beam wave propagates thorough free-space, its beam waist (W)
broadens due to diffractive properties of Gaussian beam waves.To find a visual intu-
ition about this concept, a numerical example is illustrated here. Let us consider a
free-space path with length L = 1 km. A unit-amplitude Gaussian-beam with the
wavelength A = 1550 nm, the beam radius Wy = 4 c¢m, and the radius of curvature
Fy = —20 cm propagates thorough atmosphere. The intensity of the optical wave is

defined as

I(r,z) = |(r, 2)|? [W/m?] (2.22)

In Figure 2.2, optical beam intensity is plotted at z = 0 and z = 1 km. As shown in

this figure, the beam waist at z = 1 km is approximately 10 times wider than Wj.

2.1.5 ABCD Ray-Matrix

In Fig. 2.1, the optical channel from point @ to point @ is composed of various
optical elements placed at arbitrary positions along the propagation path i.g. free-
space, optical lens, and optical fiber. In order to simplify the process of finding the
Gaussian-beam wave profile after propagating thorough subsequent optical elements

through the channel, 2 x 2 matrices called ABCD ray matrices have been used. More
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Figure 2.2: Optical intensity of Gaussian beam waves at z =0 and z = 1 km

details of ABCD ray matrix analysis can be found in [52]. Each optical element can
be represented by a matrix whose elements construct the output beam characteristics
using input beam parameters. In Table 2.2, the matrix representations of a free-space
path with length L and a thin lens with focal length f are listed.

The field distribution at the output of an optical element can be simply found

by using its ABC'D ray matrix. From (2.1), the Gaussian beam profile in the input
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Table 2.2: Ray matrices for various optical elements
Matrix

A B
structure ( o D>

Line-of-sight free-space path with length L <1 L)

1
Thin lens with focal length f ( O)

plane (z = 0) of an optical element is described as

1
’lr/)o(’f') = A() exp(——z—kag'rz) (223)

As expressed in (2.19), the Gaussian-beam wave profile in the output plane (z = L)
is defined exactly via two parameters «, and pg. These parameters can be chararc-

terized in terms of ABC D matrix elements

O!()D—’I;C 2 . 1

= +i—
A+igB kW2 Fp
P, = A‘l"&(l’oB

(2.24)

where Wy, and Fj, are, respectively, the beam radius and phase front radius of curva-

ture of the wave in the output plane. For example, for a free-space path with length
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Figure 2.3: Subsequent optical elements

L, the beam characteristics at the end of the path are calculated as

8y
o 2.95
aL 1+ iag L (2.25)

L = 1 —I—’l:QfoL

which are consistent with those derived at (2.20).

Moreover, the received Gaussian-beam wave parameters after passing through
a train of optical devices can be readily found by successively multiplying ABC' D
matrix representations of all optical elements. In fact, an optical path including
several arbitrary optical structures can be modeled by .a single ABCD ray matrix.
Consider N arbitrary optical elements between transmitting aperture (z = 0) and
receiving aperture (z = L) as shown in Fig. 2.3. Fach optical element can be
characterized by an ABCD fay matrix. Thg overall ABC'D matrix at z = L can be

found by multiplying all ABC' D ray matrices in reverse order as

I I A T R

o o) lew o) o o) \en 0y

From (2.24), by using the overall ABC D matrix, the Gaussian beam characteristics

at the end of optical path can be found.
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ABC' D ray matrices invoke the paraxial approximation to simplify the description
of Gaussian wave propagation through optical media. Consequently it is valid when
the separation distance between optical elements is large compared with the transverse
extent of the beam. Under the assumption of lossless optical elements, ABCD matrix
transformation is power conservative and the power of the propagated Gaussian beam

is equal to the launch power at the transmitter.

2.2 The Relay-to-Relay Channel Model

In Figure 2.1, the relay-to-relay channel refers to the optical path which starts from
the fiber output at point @. The beam is shaped and redirected to the receiving
end via an optical thin lens at point @. After propagating through a free-space path,
another thin lens (at point®) collects and focuses the optical beam onto-the fiber input
‘which is placed at point @. The channel is composed of successive optical elements,
so ABCD ray matrices have been used to readily characterize the transverse field
distribution at each point in the channel. Using (2.1) the unit-energy transverse filed

distribution at point @ is expressed as
1 9 )
Pi(r) = Ay GXP(—EkOqT’ ) (2.27)

where «; is the Gaussian beam parameter at point @ and A; is the power normal-
izing factor. Typically, the beam waist at point @ is considerably smaller than the
transmitting lens diameter dy, therefore ABC D matrix transformation corresponding
to the thin lens at the transmitter (point @) and free space conserve the beam energy.

Table 2.3 shows the corresponding ABCD matrices of the optical elements used in
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the channel from point ® to point @. By multiplying ray matrices of the optical ele-

Table 2.3: Ray matrices of optical elements in Figure 2.1
structure Matrix

Line-of-sight free-space path with length L, (1 Lt>

0 1
. . 1 0
Thin lens with focal length f; < 1 1)
-4 .
Line-of-sight free-space path with length I (é 1)
1
Thin lens with focal length f, (_ 1 (1)>
L
Line-of-sight free-space path with length L, (O 1T>

ments placed between point @ and point ® in a reverse order, the ABCD ray matrix

of the beam wave at point @ is obtained as

A; By 1 L 1 0) (1 L
= (2.28)

Cs D3 0 1 —%1 0 1

therefore from (2.19), the transverse field distribution at point @ is obtained as

Ay 1 '
3(r,z = L3) = p—le””L3 exp (——2~ka3r2) (2.29)
5
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where

Ly = Li+L (2.30)

p3 = Az+iagBs (2.31)
O!0D3 - ’503 2 1

. = — 2.32

% = A TioaeBs  EWEZ 'R (2:32)

W3 and F3 are the beam waist and phase front radius of curvature of the optical
beam wave at point ® respectively. By assuming a lossless optical lens and ignoring
atmospheric absorption loss and turbulence effects (these effects have been taken into

account separately), 13(r) retains a Gaussian profile with unit-energy, i.e.,

(Jops(r)I*) = 1. (2.33)

Typically, in order to have a reliable alignment between the source and destination in
FSO links, the optical beam waist at the receiving lens (point ®) must be sufficiently
larger than the diameter of the receiving lens d, (W3 > d,). The receiving. lens is
only able to collect the portion of the received field which is incident on the lens plane
and the remaining parts of the propagating wave are discarded. This process clearly
imposes a considerable power loss to the signal in line-of-sight FSO systems and is
conventionally called geometric loss and can be calculated via (2.16).

In the new model proposed here for propgation loss, two factors are considered as
the main contributors in power loss. One, 1, is due to the finite size of the receiving
lens which is considerably smaller than the received beam waist, so that a major part
of the signal power is failed to be collected by the lens and dissipates in space. The

other factor called coupling efficiency, n., results from the misalignment between the
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focused beam wave distribution at point @ and the field distribution inside the fiber.

Consequently the new model for propagation power loss is defined as
Hy = myme (2.34)

In order to find 7; and 7, first the transverse field distribution at point @ must be
determinded. The effective cross section a,réa of the fiber is very small (on the order
of micron), hence to gain a satisfactory coupling efficiency, the fiber is placed at the
focal plane of the receiving lens, i.e. L, = f,, to guarantee the smallest spot size
(beam waist) at point @. Since there is no ABCD matrix which exactly models a
finite thin lens, to find the transverse field profile in the back of focal plane of the

lens, 14(r), the Fresnel diffraction integral is used [52],[60]

; B2 ‘%’ 2w
Pa(r) = %2;:71)/0 : P3(s) exp <—z§]7; TSCOS¢> sdeds, (2.35)

where r and s are the radial coordinates at the fiber input plane (point @) and
receiving lens plane (point ®) respectively. By substituting (2.29) in (2.35) and
performing mathematical simplifications, the transverse field distribution at point @

is obtained as

ik A o9 pdr
Pa(r) = Zk—le>q)(z'l€L4) exp(ZAT )/ exp(—lka332)Jo(ﬁs)sds, (2.36)
fr P3 '2fr 0 2 T

where Ly, = L3 + L, = L3 + fr. As shown in Fig. 2.2, in typical FSO systems,
optical beam waist is on the order of a few meters which is considerably larger than

the receiving lens diameter, on the order of a few centimeters. Hence, by reasonably
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approximating the exponential term in (2.36), exp(—%ka3s2) ~ 1 for small s’s, the

beam profile at point @ is approximated as

—id, Ay exp(ikLy) ¢ (2A72)J1 (Ldrr>
— X

where Ji(-) is the first order Bessel function of the first kind. For d, — oo, 14(r)
tends to a complete Gaussian beam profile whose characteristics can be simply found
via ABCD ray matrix. The thin lens transformation is power conservative that is
the average power of 4(r) is equal to the average collected power by the receiving
lens. The power loss imposed to the signal is due to the limited collecting area of the

receiving lens and is defined as

(la(r))
m = (2.38)
<W’3 7‘ 2>
where ( f [ - rdrdg is the spatial average operator. From (2. 33) the power loss n;
is obtained as
= (la(r)*) (2.39)

2.2.1 Signal projection onto Single-Mode Fiber (SMF)

In a typical application, the received optical beam must first be coupled into a single-
mode fiber (SMF) to be processed by optical elements [51]. Projection of the optical
field onto SMF imposes additional loss to the system. Furthermore, atmospheric
turbulence degrades the spatial coherence of the propagating beam and limits the

coupling efficiency [61]. However, the degrading effects of atmospheric turbulence

on fiber coupling is not taken into account and the coupling efficiency arises just
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due to misalignment between the incident beam profile and SMF characteristic field
distribution. The characteristic field distribution inside a SMF is independent of

phase ¢ and is given by [16]

Ojo(’)’l’f') T S Teo
PYr(r) = (2.40)
O (Bmey) Kolwr) ro <,

where 7., is the radius of the fiber core, C is a constant which can be determined

from the average power carried by the guided mode, and ; and -, are described as

n o= yfkni— g (2.41)
e

Y o= /B —knj

here n, and ny are the core ana cladding refractive indices respectively (n; > ns),
and G is propagation constaﬁt inside the fiber which is also dependent on the mode
of propagation. In single-mode fibers, n; and ng are chosen such that there is only
one mode of propagation called fundamental mode of propagation or LPgy; inside the
fiber. In order to ﬁnd the normalized field distribution corresponding to LPy; mode
of propagation inside the SMF, the constant parameter C' is determined such that

the average power carried by this mode is unity, i.e.,

44



McMaster University - Electrical Engineering
Chapter 2. Channel Model

1= [ et 8yt dyrdras

— o / () (r)rdr
0
= 2rC? 70J2( r)rdr + Jo(7eo) 27](2( r)rdr
J o\ Ko(’)’zTco) o\72
1
= C= (2.42)

Tco 2 ©o
o [f O ngzfr)rdr}
. 0

Tco

where A is the fiber cross section area. The forward propagating optical field inside

the fiber is described as

\IIF (T7 2, t) = uFUt(t) ¢F (7") \e—i(wt_ﬂZ), (243)

TField envelope Transverse field profile Carrier
In this equation, uz is the mode weight factor which is determined by the projection
y W

of received optical field onto the single-mode fiber

wr = / / Ba(r W (r, @rdrde

= 2ﬁ/¢4(r)¢}(r)rdr (2.44)
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By substituting t4(r) from (2.36) in (2.44), the mode weight is obtained as

= —z]%:ﬂ»éexp (i) // zhs (——AagT )Jo( = )qu( Yrsdrds

(2.45)

Finally by approximating 4(r) with equation (2.37), the mode weight is approxi-

mated as o
up & —ind, —ex (ikLy) /ex ZAS -8)p(s)ds (2.46)
o i esn(kLa) [ esply G |
0

The coupling efficiency is defined as the ratio of the average optical power coupled

into the fiber to the average collected power in the receiving lens plane [61]

=1

e N
_ Slueer@)?)  (url’) (e @) sl
© () {a(r)2) (la(r) )

(2.47)

by substituting (2.39) and (2.47) in (2.34), the new propagation power loss is described

as

2

Hy = nme = (Ja(r)]) 7— ¢ [ |uF| (2.48)

O = |up|

By comparing the field envelope of the transmitted Gaussian wave, Uy(t) in (1.1),
with the field envelope of the propagating wave inside the fiber, urU;(t) in equation
(2.43), the field envelope of the launch optical beam wave is multiplied by a complex
constant upr while propagating through the fiber-to-fiber optical channel. Therefore,
the complex-valued geometric field loss in a fiber-to-fiber optical channel is introduced

as
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Table 2.4: The considered FSO system characteristics.

Parameter

Value
Transmitting lens diameter d; 5 cm
Receiving lens diameter d, 24 cm
Transmitting lens focal length f; 20 cm
Receiving lens focal length f, 58.2 cm
Distance between the fiber output plane and transmitting lens L; 19.76 cm
Beam divergence angle 6 2.7 mrad,
Beam waist at laser output W; 4 pm
Phase front radius of curvature at laser output F; 00
Wavelength A 1550 pm

Table 2.5: Single-Mode Fiber Specifications.

parameter value
Core radius ¢ o pm
Core refractive index n,q 1.5047

Cladding refractive index ng 1.50

The comparison between the conventional and new geometric loss is illustrated via

a numerical example. Table 2.4 shows typical parameters of a FSO communication

system which is considered through the thesis for simulation purposes.

The distance L, is adjusted so that the desired beamwidth (W5 ~ 3 m) is achieved

at the receiving lens plane. Also, the receiving lens focal length f, is determined so

that the best fiber coupling efficiency (7. =~ 82%) is obtained. Due to the diffractive

properties of Gaussian beam wave propagation in free-space, the beamwidth broadens

after propagating over long distances, hence, in order to adjust the desirable beam

radius at the receiving lens plane, a converging lens is used as the transmitter side,
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Figure 2.4: Comparison between the conventional and new geometric power loss.

point @. Table 2.5 shows the single-mode fiber specifications which are commonly
used in fiber optic systems.

In Figure 2.4, the conventional model for geometric power loss in (2.16) is com-
pared with the new model given by (2.48). To calculate the values of up for different
lengths (L), the approximafed formula given in (2.46) is used. In Fig. 2.4, the com-
parison is made between these two models. For short distances where the beamwidth

is a few times bigger than the receiving lens diameter, approximation of Gaussian
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Figure 2.5: Estimation area for the conventional (H,) and new propagation (H,) loss.

beams by plane waves is not reliable and the beam power distribution is not uniform’
over the estimation area shown in Fig. 2.5. In this case, the new model for propa-
gation loss provides more accurate approximation than the conventional model. As
shown in Fig. 2.5, the area over which the Gaussian beam profile is approximated by
a plane wave is much smaller for the new model than the conventional model. For’
long distances where the Gaussian beam profile can be approximated by a uniformly
power-distributed plane wave, both the new and conventional models provide more
reasonable approximations, however, the new model is more accurate. Table 2.6 pro-
vides more detailed specifications of a Gaussian wave propagating through an FSO

link at two different distances from the source, L; = 800 m and Ly = 4000 m.
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Table 2.6: Propagating Beam Wave Specifications for Different Link Length.

Parameter L; =800 m Lo = 4000 m
Conventional geometric power loss H, 3.07 x 1073 1.23 x 107

New propagation power loss H, 4.82 x 1073 1.99 x 1074
Propagation field loss h, ' (—6.82 +141.30) x 1072 (—1.31 4+140.54) x 1072
Beamwidth at point @ W, 2.44cm 2.44 cm

Beamwidth at point @ W3 1.1m 5.45 m

Coupling efficiency 7, 82.8% 82.5%

2.3 Noise Projection onto Single-Mode Fiber

Background noise is the dominant source of noise in FSO communication systems
and is statistically modeled as an additive white Gaussian noise in time and space
with zero mean and variance o = Ny/2 [26]. As expressed in (1.4), background noise
is added to the signal at the receiving lens, therefore it is projected onto the fiber
through the receiving lens. Let N3(t,3) denote the Gaussian noise distribution at
the receiving lens plane where § is the radial vector in the lens plané and ¢ is the
time scale. Since background noise distributions in time and space are independent,

N;(t, §) can be written as

Na(t, 8) = N5 ()N (5) (2.50)

therefore by projection of N3(t, §) onto fiber, temporal statistics of the noise remains
unchanged. Based on the assumed statistical model for background light, the first
moment of the noise spatial distribution at the lens plane (point ® in Fig. 2.1) is

defined as .
vy = EWG(1,8)] = B [M(8)] = E V()] =0 (2.51)
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where F [-] is the expectation operator. From definition, the correlation function can

be written as

— — — * — N —
Ry (t1, t2, 81, 52) = E [N3(t1, 51)N5 (L2, 8)] = —05(t2 —11)0(8% — 81), (2.52)
which indicates spatially white noise distribution over the receiving lens plane. By

using the Fresnel diffraction integral, the picture of the noise in the back of focal

plane of the lens is obtained as

M(t,f):%eikﬁ <”‘;|]f1 )//Ng §')exp< )d 2 (2.59)

Iens

where § and 7 are the radial vectors in the lens plane and fiber input plane (point
@) respectively, and dot operator (-) denotes the vectors inner product. The first

moment of the noise picture Ny(t, 7) is calculated as

— BN, (t,7)] = ;ﬁ—iakﬂ (“;'J:' )/ /\/3 (t,3)] exp< )d “—0

Ajens
(2.54)

and spatial correlation is termed as

. E \?
Ry (t1,ta,71,7T) = E [Na(t1, 71)N (tg, 72)] = < ) (

- (7P - 17

(2.55)

2fr
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X /// E -/V:'s 751,81 (t2,32)] €xp (‘}_k(g T — 8y 772)) d§12d§22

A]ens A]ens N05 t2 t1)6(32 81

- %<2ff;> <2fr(' il 1l )//exp (“81 (“_”)>d51

Alens

~ %(%)2 <§;r(|T1I — |7%] )) x (Af)20(7, — 7o)
S(ts — 1)8(F1 — 7)

Therefore, the background noise after being focused in the back of focal plane of
the lens has still zero mean and temporally and spatially white distribution, in other
words, the thin lens conser-ves statistics of the incident field. Now, it must be shown
that the projected noise onto the fiber has also the same statistics. From (2.44), the

noise weight factor inside the fiber is defined as

we = [ [ Natt, 05 (2.56)

Afiber

the mean and variance of ny are calculated as

i =[] / N4 P wh(Fdr = 0 (257)

Aﬁber

By = Elneny) = [[ [ | BNt rONG (s, 7)) e ) "

Agber Afiber :Toa(tz tl)g(rz )

_ N // () [2 dry :%5(752—151) (2.58)

Aﬁber
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Equations (2.57) and (2.58) indicate that the statistics of the noise inside the single-
mode fiber is the same as statistics of the background light incident on the receiving
lens plane. Therefore, in the considered FSO system, the additive noise is modeled

as a white Gaussian noise with zero mean and variance o2 = Ny/2.

2.4 Conclusion

In this chapter the optical channel has been modeled as an AWGN channel. Back-
ground illumination is considered as the major source of noise and is modgled as a
zero-mean white Gaussian noise. Atmospheric attenuation, atmospheric turbulence
induced-fading, and atmospheric propagation loss are the channel impairments con-
sidered in the channel model. In this thesis, the field envelope of the optical signal

and noise are analyzed instead of optical power, therefore a complex model for atmo-

spheric turbulence and propagation loss has been considered to completely describe

the amplitude and phase variations of the propagating beam wave. A weak atmo-
spheric turbulence condition is assumed whose log-amplitude and phase are riormally
distributed. Also a new method for calculating propagation loss is developed and
numerically compared with the conventional model. Other than geometric spread of
Gaussian beams, the coupling loss induced by the field projection onto aL- single-mode
fiber has been considered in the new model. The proposed model provides more re-
liable approximation of propagation loss rather than the conventional model. This
channel model is utilized to analyze performance of various FSO relaying techniques

presented in the following chapters.
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Chapter 3

Optical Amplify-and-Forward

Relaying Technique

In this chapter, multihop FSO communications using all-optical components is stud-
ied. The distance dependence of atmospheric turbulence and path loss limits the
total communicating distance in FSO systems. Using relaying techniques, FSO trans-
mission is possible over longer distances. High-bandwidth, short-distance free-space
optical tranceivers, e.g 10 Gbps TereScope TS-10GE, encourages replacement of elec-
trical relaying processors by optical elements in all relays. In this chapter, it is shown
that by using all-optical relaying techniques, longer communicating distances can be
achieved in FSO systems while taking advantage of high-rate optical transmissions.
In an all-optical multihop FSO communication system at each relay data are pro-
cessed in optical domain. An opiical amplify-and-forward (OAF) relaying technique is
developed and illustrated in Fig. 3.1. As shown in this figure, each relay is composed
of all-optical elements such as an optical lens, optical fiber, and optical amplifier.

At each relay, the background light is added to the received data field. Then the
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Optical Amplify-and-Forward Relay
Figure 3.1: An All-Optical Multihop FSO Communication System

noisy data field is amplified by an optical amplifier and forwarded to the next relay
or receiver. The optical link between each two consecutive relays is modeled as a

fiber-to-fiber channel which has been completely characterized in Chapter 2.

3.1 OAF Relay Structure

In OAF relaying, there is at least one optical amplifier which amplifies the received
optical field and retransmits it to the next relay. The structure of a typical OAF relay
is simply shown in Fig. 3.2. As mentioned, there is a converging lens at the beginning
of each relay that collects and focuses the incident light onto the back focal plane of
the lens, a plane normal to the lens axis placed at distance fioca behind the lens.
The complex amplitude distribution of the field in the focal plane of the lens is the
Fraunhofer diffraction pattern of the field incident on the lens. This field distribution

is projected onto a single mode fiber (SMF). The SMF is connected to the optical
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Figure 3.2: Structure of OAF Relays

amplifier that is mathematically modeled as

UF(t) = VGRUE () + Ukgi(t), : (3.1)

where UF(t) and UF(t) are the received and Lrausmitted signals at the k' relay.
respectively, Gy, is the k™ amplifier gain and Ukgp(t) is the amplified spontaneous
emission (ASE) noise of the k™amplifier. The ASE noise is modeled as an additive

zero-mean white Gaussian noise. The spectral density of ASE noise is given by [16]
N = hf(Gr — gy, ' (3.2)

where & is Planck’s constant, f is frequency, and 7, is the amplifier spontaneous
emission parameter. For the sake of simplicity, in what follows every field envelope
U(t) is referred simply by U.

As noted before, optical multihop AF systems developed so far [44, 27, 45] de-
ployed an adjustable gain which compensates the fading effects of the preceding hop,
regardless of the noise of that relay. Other than complexity in implementing ad-

justable gain unit at each relay, the relay output power does not satisfy eye safety
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limitations (IEC) on the maximum permissible average power. In this thesis a more
practical model is provided for amplifier gain at each relay. The proposed model
for the gain of k** relay, Gy, is independent of random fading fluctuations and only
compensates the propagation loss and atmospheric attenuation induced by the last
hop (k* hop). Also it is chosen so '-chat the average power of the transmitted signal
at the k™ relay P¥ = E [IUZ’F] is constant and equal to the average launch power at
the source b, = E [[Uto|2] (U? is the transmitted field envelope at the source 110dej,
le.,

- [|Utk|2] —E [|Utk-1|2] E— [|U,?|2] =P, (3.3)
The transmitted signal at the k% relay, UF, can be expressed in terms of the trans-

mitted signal at the k — 1 relay, Uk, as

Uk = /Gy (RUF + UF) +UE (3.4)
|

Ut

where hy, is the complex gain of the channel connecting the k — 1 relay to the k*
relay, and UF is the background noise collected at the receiving lens of the k™ relay.
The data signal, atmospheric turbulence, background light and amplifier noise are all

independent random processes, therefore, from (3.4)
12 o112 2
E [|Ug~| ] = Gy )] E [|Uf ! ] + GE U] + B [|U,’§SE| ] (3.5)
As mentioned in Section 2.1.2, the lognormal fading is normalized so that the mean

intensity of the propagating wave is conserved (E|[|r|?] = 1). Consequently, the
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average of the squared magnitude of the complex channel gain is

E “thQ] =K [|h'a,khp,k7—k|2:| = Ih'a,kh'p,k|2 = Gi (36)

where hqy and h,p are the atmospheric attenuation and complex propagation loss
of the k£ link respectively. Here, g is defined as the channel loss or path loss and
includes both the effects of atmospheric attenuation and propagation loss. Using (

3.3) and (3.6), Equation (3.5) can be simplified to
P, = GygeP; + Gy Py + Phgp, (3.7)

where P, = F [| Ub|2] = o} is the average collected background light power at the
receiving lens plane and assumed to be identical for all relays. Pkgp = E “U ﬁSE|2]

is the average ASE noise power of the k™ amplifier and from (3.2) is expressed as:

where Af is the bandwidth of the optical amplifier. Plugging (3.8) into (3.7) and

rearranging for Gy gives
- Pt + PA
9e Py + Py + Pa’

G (3.9)

where Py = h fnspAf. This way, it is guaranteed that the average output power of
each relay satisfies the eye safety constraints. Typically, at optical frequencies, P, -is

negligible with respect to I and B, so G}, can be approximated as

B [
Gk = = )
g+ g+ SNRy

(3.10)
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here, SNRy = P,/ P, is the average transmit signal-to-noise ratio (SNR) at the output
of each relay. In the case of low background noise, F, = 0, G % g, ' ,that is , the
amplifier totally compensates the effects of the channel loss. In the presence of high
background noise, Gy, is set to a smaller value so as to keep the average output power
of each relay within the eye-safe region. Therefore, the channel power loss imposed on
the data field is not compensated completely via amplification process and leads to
additional degradation effects on the system performance. The amount of Gy, offset
from its noiseless value, g; ', is dependent on both SNRg and gi. From (3.6), it is clear
that g is a function of the £ hop distance (L). In the next section, by optimizing

hop distances, an optimal relaying configuration is demonstrated for a given eye-safe

SNRy.

3.2 Optimal Relaying Configuration

In practice, relays are placed at fixed stations between the source and destination
nodes. It is important to arrange relays such that the best system performance is
achieved at the receiver. In this section, the performance of the system is analyzed
in terms of the average optical signal-to-noise ratio (SNR) at the receiver. In the
considered multihop system, relays are consecutively placed between the source (k =
0) and destination (k = M + 1) nodes. Figure 3.3 shows an optical Amplify-and-
Forward multihop system with M relays, where OAF relays are typically shown as
amplifiers.

The hop distance, Lg, which is the length of the link connecting the (k— 1) node

to the k™ node varies for different relays. Let U denotes the transmitted signal at
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Figure 3.3: Optical Amplify-and-Foreward Multihop FSO Systems

the source, the received field at the 5% relay, j = 1,2...A1 + 1, is expressed as

=1 j—1j-1
Ug = (H \ Gkhk> hjU,? + (Ug + ZH V Gkhk—l—lUZ)

i=1 k=t

| (h] ASE+Z H VG h,bhjUASE> (3.11)

=1 k=i+4+1

Assuming that the signal, background noise, ASE noise and fading are all indepen-

dent, the average received power at the receiver (j = M + 1) is

M M M
pM+ (H Gka) g1 P+ (1 + Z H ka]kﬂ) P,

k=1 i—1 k=i
M—1 M

+ (QM+1P£§E + Z H Gkgkgj\rf-l-lpilSE) ) (3.12)
i=1 k=it+1 :

In order to analyze variations of the data signal power and noise during the chan-
nel, the average optical SNR is defined as the ratio of the average data signal power

to the average total noise power. From (3.12), the average optical SNR at the receiver
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is obtained as

< 2/121 Gkgk) gr1 %

(1 M T, Gk!]k+1) P+ (91\.1+1P£§E + oM Q/iiﬂ Grgrgm P ZSE)
(3.13)

SNR]\/[+1 —

bl

Typically amplifier spontaneous emission noise P4sp is negligible with respect to data

power P, and background noise power PB,, therefore (3.13) can be approximated as

(Hiwzl Gka) I P
(1 + Zi\i1 211:, Gkglc-l-l) By

SNRMH! ~ (3.14)

By substituting Gy, from (3.10) into (3.14), and performing some simplifications, the

average optical SNR is expressed as

1

SNRM*! = :
([T (@ + SNR; Y] -1 |

(3.15)

where SNRy, is the average receive SNR at the receiver of a direct FSO link ( where

there is no relay between transmitter and receiver) with length Lj;:
SNRy = grSNRy (3.16)

The path loss g, depends on the hop distance L. Now, SNR¥ ™™ must be optimized

with respect to Ly’s. Consider the optimization problem

mazx SNRMH!
L

M1

st Y Ly=Ly (3.17)
k=1 R
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TX

k=0

A

Figure 3.4: An OAF Multihop FSO System with M= 1

The above optimization problem can be converted to a simpler format. Let h(z) =
ﬁ, where f(z) > 0 and f(z) and h(z) are continuous functions whose first (f'(z)
and h/(z)) and second (f”(z) and h”(z)) order derivatives are defined at zg. In order
to show that h(z) is locally maximized at g, it is enough to prove A'(zo) = 0 and

h"(zo) < 0 which is equivalent to

/ _ f/(iE) _ "(pa) = .
h(z) () ) =0= f'(z0) =0 (3.18)
B'(z) = —fcggg ) < 0= f"(z9) >0 (3.19)

therefore, (3.17) is simplified to

M+1
min ‘:H (1+ gy 'SNRy™")

Le
k k=1

M+1

st Y Ly=Ly (3.20)
k=1

Consider an FSO system with a single OAF relay placed between the source and

destination nodes as shown in Fig. 3.4.
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The optimization problem in (3.20) for this system is defined as

2
: 1 —1
man [}1:11(1 + g, SNR;y )

st L1 + LQ = LT (321)

By changing the variables Ly =zand Ly = Lp—x, and some algebra, the optimization

problem is simplified to
min’ [o7" + 95" + SNRy g1 g5 '] (3.22)

where ¢; and gy are the path loss of the first and second links. From (3.6), the path

loss g;, is dependent on the hop distance L and is defined as
9k = |ha,k’hp,k|2 = 6_ULkH'p,k (3.23)

where hg ) and hy, ), have been replaced by their definitions given in (2.6) and (2.48)
from Chapter 2 and Hy,; = |hys|” = |ur|® is propagation power loss. From (2.46),

propagation power loss can be approximated as

Hyp =~ kL2, : (3.24)

where £ is a constant. By plugging (3.24) into (3.23), the path loss is approximated

as

g ~ ke ke[ 2 (3.25)
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4.5 T T

The received optical SNR
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Figure 3.5: The received optical SNR of an OAF FSO system with M = 1 and
SNRy = 37 dB.

Using this approximation, (3.22) can be described in terms of L
min  fi(z) = [e**z® + LT (L — 2)% + (5SNRg) e rx*(Lr —x)?]  (3.26)
It is shown in Appendix A that in typical FSO systems

HE

T="3
! (z)

>0, (3.27)

_Lt
=73
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Subsystem

Figure 3.6: An OAF Multihop FSO System with M= 2 and SNRy = 37 dB.

where fi(z) and f{(z) are the first and second order derivatives of function f(z).
These conditions are sufficient to prove that fi(z) has a local minimum at I = Lz/2
over the desired range of Ly. This range depends on «, &, and SNRg and is obtained
in Appendix A. In addition, it is also proved in Appendix A that f'(z) > 0, for
all 0 < £ < Ly, that indicates the function fi(x) is convex for all 0 < z < Lz and
L = Lt/2 is a global optimum point. Therefore, the average optical SNR received
at the receiving lens of an OAF multihop system with M = 1, as shown in Fig. 3.4,
is maximized when the OAF relay is placed at the middle of the link connecting the
source and destination. Fig. 3.5 illustrates the optical SNR variations by the position
of the OAF relay.

In this plot, the total communicating distance is Ly = 3 km which is inside the
acceptable region of Ly for SNRy = 37 dB. Obviously, SNR is maximized Wﬂen
Iy = Ly = Ly/2 = 1.5 km which means the best performance of the system is

achieved for equally-spaced relaying configuration.

Similar calculations can be considered for an OAF system with M = 2 (Fig.3.6 ).
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The optimization problem is defined as

n%lzkn [Hi:l(l + QIZISNREI)]

st Sop_ Lk = Lo, (3.28)

Here, L1, Ly, and L3 are the hop distances between the source and the first relay,
the first relay and the second relay, and the second relay and the destination node
respectively. By changing the variables I, = z, Ly = y and L3 = Ly — z — y, the

optimization problem is simplified to

min  fa(z,y) = [(1+ (kSNRg) e**z?)(1 4 (sSNRg) e™y?)
T,y

% (1+ (kSNRg) LoV (L, — ¢ — 4)?)] (3.29)

It can be easily shown that the Gradient vector of fo(z,y) is zero at z =y = Ly /3:

ana(m)y)
V folz,y) = & = 0. 3.30
fo(z,y) oha(om) o (3.30)
9y T=3V=3"

Proof of non-negativity of the Hessian matrix of fa(z,y) is laborious. Howewer, the
numerical simulation in Fig. 3.7 which is plotted at SNRy = 37dB indicates that the

maximum SNR is achieved at L1 = Ly = L3 =1 km.

/mh@m mhmw\

H(fy) = k gt owdy ) >~ 0. (3.31)

Pha(zy)  9%fa(zy)
Oydx Ay

For higher number of relays (M > 1), the mathematical induction proof is utilized
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Figure 3.7: Optical SNR of an OAF FSO system with M = 2

to find the optimal relaying configuration. As the base case, it has been proved
that for the OATF system with M = 1 (dual-hop system), equally-spaced relaying
configuration provides the best performance at the receiver. Now, assume that for
M = p, the equally-spaced relaying optimizes the problem (induction hypothesis).
Based on induction proof, it should be proved that equidistance relaying configuration
also maximizes the total average received SNR at the receiver when M = p + 1. In
Fig. 3.8, p relays are equally spaced between the source and destination nodes with
total distance of z. From (3.20), the modified optimization problem for this system

is expressed as
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Figure 3.8: An OAF FSO system with M = p
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t\4

Figure 3.9: An OAF FSO system with M =p+1

min fo(Ln, Ly, Lpsa) = [T (1 + 65 "SNRGY)]

st P L =u. . (3.32)
Based on the induction hypothesis, the function f,(L1, Lg, -+, Lp41) is minimized for
equal hop lengths, i.e. Ly = Ly =--+ = Lyy1 = z/(p+1). From (3.25) and (3.32),

the minimized f;""(z) is obtained as

41

(3.33)

2
f;)nin(iE) =11+ (fgSNRO)—lea(ﬁ) (#)

In Fig. 3.9, one more relay is added to the link plotted in Fig. 3.8 and provides
a longer link with p + 1 relays and total communicating distance of Ly = = + Ly 2.

The optimization problem for the extended link can be expressed as
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77}"1’”1 Jori(L1, Loy -+, Lpya) = [Hp+2(1 +g; 'SNRg )}
st S, — L (3.34)
The function fpy1(L1, Lo, -+, Lpto) can be rewritten in terms of fp(L1, Lo, -+, Lpy1)

as follows

p+1
Jor1(L1, Loy Lpyo) = [H(l + g5 'SNRg) | (14 g, 15SNRyY)
k=1

= Jp(Ln, Lo, -+ 5 Lpa) X (14 g,/5SNRgY) - (3.35)

As shown in Fig. 3.9, the total communicating distance Ls is divided into z and
Lyya, therefore Ly 9 = Ly — z. Furthermore, in order to optimize the SNRM*! at
the receiver of an OAF system with M = p+ 1, the received SNR at the previous re-
_ lay should maximize or equivalently f,(L1, Lg,- -+ , Lpy1) minimizes. By substituting
fa(x) from (3.33) and utilizing (3.25), the optimization problem defined in (3.34)

is simplified to

min forr(z) = {1+ (KSNRO)*lea(P_iT) (pj— 1)

X [1+ (kSNRy) 'e**77®)(Ly — 1)?]

(3.36)

In Appendix A, it is shown that for the equally-spaced relaying configuration 1, =
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Ly=-=ILpn = Lyyo = oy = (7[:3“7), the function fp41(z) satisfies
J, ;I7+1 (z) 0
foa(z) > 0. (3.37)

In other words, the equally-spaced relaying configuration provides the best perfor-
mance at the receiver and all the previous relays for M = p + 1 and consequently
the induction proof is complete. Therefore for any arbitrary number of relays M,

equally-spaced relaying configuration, i.e.

Ly
M+1’

Ly=+ =Ly = (3.38)

provides the maximum average SNRM*¥1 at the receiver over the desired region of L.

This configuration is utilized in the next section to simulate various OAF systems.

3.3 Numerical Results and System Performance

In this section, the performance of different OAF multihop FSO communication sys-
tems with equally-spaced relaying configurations is analyzed. Monte-Carlo simula-
tions are used to calculate the Bit-Error Rate (BER)-of various systems. System
performance is studied at two bit-rates (BR) 1.25 Gbps and 10 Gbps. The degrading
effect of atmospheric turbulence on BER is analyzed at both bit-rates and compared
with turbulence-free system performance.

The system under consideration operates at A = 1550 nm in clear atmospheric

conditions with attenuation coeflicient of ¢ = 0.43 dB/km and weak turbulence with

70



McMaster University - Flectrical Engineering
Chapter 3. Optical Amplify-and-Forward Relaying Technique

refractive index structure constant of C2 = 1x 10~m~2/3 [52]. The background noise
power spectral density is assumed to be Ny = 2 x 107 W/Hz [1, 10, 62, 40] and the
amplifier spontaneous emission parameter is ng, = 5. The other characteristics of the

system are as given in Chapter 2 via Tables 2.4 and 2.5.

3.3.1 Fixed Total Communicating Distance

Consider an FSO system where the source and destination nodes are placed at a
total communicating distance of Ly = 3 km from each other. In this section, by
placing a different number of relays (different M) between the source and destination
nodes, the éigniﬁcant role of relaying technique in improving the performance of the
system is justified. In order to simulate the FSO system in the slowly-varaying optical
channel, 107 bits are transmitted per channel state. At both bit rates, 64 samples
per bit interval are provided. In the presence of atmospheric turbulence, the BER,
is averaged over IV, = 1000 different fading conditions to reasonably simulate the
slow-fading turbulence channel.

The overall performance of the system for different number of relays, M, placed
between the source and destination is analyzed by plotting the BER. versus the trans-
mit signal-to-noise ratio SNRy = P,/ F,. Fig. 3.10 and 3.11 correspond to the systems
working at bit rates BR= 1.25 Gbps and BR= 10 Gbps respectively. The turbulence
fading effects are not considered in these plots. Table 3.3.1 summarizes the config-
uration, i.e., number of relays and hop distance, of the systems considered in these
figures.

From ( 3.15) and (3.16), the overall performance of the system only depends on the

average transmit SNRg and the relaying configurations, g,. By comparing two figures,
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Table 3.1: Different system configurations for Ly = 3 km.
Marker hop Distance - Number of Relays

Ly, (km) M
o 3 0
R 1.5 1
—— 1 2
—&— 0.75 3
—*— 0.6 4
7 0.5 5

it is justified that for a given SNRq the system performance for a specific conﬁgufation
is nearly the same at both bit rates. Since the amount of background power is relative
to the optical bandwidth or equivalently optical bit rate, the noise power collected at
each relay (or receiver) in 10 Gbps system is more than the noise power in 1.25 Gbps
system. Therefore, In order to gain relatively similar performance at both bit rates,
almost 9dB more power must be transmitted by the system operating at 10 Gbps.
The maximum average power transmitted by the state-of-the-art SO transceivers
is on the order of hundreds of miliwatts, SONAbeam™ 1250-M transceiver sends
640mW power via four transmitters each sending 160 mW. By assuming P, = 640
mW as the maximum available transmit power, the maximum achievable SNRy at
BR= 1.25 Gps and BR= 10 Gbps is about 39 dB and 30 dB respectively.

In Fig. 3.11, the BER of the systems operating at BR= 10 Gbps with M = 0
(direct transmission) and M = 1 relay have been plotted in the region SNRq > 30
dB which is called The best performance of a SO dirvect
transmission inside the accessible power region is BER= 1.26 x 1072. By employing

one relay in the mid-way, the system achieves BER= 7 x 10~* which is an order of

magnitude improvement. But, in order to reduce the bit-error rate to BER= 107° or
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BER

25
SNR (dB)

Figure 3.10: BER versus SNRg for a 3 km link and different number of relays M at

BR= 1.25 Gbps, no fading effect is considered. (The plot descriptions are given in
Table 3.1)

less, at least two relays must be placed between the transmitter and receiver.(M =2
or more).
At both bit rates, for a given SNRy, by shortening the hop distances via inserting

more relays between communicating nodes (increasing M), BER at the destination

node decreases. As shown in Fi

! As show nd 3.11, inserting one relay at the middle of a
3 km link gains 2.49 dB improvement at BER = 107°. Here the effects of atmospheric
fading are not considered. Thus this gain mainly comes from the reduction in path

loss achieved by shortening the hop distances.
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BER

25
SNR(dB)

Figure 3.11: BER versus SNRy for a 3 km- link and different number of relays M
at BR= 10 Gbps, no fading effect is considered. (The plot descriptions are given in

Table 3.1)

As the number of relays increases, the system performance improves slightly. Qual-
itatively, by increasing the number of relays from M = 4 to M =5, at BER = 107,
the system performance gains only 0.74 dB improvement which is considerably smaller
than 2.49 dB, the gain achieved by inserting just one relay at the middle of a 3km
link. This deficiency mainly occurs due to the presence of background light noise.
As mentioned before, ambient illumination is collected at each relay. On the other
hand, to keep the average output power of each relay inside the eye-safe region, the

amplifier boosts up the signal with a relatively smaller gain. Therefore, the power
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LowSNR Region |

SNR <24.82 dB
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Figure 3.12: BER in low SNRy region for Ly = 3 km and BR= 1.25 Gbps. (The plot
descriptions are given in Table 3.1)

of the attenuated signal over the previous hop can not be recovered completely via
amplification process. The other reason is the small changes in hop distances and
consequently smaller reductions in channel loss. As an example, by placing only one
relay in the mid-way (M = 0 — M = 1) the hop distance reduces by 50%, however
by increasing M = 4 to M = 5, hop distances change from 0.6 km to 0.5 kmr which
means only 16% reduction in Lg. Therefore, the path loss and therefore the system
performance improvement is less than the former case.

In summary, by continuously increasing the number of relays, M, the system
performance always improves but after some points the gain achieved by inserting
one more relay is not significant enough to justity the additional costs of inserting
the relay. Thus, depending on the required link coverage, BER, power budget, and

financial feasibility, the number of relays is determined.
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.. LowSNR,Region |
AAAAAAAA SNR, <24.81dB"1

BER

Figure 3.13: BER in low SNRy region for Ly = 3 km and BR= 10 Gbps. (The plot
descriptions are given in Table 3.1)

For low SNRg the system performance is different. The low SNRy region corre-
SpOll.dS to the region that for any SNRgy bigger than this region, relaying technique
always improves the system performance. As shown in Figs. 3.12 and 3.13, increasing
the number of relays does not necessarily improve the system performance. For low
SNRy, the average transmit power is relé,tively small and background noise degrada-
tion effects are dominant. For this region, BER of a direct transmission (DT) FSO
link, i.e. no relay is placed between the source and destination nodes M = 0, is less
than BER of a multihop system with one relay at the middle of the link (M = 1).
Although by dividing the link into two parts the channel loss reduces, the amount
of collected background noise becomes nearly double. So, at the very low SNRg,
the system can not compensate the effects of background noise. By inserting more

relays, hop distances decrease more and the channel loss reduces. Simultaneously,
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the amount of background noise increases. Compromising a trade off between chan-
nel loss reduction and background noise increase determines the minimum required
transmit power for which relaying technique outperforms the DT transmission. The
required transmit power decreases by the number of relays.

In order to understand the power variations in the low SNRy region, the received
signal power P*, the backgrbund noise power PF, the ASE noise power Pk, and
SNRF variations during the above mentioned 3 km link are analyzed. From (3.12)

and (3.13), for equidistance relaying configuration, signal and noise powers received

at the k™ relay are defined as

PP = (gG)* VgP, (3.39)
QY —1
pro WG -1, 3.40
b gG 1 b ( )
. gG)*-1) — 1
Pisp = CE g)G EEE 9Pask (3.41)
Pk A
SNRF = ——" 3.42
Pt Pl | (3.42)

In Fig. 3.14, the signal and noise power variations during the 3 km link are
illustrated for BR= 1.25Gbps. Each square denotes a relay placed during the link in
an equally-spaced relaying configuration. The average transmit power is P, = 10 mW
(SNRy =21 dB < 24.82 dB ) which is small enough to see the effects of background
noise. The SNR of a DT link is denoted by a black-filled square. As expected, at
this power, performance of a DT link is better than multihop systems with M = 1,
2,and 3 relays. In other words, in the low SNRy region (SNRg < 24.81 dB), the

relaying technique not only does not improve the system performance but degrades
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Figure 3.14: The signal and noise power variations during a 3 km link operating
at BR= 1.25Gbps with different number of relays M, P, = 10mW, and Ny = 2 X
107°*W/Hz. ,

it. Whereas, for high SNRy (SNRy > 24.81 dB), the system performance always
improves by employing relaying techniques. Fig. 3.15 shows the power and noise
variations of the system for P, = 40 mW (SNRg = 27 dB> 24.81 dB) where the signal
power is strong enough to combat the background noise. Obviously, by inserting more
relays, SNR at the destination node increases gradually. From Figs. 3.12 and 3.13,
the desired BER. region ( 107% — 107°) is taken place at high SNRg. Therefore for

all desired SNRy, relaying technique improves the system performance. The same
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Figure 3.15: The signal and noise power variations during a 3 km link operating at
BR= 1.25 Gbps with different number of relays M, P, = 40 mW, and Ny = 2 x 10719
W/Hz.
senario is applied to BR= 10 Gbps systems, because its performance in terms of
SNRy is similar to 1.25 Gbps systems.

Other than background noise, FSO systems strongly suffer from atmospheric tur-

P

bulence. In order to realize the degrading effects of atmospheric fading on FSO
systems performance, the BER of above mentioned systems, whose BER are plotted
in Figs. 3.10 and 3.11, has been simulated in the presence of log-normal fading and

shown in Figs. 3.16 and 3.17. The BER gets averaged over N, = 1000 different fading
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Figure 3.16: BER versus SNRy, for Ly = 3 km, BR= 1.25 Gbps, and different number
of relays M, with fading effects. (The plot descriptions are given in Table 3.1)
states and at each state 10° bits are sent.

Again, the system performance in terms of SNRy is similar at both bit raLteS. To
achieve the same BER at both bit rates for a given BER= 107°, the transmitter needs
to send about 9 dB more power when bit rate is 10 Gbps rather than 1.25 Gbps. By
comparing Figs. 3.16 and 3.17 with Figs. 3.10 and 3.11, it turns out that to mitigate
the effects of atmospheric fading on a DT link, respectively 8.45 dB and 8.49 dB
more power must be transmitted at BR= 1.25 Gbps and BR= 10 Gbps. Table 3.2,

summarizes the difference between the average transmit power of different systems
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~hccessible Power

Figure 3.17: BER versus SNRyg, for Ly = 3 km, BR= 10 Gbps, and different- number
of relays M, with fading effects. (The plot descriptions are given in Table 3.1)

with and without fading effects when BER= 107°. According to Table 3.2, as M
increases less average transmit power is required to mitigate the degrading effects of
atmospheric turbulence. Because by increasing the number of relays the hop distances
decrease and therefore the fading effects reduce. The atmospheric fading varies by
weather conditions and is not dependent on the system bit rate. Therefore, for a given
system configuration and weather condition, the BER performance of the system is

similar for both bit rates.

The huge required average transmit power confines FSO communication systems
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Table 3.2: The difference between the transmit power of different systems with and
without fading when BER= 107°.
Number of relays BER= 1.25 Gbps BER= 10 Gbps

M. dB dB
0 8.45 8.49
1 4.39 4.41
2 2.25 2.33
3 2.06 2.00
4 1.56 1.55
d 1.33 1.33

to short distances even at low bit rates. Illustratively, at BR= 1.25 Gbps whose
corresponding plot is shown in Fig. 3.16, a direct FSO system requires 42.4 dB
transmit SNRy to reach the 3 km distance from the source. As mentioned before,
the maximum available transmit SNRy at BR= 1.25 Gbps is 39 dB, thus direct FSO
transmission is not possible over 3 km link at BR= 1.25 Gbps. By placing only one
relay in the mid-way, a 6.59 dB gain is achieved and the required transmit SNRq -
decreases to 35.8 dB which is inside the accessible power region. In other words, in
order to communicate over a 3 km link at BR= 1.25 Gbps, at least one relay must
be placed between the source and destination node.

For higher bit rates the situation is even worse. As noted, at BR= 10 Gbps, the
maximum available SNRq is 30 dB. Clearly, without employing relaying techniques
to guarantee BER= 107°, the direct FSO system needs to provide at least 42.4dB
transmit SNRy which lays inside the inaccessible power region. The best performance

Trnn I

. 3 0 1 n—92 ~
t 3 km FSO link at SNRy = 30 dB is BER= 7.43 x 10~

of a direc . In section 2.1.2, it
is shown that atmospheric turbulence directly depends on the propagation distance.
Therefore, the effects of atmospheric fading is considerably mitigated by reducing the

hop distances. By placing one relay at the middle of the 3 km link, BER reduces to
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Table 3.3: Power gains achieved by employing OAF relaying technique in a FSO
communication system operating at BR= 1.25 Gbps for a particular BER= 107°.

Increasing the number of relays Power gain without fading Power gain with fading

M—-M+1 dB dB
0—1 2.52 6.59
1—2 1.55 3.68
2—3 ' 1.27 1.46
3—4 0.82 1.32
4 —5 0.74 0.97

Table 3.4: Power gains achieved by employing OAF relaying technique in a FSO
communication system operating at BR= 10 Gbps for a particular BER= 1075,

Increasing the number of relays Power gain without fading Power gain with fading

M—-M+1 dB dB
0—1 2.49 6.63-
1—2 1.61 3.63
2—3 1.15 1.47
3—4 0.86 1.31
4—5 0.74 0.96

1.39 x 1072, Although dividing the propagation path into two smaller parts reduces
the fading effects, to achieve the particuiar performance BER= 107% at the receiver,
the hop distances must be shortened more to overcome the degrading effects of channel
loss and high background noise. From Fig. 3.17, in order to communicate over a 3
km FSO link with BER= 1075 at least four equidistance OAF relays must be placed
between the source and destination nodes.

Tables 3.3 and 3.4 respéctively summarize the power gains achieved at a given
BER= 107° by increasing the number of relays for bit rates BR= 1.25 Gbps and

BR= 10 Gbps. By comparing the second and third columns of Table 3.3 or 3.4, the
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substantial role of relaying technique in mitigating the atmospheric fading effects is
realized. When no fading is considered in the channel model, the relaying technique
reduces the channel loss but increases the collected background noise. However,
when fading effects are taken into account, shortening the hop distances other than
the channel loss also decreases the degrading effects of fading. Therefore, in a slow
fading channel , relaying techﬁique obtains a considerable gain in the average transmit
power. Illustratively, at BER= 107°, by using only one relay in the mid-way of a 3
km link operating at BR=1.25 Gbps, 6.59 dB improvement is achieved. But when
fading is neglected, the systeﬁl obtains only 2.52 dB gain, i.e. 4 dB less.

By increasing the number of relays, the difference between the power gains ob-
tained in the absence and presence of atmospheric fading decreases. The reason can
be simply explained via the distance dependence of atmospheric fading. At short
distances (less than 1 km) fading effects are negligible so that by changing the hop
distances from 0.6 km to 0.5 km, they do not change by much. Consequently, at very
short hop distances relaying technique mainly decreases the channel loss to overcome
the effects of background noise and its contribution in mitigating fading effects is
negligible. .

As shown in Figs. 3.16 and 3.17, at a given BER= 107° in order to communicate
over a 3 km FSO link some of the considered OAF FSO systems require to send a
huge amount of power which exceeds the maximum available average power. In other
words, for some configurations it is' not possible to reach the 3 km distance from
the transmitter. In the following section, the maximum accessible distance from the

transmitter for various relaying configurations is presented.
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Figure 3.18: BER versus the total communicating distance, Lz (km), for different
number of relays M, P, = 500 mW, Ny = 2 x 10715 W/Hz, BR= 1.25 Gbps, without
fading effects. (The plot descriptions are given in Table 3.5)

3.3.2 Maximum Accessible Communicating Distance

As mentioned in section 3.3.1, by increasing the number of relays during a fixed-length
link, error performance of FSO systems improves and more power gain is achieved.
However, the gain improvement reduces as the number of relays increases because
the total accumulated background noise grows by the number of relays. For example,
for a 3 km link, by increasing the number of relays from M = 4 to M = b, at

BER= 107®, the system performance gains only 0.74 dB improvement which from
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Figure 3.19: BER versus the total communicating distance, Ly (km), for different
number of relays M, P, = 500 mW, Ny = 2 x 1071®* W/Hz, BR= 10 Gbps, without
fading effects. (The plot descriptions are given in Table 3.5)

commercial point of view is not satisfactory. Therefore, there exists a compromise
between the number of relays and average transmit power to achieve a particular
BER. Since average transmit power is restricted to the eye-safe region, the number
of relays determine the maximum total communicating distance at a given BER and
average transmit power. Figs. 3.18 and 3.19 show the BER of different relaying
systems with different number of relays, M, which are arranged in an equally-spaced

relaying configuration. The average transmit power is assumed P, = 500 mW which
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Table 3.5: Maximum achievable communicating distance Lr(km) without fading ef-
fects

Marker Number of Relays BR= 1.25Gbps BR= 10Gbps

M Ly (km) Lp(km)
o 0 4.46 1.71
—H- 1 5.95 2.28
—e— 3 8.34 3.09
—k— 5 10.15 3.71
-~ 7 11.72 4.23

is inside the accessible power region. For each M, BER is simulated for different hop
distances, i.e. for different total communicating lengths. The effects of atmospheric
turbulence are not considered in these plots.

Table 3.5 provides the maximum achievable communicating distances at two bit
rates BR= 1.25 Gbps and BR= 10 Gbps for different number of relays M so that
BER= 107% is obtained at the receiver. As indicated in this table, the maximum
accessible distance for a direct FSO system operating.a,t BR= 1.25 Gbps is 4.46
km when the atmospheric fading is not considered. This distance for the system
operating at BR= 10 Gbps is 1.71 km. The huge difference between these two systems
is referred to the wider bandwidth of optical elements operating at higher bit rates
and consequently collection of more additive white noise at the receiving apertures.
By employing relaying technique (A = 7) FSO systems can access to 11.72 km and
4.23 km distances at BR= 1.25 Gbps and BR= 10 Gbps respectively which is a
considerable accomplishment for short-range high-rate FSO communication
By increasing the number of relays (more than M = 7) even longer distances are

accessible.

As demonstrated before, due to additive background noise, the performance of
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Table 3.6: Distance improvements (ALy) by increasing the number of relays.

Increasing the number of relays BR=1.25 Gbps BR= 10 Gbps
M— M+2 ALp(km) ALY (%) | ALr(km) ALM(%)
1—3 2.39 40.01 0.81 35.53
3—5 1.81 21.71 0.62 20.06
517 1.57 15.46 0.52 14.01

multihop FSO systems improves nonlinearly by increasing the number of relays. Table
3.6 shows the distance improvements (ALp) by increasing the number of relays at a

particular BER= 1075. ALY is the percentage change in Ly and is defined as

AL
ALY = L%IT x 100,

where LY is the maximum accessible communicating distance when M relays are

employed. ALY represents the relative improvement in Ly and can be used as a

metric to compare the system performance at two different bit rates.

From Table 3.6, by increasing the number of relays, ALy decreases gradually.
Qualitatively at BR= 1.25 Gbps, by increasing M = 1 to M = 3 the total communi-
cating distance extends 2.39 km while by changing M = 3 to M = 5, it increases only
by 1.81 km. This deficiency is due to background noise. By increasing the number
of relays, more background noise is added to the signal. High noise power not only
confines the amplifier gain at each relay but also degrades the signal-to-noise ratio
and system performance at the receiver. The degrading effects of background noise
are more dominant at higher bit rates. By comparing the relative distance improve-
ments ALY at two bit rates, it turns out that OAF relaying technique has better

performance at lower bit rates.
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Table 3.7: Maximum achievable communicating distance in the presence of fading at
BER= 107%, P, = 500 mW, and Ny = 2 x 107 W/Hz .

Number of Relays BR=1.25 Gbps BR= 10 Gbps
M LE (km) LI(km) ALZ(%) | LE (km) LF (km) ALF(%)
0 2.32 2.32 47.98 1.33 1.33 22.22
1 3.48 1.74 41.51 1.87 0.94 17.98
3 5.12 1.28 38.61 2.59 0.65 16.18
5 6.32 1.05 37.78 3.16 0.53 14.82
7 7.29 0.91 37.73 3.63 0.45 14.18

To evaluates the effects of atmospheric turbulence on the maximum communicat-
ing distance, Figs. 3.20 and 3.21 are provided. In these figures, the BER of the system
in the presence of log-normal fading versus the total communicating distance Ly is
plotted. As mentioned before, atmospheric fading deteriorates system performance.
The log-normal atmospheric fading decreases the maximum communicating distance
of a direct FSO system operating at BR= 1.25 Gbps by 2.14 km when BER= 107°
and P; = 500 mW. This value for the system working at BR= 10 Gbps is 380 m.
Table 3.7 provides the maximum communicating distances for various OAF FSO sys-
tems with different number of relays for both bit rates. Also the relative distance

reductions due to atmospheric fading, ALE(%), are presented for different systems.

ALZ is defined as
|Lr — LT

ALE =
Ly, .

x 100,

where LI and Ly are respectively the maximum achievable distances over the FSO
channels with and without fading effects. The length LI in Table 3.7 indicates the
hop distance when atmospheric fading is considered.

By comparing L% and Ly given in Tables 3.5 and 3.7, it is obvious that atmospheric
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Figure 3.20: BER versus the total communicating distance, Ly (km), for different
number of relays M, P, = 500 mW, No = 2 x 107" W/Hz, BR= 1.25 Gbps, with
fading effects. (The plot descriptions are given in Table 3.5)

fading decreases the maximum accessible distance. By employing relaying technique
the degrading effects of atmospheric fading are mitigated. In Table 3.7, the parameter
ALL expresses the relative decrement in the total communicating distance when
atmospheric fading is Consi_dered and is introduced as a metric to readily analyze the
fading effects on the BER, of various systems with different number of relays and
bit rates. From Table 3.7, by increasing the number of relays, the relative distance

reduction ALL decreases which means fading effects are compensated by using more
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BER

Figure 3.21: BER versus the total communicating distance, Ly (km), for different
number of relays M, P, = 500 mW, Ny = 2 x 107 W/Hz, BR= 10 Gbps, with
fading effects. (The plot descriptions are given in Table 3.5)

relays in multihop FSO systems. The reason is simply realized by considering hop
distances (Lf). By increasing the number of relays, BER= 107° is obtained at
shorter hop distances because the system needs to compensate the effects of more
additive background noise by reducing the atmospheric fading and channel loss. At
short hop distances (shorter than 1km) fading effects are negligible and therefore the
relative distance reduction due to atmospheric fading decreases slightly. From Table

3.7, BER= 1075 is achieved at shorter L in the systems working at BR= 10 Gbps
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Table 3.8: Different system configurations for Iigs.3.22 to 3.25 (L = 1 km)
Marker Number of Relays Total Communicating Distance

M Ly
—O- 0 1 km
X 1 2 km
—H- 2 3 km
—&— 3 4 km
—X— 4 5 km
" 5} 6 km

compared with BR= 1.25 Gbps. Therefore, atmospheric fading has less contribution
in reducing the maximum accessible distance at higher bit rates and background noise
is more dominant.

Distance-dependent atmospheric fading limits FSO systems to operate over short
distances. Employing relaying techniques makes FSO communication possible over
longer distances by shortening the hop distances and mitigating the effects of atmo-
spheric fading. However, additive background noise still remains as a powerful factor
in degrading the performance of multihop FSO systems. In the next section, the
effects of background noise on BER of different systems are investigated at two bit

rates.

3.3.3 Fixed hop Lengths

Optical AF multihop FSO systems strongly suffer from background noise. As demon-
strated in sections 3.3.1 and 3.3.2, by increasing the number of relays more background
noise is received at the receiver. On the other hand, to guarantee an eye-safe average

output power at each relay, the amplification process does not completely compensate
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Figure 3.22: BER versus SNRg for the constant hop distance L; = 1 km, bit rate
BR= 1.25 Gbps, and different number of relays M without fading effects. (The plot
descriptions are given in Table 3.8)

the attenuation of the previous channel. In Chapter 2, Equation (3.15) simply sum-
marizes the amplification process and mathematically formulates the average optical
SNR at the receiver.

From (3.15), by increasing the number of relays while the hop distance is fixed,
i.e. constant g, the multiplication term in the denominator i
average received SNR decreases. By analyzing the system performance in terms of av-
erage received SNR, it is readily realized that because of background noise, extending

the total communicating distance by consecutively adding more relays degrades the
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Figure 3.23: BER versus SNRy for the constant hop distance L, = 1 km, bit rate
BR= 10 Gbps, and different number of relays M without fading effects. (The plot
descriptions are given in Table 3.8)
error performance. In order to analyze the degrading effects of background noise, an
OAF FSO system with a fixed hop distance of L; = 1 km is considered. The BER of
the system for different number of relays and therefore different total communicating
distances are plotted in Figs. 3.22 and 3.23. The effects of atmospheric turbulence are
not considered in these plots. Table 3.8 summarizes the configuration of the systems
considered in these figures.

At a given SNRg, both systems have similar performance at BER= 107°. A 2 km

link with an OAF relay in the mid-way consists of two 1 km DT links. From (3.12),
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Table 3.9: Average transmit SNRy(dB) to obtain BER= 107°.

Number of relays BR= 1.25 Gbps BR= 10 Gbps
M W/O Fading With Fading | W/O Fading With Fading
0 14.68 16.47 23.67 25.48
1 18.64 20.84 27.75 29.90
2 20.85 23.11 29.85 32.17
3 22.21 25.32 31.29 34.36
4 23.27 26.86 32.32 356.91
) 24.12 27.96 33.23 37.01

the background power at the receiver of the 2 km link is nearly twice the background
power at the receiver of the 1 km DT link. ‘At BER= 1075, the transmitter needs
to send 3.97 dB more power to guarantee the particular BER= 107° at the receiver.
By increasing the average transmit power, the SO system overcomes the degrading
effects of accumulated background noise and provides longer-range FSO links. How-
.ever, the total communicating distance in OAF FSO systems is restﬁcted because
the average transmit power is limited. From Fig. 3.23, the maximum communicating
distance for the system operating at BR= 10 Gbps is 3 km when fading effects are not
considered. To reach longer distances, the system needs to send more power WhiCh
lays inside the inaccessible power region.

Figures 3.24 and 3.25 are provided to show the degrading effects of atmospheric
fading on the system performance. To mitigate the effects of atmospheric turbulence,
the transmitter must launch additional power. Table 3.9 summarizes the required
average transmit SNRg (dB) so as to obtain BER= 10" at the receiver.

In order to compare the atmospheric fading effects on the BER, of various systems,

the amount of increase in the average transmit signal-to-noise ratio, ASNRy, is defined
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Figure 3.24: BER versus SNRg for the constant hop distance L, = 1 Rm, bit rate
BR= 1.25 Gbps, and different number of relays M considering fading effects. (The
plot descriptions are given in Table 3.8)

as

ASNR, = SNR) — SNRy,

where SNR{ and SNR, are respectively the average transmit signal-to-noise ratio sent
over the channels with and without fading effects to hit the target BER= 1075. The
variable ASNRq for two bit rates and different number of relays are given in Table
3.10. From this table, atmospheric fading imposes almost equal additional transmit

power to the system at both bit rates. By increasing the number of relays, the required
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Figure 3.25: BER versus SNRy for the constant hop distance L, = 1 km, bit rate
BR= 10 Gbps, and different number of relays M considering fading effects. (The plot
descriptions are given in Table 3.8)

additional transmit power increases because the overall channel fading is the result
of multiplication of M + 1 fading coefficients defined over M + 1 different 1 km DT
links. Therefore the overall fading variance and consequently its degrading effects
increase. By increasing the average transmit power, the system compensates the
effects of background noise and atmospheric turbulence and extends the link distance
coverage. However the maximum average transmit power is restricted because of
eye-safty issues and can not increase arbitrarily. This restriction on the average

transmit power along with background noise and atmospheric effects confines OAF
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Table 3.10: The relative SNRq increase ASNRy(dB)
Number of Relays(M) BR=1.25 Gbps BR= 10 Gbps

0 1.79 1.81
1 2.20 2.15
2 2.26 2.32
3 3.11 3.07
4 3.59 3.59
) 3.84 3.78

FSO transmissions to short distances.

3.4 Conclusion

FSO communication systems suffer extensively from atmospheric turbulence and
background noise. A serial amplify-and-forward relaying technique has been intro-
duced as a powerful technique to mitigate the atmospheric turbulence effects at long
haul FSO systems. By deploying more relays and decreasing the hop distances, fad-
ing effects are reduced and FSO systems access to long distances at a lower average
transmit SNRgy. Illustratively, by inserting only one relay at the middle of an FSO
link with length Ly = 3 km, about 6.6 dB improvement is achieved in ;che transmit
SNR( at BER= 107°. It has been numerically shown that for a given SNRy, perfor-
mance of the system is similar at both bit rates. However, the maximum distance
coverage of the system operating at BR= 1.25 Gbps is more than the system work-
ing at BR= 10 Gbps to obtain a similar BER. Qualitatively, for a given P; = 500
mW and BER= 107%, the 1.25 Gbps system with M = 7 relays provides a 7.29 km
long link, however this value for the similar 10 Gbps system is 3.63 km. Because the

SO system working at higher bit rates (wider bandwidths) collects more background
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noise at the receiving lens, therefore, for a given transmit powcr, the 10 Gbps system
affords less SNRg and hence shorter communicating distance.

Increasing the number of relays is accompanied by collecting more additive back-
ground noise at relays that degrades the system performance. Therefore, to reach a
specific communicating distance at é, given BER, a trade off is compromised between
the average transmit power and the number of relays. Since the average transmit
power is limited due to eye-safety regulations, the number of.relays determines thAe
maximum communicating distance. By increasing the number of relays, besides the
total communicating distance, the background noise also increases so that the distance
improvemerit reduces. Although the OAF relaying technique reduces the effects of
atmospheric fading, background noise still remains as a limiting factor in FSO com-
munication systems. In Chapter 4, an optical regenerative rclaying method using
non-linear optics is developed to reduce the background noise effects and increase the

communication distance coverage.
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Chapter 4

Optical Regenerate-and-Forward

Relaying Technique

FSO communication systems are strongly affected by the atmospheric turbulence
fading and background illumination. In Chapter 3, the OAF relaying technique has
been introduced as a powerful method to mitigate the degrading effects of atmospheric
turbulence. But growing background noise remains as the major drawback of free-
space optical relaying systems. In electrical Amplify-and-Forward relaying technique
at each relay the optical signal along with the background noise is converted to an
electrical signal which is amplified by an electrical amplifier. After amplification, the
electrical signal is modulated by a photodiode and retransmitted to the next relay.
In an FSO system, the optical intensity the field distribution of the signal is an-

alyzed. By employing an optical band pass filter (BPF) at the beginning of each
optical relay, the out-of-band frequency components of the accumulated background
noise are eliminated, however, the in-band noise components still remain in the sys-

tem. In this chapter the Optical Regenerate-and-Forward (ORF) relaying technique
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is proposed to eliminate the background noise at each relay. In ORF, the quality of
the received noisy signal is optically restored by a regenerator. In the next section,

the internal structure of an ORF relay is described in detail.

4.1 ORF Relay Structure

The internal structure of an ORF relay is shown in Fig. 4.1. When a regenerator is
used in an FSO system where broadband white noise is accumulated, an optical BPF
centered at the signal frequency wy is required. This filter is placed at the input of the
regenerator so as to reject the noise outside the signal spectrum [63]. The bandwidth
of the filter is assumed to be equal to the bandwidth of the photodetector. The
photodetector bandwidth is dependent on the t.ransmission bit rate and is found so
that the best BER is achieved at the receiver. Here it is assumed that the optical filter
does not attenuate the optical signal. The filtered signal is amplified with gain G; so
as to adjust the average power of the signal to a level suitable for the regeneration
process. The optimum gain 7 depends on the average received SNR, at each relay
and for a given average transmit power and background illumination irradiance is
constant. The regeneration process is performed by a regenerator. The regenerator
suppresses the noise in zeros and the amplitude fluctuations in ones of optical data
streams. The regeneration process will be analyzed in detail in Section 4.2. The
regenerated pulses are amplified by another amplifier with gain G4 and transmitted
through the necxt relay. The gain Gy is adjusted so that the average transmitted
power at the output of each relay is equal to the average transmitted power at the
source, .

A sample of Gaussian pulses propagating through an ORF relay are shown in
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Figure 4.1: The typical structure of an ORF relay.

Fig. 4.2 shows at different points. As shown, the regenerator refines the signal by
removing the noise at zeros and amplitude fluctuations in ones. The regenerated
Gaussian pulses carry less noise and have a small displacement compared‘with the
original pulses. The regeneration process and internal structure of a regenerator are

described in the next section.

4.2 Optical Regenerator

To analyze the regeneration process for suppressing the signal background, the typical
structure of a regenerator is shown in Fig. 4.3. The regeneration process is performed
by utilizing the effects of self-phase modulation (SPM) on the signal in a nonlinear
(NL) medium followed by an optical filtering at a frequency of wy which is shifted
with respect to the carrier frequency of the input data wy. The optical fiber with high
nonlinearity coefficient - is employed as the nonlinear medium used in the regenerator.

y(m~ W) is defined as [64]

NaWg

= 4.1
7 CAeﬁ" ( )

where ny (m?/W) is the nonlinear-index coefficient, ¢ (m/s) is light velocity, and Aer

(m?) is the effective core area.
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Figure 4.2: Gaussian Pulses propagating through an ORF relay at different points.
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Figure 4.3: The internal structure of a regenerator.

The dependence of the refractive index in nounlinear media, e.g optical fiber, on the
signal intensity causes self-phase modulation (SPM) which governs spectral broaden-
ing of optical pulses. The propagation of optical pulses inside a single-mode fiber
in terms of normalized amplitude S(z,7) is quantified by the nonlinear Schrédinger
equation as [64]

‘ 98 ify 928 7

5 2L or oy P (Cora)lSPS, “2)

where z is the propagation distance, T = t/Tp is normalized time scale and Ty is the
pulse width. The parameters (; and or(m™!) account for the fiber dispersion and
fiber loss respectively. The dispersion length Lp and nonlinear length Ly, are given

as
2

Lp=——
Y

Lyr = (vPu) ", (4.3)

where Py is the peak power of optical signal given by (2.5).
To analyze the effects of fiber nonlinearity on the self-phase modulation, fiber

dispersion is ignored and the dispersion coefficient is set to zero. By substituting
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B2 = 0 in (4.2), the nonlinear Schrédinger equation can be solved as

Ui(z,t) = Ug(0,1) exp (idpnr(z, 1)), (4.4)

where U;(0,1) is the field envelope at z = 0 and is defined from (2.4) for a single

Gaussian pulse as

U,(0,1) = exp <— e > | (4.5)

21¢
and
' 9 Zeff
Pnw(z,t)) = |U(0,1)] T (4.6)
NI
with
1 _ _
e — exl;( az) (1.7)

As indicated in (4.4), the phase shift ¢nr.(z,1) induced by SPM is intensity-dependent
while the squared field envelope governed by |U;(z,t)[* remains unchanged (8, = 0) .
From (4.6), the nonlinear phase shift ¢nr,(2,t) increases with the propagated distance
z. The parameter 2.4 is an effective distance that because of fiber loss is less than
z (in the absence of fiber loss, a = 0, zer = 2). Nforeover, the time' dependence
of Ui(0,t) and consequently ¢ni, (z, t) induces SPM spectral broadening. In general,
temporally varying phase shift induces temporally varying frequency shift, therefore
in NL medium the amount of spectral broadening differs across the pulse. By taking

the time derivative of phase shift, the instantaneous frequency shift Awspp(t) with

respect to the central frequency wy is obtained as

N e = R L ATS

Zeft
LNL

(4.8)
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This difference is induced by SPM and increases with the propagated distance, z.
In other words, new frequency components are continuously generated as the pulse
propagates through the fiber. These SPM-induced frequency components broaden
the pulse spectrum. Figure 4.4 shows the spectrums of the data stream presented in
Fig. 4.2 for different propagated dis;cances z inside a NL optical fiber.

As shown, the signal power is distributed over more frequency components as the
pulses propagate down the fiber. Clearly, the length of the fiber is a main factor 11'1
determining the desired spectrum bandwidth at the output of the NL medium.

By substituting (4.5) into (4.8), the spectrum broadening of a Gaussian pulse
propagating inside a lossless optical fiber (zeq = 2) is obtained as

2t 2 z

By plugging the value of Lyg, from (4.3) into (4.9) and taking the time average over one
bit interval T}, the average spectrum broadening for one Gaussian pulse is calculated
as [63]

ESPM = AWO(Q’}T/)\)TLQIPZ (410)

where Awp/2m = 1/Trwnn is the —3 dB spectral bandwidth (Trwm is the full width
at half maximum) and Ip = P;/Aeq is the average pulse intensity which varies for
different pulses. It is clear that the spectrum broadening increases by the initial
bandwidth Awy, the nonlinear refractive index ngy, the average pulse intensity I, and
the propagated distance z.

After the nonlinear medium, the pulses pass through a Gaussian optical filter [65]

whose center frequency wy is shifted with respect to the input signal carrier frequency
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wp by a certain value Awgpir:

wy = wo + Awsnigy (4.11)

As mentioned before, there exists a displacement between the regenerator input pulses
and the filtered ones. This misalignment originates from the shifted center frequency
of the Gaussian filter. |

When the pulse spectral broadening is small so that the spectral bandwidth of the
self-phase modulated signal at the output of the NL medium, wspp = Awo + Awsppi,

satisfies the following equation

WspM
2

< Awenin, (4.12)

the pulse is rejected by the filter. In the regenerator, this occurs when the pulse
intensity is small, e.g. noise in zeros. If the pulse intensity is high, e.g. at ones, so

that the new spectral bandwidth satisfies

WspMm

> Awspifs, (4.13)

depending on the amount of pulse broadening, the filter center frequency, and the filter
bandwidth Awy, a part of the SPM-broadened spectrum passes through the filter and
the rest of them are rejected. The spectral width of the filtered pulse is determined
by the filter spectral bandwidth. By changing the filter spectral bandwidth, the
bandwidth of the SPM-broadened spectrum changes. If Aw; = Awp, the output

pulsewidth is the same as the input pulsewidth.
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In the case where the input pulse intensity /p is very high, Ip >> I, so that the
pulse spectrum broadens extensively, wgpy >> Awgnir, the intensity of the output
pulse is independent of the input pulse intensity. Therefore, a pulse transfer function

for regenerator in terms of output pulse intensity versus input pulse intensity can be

established as

0 if Ip <1
Iout - (414)
1. if Ip > I

where I, is the constant output pulse intensity and I is the critical pulse intensity
which is adjusted to a level so that compromise a trade off between removing the noise
at zeros and suppressing the amplitude fluctuations at ones. If I, is chosen to be
very small, the regenerator can not completely remove the noise at zeros. Otherwise,
if the critical intensity is selected too big, the pulse spectrum broadens excessively so
that the signal is distorted by generation of new out-of-band frequency components.
On the other hand, by extensively broadening the pulse spectrum, the more parts
of the signal are rejected by the filter that imposes more power loss to the system.
The transfer function expressed by (4.14) is an ideal transfer function. Fig. 4.5
shows a typical transfer function of an ideal regenerator and its perfect performance
in removing noise at zeros and suppressing the amplitude fluctuations at ones.

As expressed earlier, the regeneration process imposes a considerable power loss
to the signal by rejecting a major portion of the pulse spectrum. Therefore, an
amplifier is required after the regenerator to boost up the signal and retrieve its
average power to the average transmitted power at the source, F;. As shown in Table
4.2, the ORF relay receives the noisy signal and refines it via regeneration process,

then amplifies and retransmits it through the next channel. Section 4.3 provides the
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Figure 4.5: Typical transfer function of an ideal regenerator.

numerical simulations on ORF relaying technique and compares its performance with

OAF multihop systems.

4.3 Numerical Results and Svstem Performaince

In this section, the performance of various ORF multihop FSO communication sys-

tems is investigated. Because of the long simulation time of MATLAB , a Q-factor
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estimation method is utilized to calculate the BER of FSO systems. When the ad-
ditive noise has a Gaussian distribution, the Q-factor approximation is widely used
instead of Monte-Carlo method for BER simulations. As demonstrated in Chapter
3, wideband FSO systems suffer from background noise and their maximum accessi-
ble distances are limited due to accumulated background noise. On the other hand,
electrical processing limits the bandwidth of high rate optical systems, therefore all-
optical relaying techniques are attractive. In this thesis, ORF relaying technique is
proposed as a powerful method for optically suppressing the effects of background
noise at high bit-rates. Here, the performance of ORF multihop systems are inves-
tigated at 10 Gbps and compared with the performance of OAF multihop systems.
The degrading effects of atmospheric turbulence are not considered in ORF systems.

The considered FSO system has the same specifications as the OAT* SO éystem
that are previously introduced in Chapter 3. The NL medium specifications are chosen
as what Mamyshev considered in [63] for experimental simulations. At BR= 10Gbps,
a fiber of length z = 8 km with effective core area Az = 45 pm? at A = 1550
nm is used. The Gaussian filter inside the regenerator has the —3 dB bandwidth of
Awyg/2m = 29 GHz, and the filter frequ;ancy offset with respect to the input signal
carrier frequency is Awgpir /27 = 100 GHz. The gain of the first amplifier Gy is
adjusted for each launch power and hop distance so that the best performance at the

recelver is obtained.

4.3.1 Q-Factor Estimation

Simulating the BER of an ORF multihop system takes an extremely long time. Q

factor is frequently utilized to evaluate the performance of optically amplified systems
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[66]. In ORF relaying systems due to fiber nonlinearity, the accumulated noise at
the receiver is not exactly Gaussian-distributed. However, it can be shown that a
Gaussian approximation is a reasonable estimation for the noise distribution. The

BER of an OOK modulated signal at the receiver is related to the Q factor as [66]

Ll (9
BER = —2—elfp <%> , . (4.15)

where the complementary error function erfc(x) is defined as

7 (4.16)

er fc

Sl

The Q factor is also expressed as

M1 — o
Q Jl+00

(4.17)

where po (11) and o (01) are the means and the standard deviations of zeros (ones)
respectively. In numerical simulations, the mean uo (11) of a pulse stream is simplyl
found by getting average over the values obtained by sampling pulses at the middle
of the bit intervals, ¢t = k13/2,k = 0,1,2,.... By squaring the sampled values and
taking average, the variance og (01) of the pulse stream is also obtained.

Fig. 4.6 shows the BER of an ORF multihop system with the total communicating
distance of 3 km where one ORF relay is placed at the middle of the link. BER of
the system is simulated using bofh Monte-Carlo (MC) and Q-factor estimation (QF)
methods. The total number of transmitted bits is N = 2!4. In the all MC analyses

considered in this work, at least 100 errors in the received bit streams are required
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BER

Figure 4.6: BER of an ORF FSO system with M = 1 and Ly = 3 km, obtained by
MC and QF methods.

to be able to rely on the received BER. By sending N = 2'* bits and tal;ing average
on about 20 different iterations, the smallest reliable BER obtained by MC method
will be around BER=1073. HoWever, simulation results indicate that 2'* sent bits are
enough to rely on BER as low as 107> when QF method is employed. As seen from
the figure, the performance of the system driven by Q-factor estimation is very close
to the Monte-Carlo simulation result (less than 1 dB offset). Therefore, in the rest of

this section, QF is considered as a reliable method used to calculate BER, of different
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Table 4.1: Different system configurations for Fig.4.7 (Ly = 3 km)
Marker Ly(km) Lo (km)

—H— 1 2
—o— 1.5 1.5
—8— 2 1

ORF FSO systems.

4.3.2 Optimal Relaying Configuration

As proved in Chapter 3, the equally-spaced relaying configuration provides the best
performance at the receiver of OAF systems. For ORF systems, there exists no
explicit mathematical relations between the hop lengths and the average received
SNR. at the receiver. Therefore, numerical simulations is utilized to found the best
configurations. Fig. 4.7 corresponds to the BER of three different ORF systems. In
all systems, the total communicating distance is Ly = 3 km and one relay is placed
between the source and destination nodes. The distance between the source and ORF
relay is denoted by L; and the distance between the ORI relay and the destination is
Lo. Table 4.1 summarizes the configurations of the systems considered in this figure.

From Fig. 4.7, the lowest BER corresponds to the system where the ORF relay
is placed at the middle of the link (I; = Ly = 1.5 km). Hence, it can be assumed
that equally-space relaying may also provide one of the optimal configurations for
ORF multihop systems, although enough evidences do not exist for its proof. In
the following simulations, ORF relays are arranged in serial equally-space relaying

configurations.

114



McMaster University - Electrical Engineering
Chapter 4. Optical Regenerate-and-Forward Relaying Technique

BER

25 30

15 20
SNR (dB)

Figure 4.7: BER of different ORF multihop FSO systems with M =1, Ly = 3 km,
and BR= 10 Gbps. (The plot descriptions are provided in Table 4.1)

4.3.3 Fixed Total Communicating Distance

In Chapter 3, it was shown via numerical simulations that increasing the number of
relays between the source and destination nodes while keeping the total communicat-
ing distance fixed, improves the system performance (Fig. 3.13). Fig. 4.8 compares
the performance of ORF multihop systems with OAF systems. In this plot, the BER
of ORF FSO systems for M = 1 and M = 2 relays are illustrated while the total com-

municating distance is fixed (L7 = 3 km). Table 4.2 summarizes the configurations
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Figure 4.8: BER of different ORF multihop FSO systems with M = 1 and M = 2 for
a fixed total communicating distance of Ly = 3 km and, BR= 10 Gbps. (The plot
descriptions are provided in Table 4.2)

of the systems considered in this figure.

From Table 4.2, at a given BER= 1075, by replacing OAF relays with ORF relays,
the system gains 2.93 dB (M = 1) and 3.51 dB (M = 2) improvement in SNRy with
respect to OAF relaying techniq is expected that by increasing the number of
relays, ORF systems outperform OAF systems more rapidly. As mentioned in Chapter

3, in OAF systems, utilizing more relays injects more accumulated background noise

to the system. Thus by increasing the number of relays, BER improvement decreases
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. Table 4.2: Different system configurations for Fig.4.8 (L = 3 km)
Marker M Lj (km) Relaying Technique SNRgy (dB)

S 0 3 DT (no relay) 33.93
X1 L5 OAF 31.46
"B 9 1 OAF 29.84
= 1.5 ORF 28.53
—H- 9 1 ORF 26.33

(Table 3.4). In ORF systems, background noise is ideally eliminated at each relay,
hence background noise does not propagates through the channel and its average
power is almost constant at all relays. On the other hand, increasing the number
of relays is equivalent to decreasing hop distances and channel loss and therefore
the average received SNR increases by the number of relays. In summary, in ORF
systems, it is expected that in a fixed-length link, BER improves by increasing the

number of relays and its improvement increases rapidly.

4.3.4 Combination of OAF and ORF Relays

In this section, the performance of various multihop systems composed of both OAF
and ORF relays is investigated. Consider a 3 km FSO link with two equally-spaced
relays placed between the source and destination nodes (the hop distances are 1
km). Fig. 4.9 provides the BER of various relaying schemes whose configurations are
summarized in Table 4.3.

As illustrated in Fig. 4.9, by replacing one OAF relay by an ORF relay, i.e.
System 2 — System 3 (4) in Table 4.3, 1.01 dB (1.33 dB) gain is achieved in SNRy

at BER= 107°. Surprisingly, if the signal is first amplified by the first relay and then
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BER

Figure 4.9: BER of different multihop FSO systems with M = 2 for a fixed total
communicating distance of Ly = 3 km and, BR= 10 Gbps. (The plot descriptions
are provided in Table 4.3)
regenerated at the second one (System 3) or it is first regenerated and then amplified
(System 4), the performance of both systems is nearly the same. At high SNRgs,
System 4 has slightly better performance. Because the received SNR is higher and
the regenerator suppresses the amplitude Huctuations at ones more evenly, in other
words, regenerator has better performance at high SNRy.

By replacing both OAF relays by ORF relays, i.e. System 2 (3) — System 5,

the system performance improves by an additional 2.50 dB (2.18 dB). This value is
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Table 4.3: Different system configurations for Fig.4.9 (Ly = 3 km, M = 2)
Svstem No. Marker First Relay Second relay SNRg (dB)

1 —O- no relay no relay 33.93
2 k- OAF OAF 29.84
3 —X¥— OAF ORF 28.83
4 X ORF OAF 28.51
5 —=- ORF ORF 26.33

almost twice the gain achieved by replacing only one OAF relay with an ORF relay
(System 2 — System 3 or 4).. The reason can be simply explained: the regenerator
eliminates the background noise at each relay therefore by using all ORF relays. a
negligible amount of background noise remains in the system. In generél, regenerators
have better performance at higher SNRs. In System 3, the signal is first amplified by"
an amplifier in the first relay, and then the noisy signal is regenerated at the second
relay. Obviously, System 5 benefits from the regeneration process at the second relay
more than System 3. In System 4, the noiseless signal regenerated at the first relay is
amplified along with the collected background light at the second relay. This amplified-
background noise considerably deteriorates the perforinance of System 4. System 5
achieves totally 3.57 dB gain with respect to System 2 and 8.18 dB gain with respect

to the direct transmission (System 0.)

4.3.5 Maximum Accessible Communicating Distance

The OAF relaying technique has been introduced as a powerful method in mitigating
the effect of atmospheric fading and consequently increasing the maximum achievable

distance in FSO communication systems. Although atmospheric fading is suppressed
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Table 4.4: Different system configurations for Fig.4.10 (P, = 500 mW, No = 2 x 1071
W /Hz, and BER= 107°)

System Marker Number of Relays  Relaying Ly  Relaying Distance L
No. M Technique  (km) (km)
0 —o- 0 DT 1.70 1.70
1 X 1 OAF 2.20 1.10
2 ~EF- 2 OAF+OAF  2.62 0.87
3 = 1 ORF 3.08 1.54
4 B 2 ORF+ORF  4.48 1.50
5 A 2 ORF+OAF  3.40 1.13

by OAF relaying technique, amplify-and-forward FSO systems encounter an essential
difficulty originating from accumulating background noise at each relay. The ORF
relaying technique is proposed as an effective technique to reduce the background noise
and increase the maximum accessible distance in FSO communication systems. Fig.
4.10 provides BER of various OAF, ORF and hybrid OAF/ORF multihop systems.
The average transmit iaower is P, = 500 mW for all schemes and atmospheric fading
effects are neglected in this study. The number of relays at each system is either one
or two and relays are arranged in an equally-spaced relaying configuration. Table 4.4
summarizes the configurations of the systems considered in this figure. |

By comparing ORF and OAF relaying systems in Fig. 4.10, it is realized that ORF
technique improves the maximum achievable distance several times more than OAF
technique. By replacing OAF relays with ORF relays in System 1 and 2, i.e. System
1 — System 3 and System 2 — System 4 in Table 4.4, the maximum accessible
distance increases respectively by 0.88 km and 1.86 km. Despite OAF technique,

in ORF systems as the number of relays increases, maximum accessible distance
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BER

Figure 4.10: The maximum accessible communicating distance of different multihop
FSO systems with M = 1 and M = 2 when P; = 500 mW, Ny = 2 x 107"° W/Hz,
and BR= 10 Gbps. (The plot descriptions are provided in Table 4.4)

improves more rapidly, e.g. by utilizing only one ORF relay (System 3), L increases
by 1.38 km, by using another ORF relay (System 4), additional 1.4 km increment
is obtained in Lp. As mentioned in Chapter 3, by increasing the number of relays,
maximum L occurs at shorter hop distances so that the system overcomes the effects
of accumulated background noise. By deploying ORF relaying technique, background
noise is mostly eliminated at each relay and shortening hop distances no longer is

required, e.g. from Table 4.4, the hop distances in the considered ORF systems are
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almost 1.5 km for both System 3 and System 4. Undcr this circumstance, in ORF
systems, the maximum accessible distance extends linearly by the' number of relays.
Ideally, if atmospheric turbulence effects are neglected, ORF relaying technique can
greatly extend the total communicating distance Ly by desirably increasing the number
of relays.

The relaying system which consists of two equally-spaced ORF and QAF relays
(System 5) has slightly better performance than the system with just one ORF relay
(System 3). This small improvement corresponds to the shorter hop distances to
compensate the effects of background noise. For long hop distances where the received
SNR. at relays is very small, employing OAF relays not only does not improve the
system performance but it also deteriorates it ( Fig. 3.13). As shown in Fig. 4.10,
at very long hop distances (Ly > 2.2 km), the performance of System 3 is better
than performance of System 5, because at very low received SNRs, using OAF relays
is equivalent to injecting background noise to the system. Although System 5 takes
advantage of one more OAF relay, totally, performance of System 3 and System 5
are very similar even at short hop distances. This similarity accentuates the superior
performance of ORF technique to OAF method and its dominant role in hybrid
systems for improving the system performance. Next section is spent to compare

resistivity of both techniques in the presence of background noise.

4.3.6 Fixed hop Lengths

In order to compare ORF technique resistivity to background noise with OAF tech-
nique, Fig. 4.11 is provided. In the systems under consideration, hop lengths are fixed

L; = 1 km. The total communicating distance increases by subsequently adding a
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Figure 4.11: BER of different ORF FSO sysfems with different number of relays M
for a fixed hop distance of Ly = 1 km and BR= 10 Gbps. (The plot descriptions are

provided in Table 4.5)

new relay to the previous system. The amount of accumulated background noise in-
creases by the number of relays. In the OAF relaying technique, it is shown that this
increment in background power deteriorates the system BER. and limits its maximum
accessible distance. However Fig. 4.11 indicates that increasing the number of relays

in ORF systems does not influence the system performance because the accumulated

1

background noise is eliminated at each relay. Table 4.5 summarizes the configurations

of the systems considered in this figure.

From Fig. 4.11, by replacing ORF relays with OAF relays, at a given BER= 107°,
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. Table 4.5: Different system configurations for Fig.4.11 (L, = 1 km)
Marker M Lr(km) Relaying Technique SNRgp (dB)

O 3 4 OAF 31.29
"L o 3 OAF 29.84
X 2 OAF 27.75
O 3 4 ORF 25.96
=) 3 ORF 26.31
—X— 1 2 ORF 26.33

the average transmit SNRy improves by 1.44 dB, 2.92 dB and 5.36 dB when the num-
ber of relays are M = 1, M = 2, and M = 3 respectively. In OAF systems, by
increasing the number of relays (increasing the total communicating distance) more
average transmit power is required to guarantee a specific BER at the receiver. How-
ever when ORF technique is used, by subsequently adding more relays, the system
BER remains nearly unchanged. This feature makes the ORF relaying technique
a distinguished method for removing the background noise in multihop FSO com-
munication systems and leading to significantly extending the FSO communication

distance coverage.

4.4 Conclusion

In Chapter 3, the OAF relaying technique has been developed to reduce the degrading
effects of atmospheric turbulence. It has been shown that by mitigating atmospheric
fading effects via reducing hop distances, the link coverage can be extended. But the
magnitude of improvement is limited due to growing accumulated background noise

during the channel. In this chapter, ORF relaying technique has been proposed as
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a powerful method to optically remove background noise at each relay. A very weak
turbulence fading condition (C2 < 1 x 10717 m~2/3 [52]) has been considered under
which the atmospheric fading effects can be neglected over distances up to 1 km.
Assuming this condition, BER performance of different ORF systems operating at
BR= 10 Gbps are investigated and compared with the performance of OAF systems.
The results indicate that the distance coverage of ORF FSO links can be significantly
extended by increasing the number of relays because collected background light at
each relay is mostly eliminated by a regenerator. Qualitatively, by employing only
one ORF relay, the total communicating distance increases respectively by 1.38 km
and 0.88 km with respect to direct transmission and a similar OAF multihop system.

In ORF systems, background noise is mainly eliminated by the relay and does
not, propagate through the channel, this feature which is also involved in the decode—
and-forward relaying technique causes ORF systems to significantly outperform OAF
systems, especially for large number of relays and longer distances. Although the
ORF technique provides superior performance to OAF technique, it requires more
sophisticated equipment such as an automatic gain controller, optical Gaussian fil-
ters, adjustable non-linear optical medi;lm, two amplifier at each relay, etc, which
increase the complexity and implementation costs of the system. The regeneration
process is highly sensitive to the incident signal SNR, the pre-amplifier adjusted gain,
and the Gaussian filter frequency offset and bandwidth. Also as mentioned, the re-
generator output signal has a small displacement with respect to the original pulses
that in some applications tilis delay might be undesired [63]. The error propagation
is another performance limiting factor in ORF systems. In general, the amplitude

of the regenerator output pulses are not completely equal and they have negligible
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fluctuations. If the regenerator is not well adjusted and does not work at its opti-
mal operating condition, it can even add extra amplitude fluctuations to the output
pulses. These fluctuations, e.g. at bit ”1”, propagate through the channel and by
subsequent regeneration in the following relays lead to wrong detection of the pulse
(completely rejecting the pulse). These challenges in the proposed ORF system pro-
vide motivation to finding niethods to increase the system stability and reduce the

implementation complexity.



Chapter 5

Conclusion and Future Work

5.1 Conclusion

This thesis presents new optical relaying techniques to mitigate atmospheric turbulence-
induced fading effects and eliminate background noise in free space optical (FSO) com-
munication systems. The main contributions of the thesis are proposing all-optical
amplify-and-forward (OAF) and regenerate-and-forward (ORF) relaying techniques
and applying them to relay assisted FSO systems.

In order to define an all optical relay-assisted FSO system, a new channel model
is developed which characterizes the variations of intensity and phase of the optical
signal during wave propagation. An additive AWGN channel is assumed in which

background illumination is the dominant source of noise. Three primary factors have

which includes both absorption and scattering contributions; 2) log-normal fading
under weak atmospheric turbulence conditions; and 3) propagation loss due to optical

beam spreading through optical channel. The Beers-Lambert law is modified to find
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the atmospheric attenuation factor applied to the optical field envelope. Since the
optical field envelope is analyzed, both amplitude and phase of atmospheric-induced
fading are statistically modeled and new definition for propagation loss is defined.
The numerical results show that the new model for propagation loss is close to the
conventional model (geometric loss), however, the proposed model provides more
accurate estimation of beam propagation loss especially over short ranges (a few
hundred meters). The atmospheric channel effects are assumed as multiplicative
complex terms which are multiplied by the field envelope and induce intensity and
phase fluctuations at the receive aperture. These fluctuations degrade the overall
system performance.

The OAF relaying technique is proposed as a powerful technique for mitigating
the atmospheric .turbulence—induced fading while all relaying processes, e.g. amplifi-
cation, filtering (as needed), etc; are performed in optical domain. The all-optical AF
relaying technique allows users to take advantage of high data rate (wide bandwidth)
optical transmissions over longer distances. It also provides less delay and complexity
in implementation rather than the previously considered AF communication systems
which need OE and EO conversions at each relay. Performance of OAF systems has
been considered for two bit rates BR= 1.25 Gbps and BR= 10 Gbps under no fad-
ing and weak fading effects. It is numerically shown that by increasing the number
of relays between source and destination, hop distances decrease and consequently
distance-dependent atmospheric-induced fading is mitigated. In fact by emplo.yipg
more OAF relays, longer communicating distances are accessible for a given aver-
age transmit power. However, distance improvements slow down by increasing the

number of relays because the collected background light at each relay is accumulated
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during propagation and totally more noise is_(;xdded to the signal. The accumulated
background noise is the major limiting factor in improving the 1115)(111111111 accessible
distance of OAF multihop systems.

The decode-and-forward (DF) relaying method has been widely used in RF sys-
tems to remove the effects of background noise at each relay. Due to its superior
performance to AF relaying technique, DF method is recently applied to FSO sys-
tems as well. The considerable loss in data rate, complexity of encoding/decoding
processes, and delay induced by electrical processors at each relay accentuate the
need for an innovative technique to remove background noise completely in optical
domain. Tn this thesis, the ORF relaying method is developed as a promising tech-
nique for removing background noise at each relay. The ORF systems operating at
high bit rate BR= .10 Gbps are considered undcr a very weak atmospheric turbulence
condition where atmospheric fading effects can be neglected over short distances (less
than 1 km). Under this assumption, BER performance of ORF systems are analyzed.
The simulation results indicate that by employing ORF technique, the background
noise can be eliminated at each relay that results in accessing greatly longer commu-
nicating distances. Despite the OAF method, in ORF systems the communicating
distance improves steadily as the number of relays. In other words, the ORF tech-
nique used in multihop FSO systems makes high data rate communications possible
over a greatly extended communicating distance by employing reasonable number of
relays. Although the ORF technique distinguishably outperforms the OAF method in
terms of BER performance, it requires complex relay structures and adjustable gain

amplifiers that imposes more complexity and implementation costs to the system.
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5.2 Future Work

In this thesis, all-optical multihop FSO communication systems are studied and its
BER performance is analyzed for the first time. Therefore many future directions

still remain to be investigated in the future, some of which are described as follows.

o Although most FSO manufactures utilize the bit error rate (BER) as a stan-
dard performance metric to characterize their products, the BER is not itself a
comprehensive metric to evaluate the performance of FSO systems. In multi-
hop systems, the end-to-end outage occurs when a local outage happens during
one of intermediate hops. The intensity fluctuations induced by atmospheric
turbulence, blockage of the line-of-sight link due to temporary obstructions, e.g.
birds, temporary disalignment between two consequent relays, etc, lead to an
end-to-end outage in the whole system. Therefore, analyzing outage probability
factor would be a critical step in performance analyses of all-optical multihop

FSO systems.

e In Chapter 4, the error performance of ORF FSO systems has been investigated
when the atmospheric turbulence-induced fading effects are neglected. This
assumption holds for short hop-distances (less than 1 km) and under weak
atmospheric turbulence conditions. In order to utilize ORF technique to support
long-haul applications, atmospheric turbulence effects must been taken into
account. The ORF FSO system performance has been analyzed in the
of background noise and it has been shown that in the absence of fading, ORF
technique greatly extends the total communicating distance. The next work

can be devoted on investigating the limitations that atmospheric turbulence
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imposes to the maximum achievable distance of ORF FSO systems.

e The performance of multihop FSO systems has been analyzed in the absence/presence
of weak atmospheric turbulence-induced fading. The performance of FSO links
is very dependent upon weather conditions therefore investigating the perfor-
mance of multihop FSO systems under different turbulence conditions is another
interesting approach for the future work. On the other hand, the system per-
formance can be analyzed for different amounts of collected background power
at the receive apertures when the ambient illumination varies during the day

and for different locations.

e The cooperative diversity scheme is another future approach for increasing both
the reliability and distance coverage of FSO systems. The information redun-
dancy at the receiver of such systems can improve the error performance. On
the other hand, since each path experiences a different atmospheric condition,

it is expected that the end-to-end outage probability decreases.
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Optimum relaying configuration

A.1 Dual-hop relaying system
Recall the expression for fi(z) given in Eq. (3.26):
fi(z) = [e*a? + *Er7®) (L — 2)% + (kSNRg) e 7 2?(Ly — 2)?] . (A.1)

It will be shown that

filw) | L, =0

z) >0, for 0<z < L. (A.2)
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ALl fi(E) =0

filz) = a];i:z:) = ax2e®® + 2xe®® — o Ly — x)Qea(LT—fﬂ) — oLy — :I,‘)ea(LT_I)
+ (kSNRg)™'e™ 7 (2z(Ly — z)* — 2(Lr — z)z°), (A.3)

= fi(z) = «ale*®2® — T Ly — ) ] +2 [e*z — e Lr=2) (L7 — )]

+ 2(kSNRg)~ 1 e Ty (Ly — x) (L — 27). (A.4)
From (A.4), it is clear that at z = %L the first derivative of f,(z) is zero: f}(%£) = 0.

Al2 f] (77“)

First it will be shown that the second derivative is nonnegative at z = £. From

(A.4)

a /
i(w) = falix) = s + 226" + e Ly — )2 + 2Ly —z)e )

+ 2[e* + aze™ + e =) | o(Lp — z)ebr=a)]

+ 2(kSNRg) ™7 [(Ly — 22)* — 22(Lr — )] (A.5)
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By substituting z = LTT in (A.5)
L L L I 2
" (77’) — 20 [gea-’@ﬂ(g + 2)} +4 [eaLTﬂ(a—ZZ + 1)} — 2(kSNRy) e =E

et/ | (2 — (5SNRo)1er/2) I3 + daly +4| (A.6)

o

oup—

c

In the FSO systems which are considered in this work, the atmospheric atten-
uation coefficient is a = 0.43 dB/km which in the linear system is equivalent to
a = 107*(m™1). In typical FSO systems, s =~ 10° and the average transmit SNRy
varies between 0 dB and 40 dB in our simulations or equivalently 1 < SNRq < 104
in the linear system. The term ¢ in (A.6) is the coefficient of the dominant factor
(L%) and is described as ¢ = (a/2 — (kSNRg) te®/1/2). Since the two other terms in
(A.6) are positive, if ¢ > 0, therefore f{'(L7/2) > 0 and the proof is complete. For
0 < Lp < 40 km, the exponential term changes between 1 < e®7/2 < 7.39, in other

aLr/2

words e < 10 for a long range of Ly. On the other hand, for the above mentioned

range of SNRg, 107° < (kSNRg)™" < 107%. At the worst case where SNRy = 0 dB

((kSNRg) ™ = 107%), the maximum Lz over which f}'(Lr/2) is nonnegative can be

obtained as

_o 1074 Lo—4XL
e = (5 — (SNRg)'e7/?) > 0 2L = —107%" 7" > 0= Ly <35 km,

(A.7)
For higher SNRy, f{(Lr/2) is nonnegative over longer distances. Since, in this work,
shorter distances and higher SNR are considered in the simulations, it can be assumed

that f7(L7/2) is nonnegative in the desired range of L.
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A.1.3 f{(z)> 0 for x € [0, L7]

Now it will be shown that fi'(z) > 0 is also 1hlonnegative over the range of typical Ly
values where f'(Lr/2) is nonnegative. In (A.5), the first two terms are nonnegative
for every arbitrary value of 0 < x < Lp. However the third term depends on the
value of a, Ly, x, and SNRy. In A.1.2] the range of Ly over which f'(Ly/2) is
nonnegative has been discussed. In this section, it will be shown that fi'(Ly/2) is
less than f(z) for every z # 4 and 0 < z < Ly, and therefore, f/(z) is nonnegative

over the region where f}(Lr/2) > 0. Consider the third term in (A.5).
9(z) = [(Lr — 2z)* — 2z(Lr — )], (A.8)

the first and second order derivatives of g(z) are easily obtained as

dg(x)
a /
g = 2@ _gis 1550 : (A.9)
Ox
From (A.9), g(x) is convex over all possible values of z and z = &= is a global

minimum point for g(z). That is, g(x) > g(Lr/2) or equivalently f{'(z) > fi(Lr/2)
for every z inside the region (0 < z < Lp). Since, f'(Lr/2) is nonnegative for the
desired range of Ly, therefore fi(z) is also nonnegative for every 0 < z < Lr, and

T = 521 is a global minimum point for fi(z) over the desired range of L.
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A.2 (p+ 1)-hop relaying system
From (3.36)

p+1

[1 4 (kSNRg) e~ (Ly — 2)?]

T

fogr(z) = |1+ (RSNRo)ﬂe“(ml) (pi 1)

(A.10)
A21 f(z)

fpr (@) = gf%%@—):(p‘i‘l)

1+(mSNRO)—1ea(p_L)< - >2r

p+1

=)

x| (5SNRg)Le?(H) <

2
p+1

@ , T 4
+

p+1(p+1)

X [1+ (5SNRg) e~} (Ly — 1)?]

8

(

p+1

p+1
X [(K,SNRo)*lea(LTum) (Q’(LT - 113')2 +2(LT - x))] . (A].l)

[ 2
- 1+(RSNRO)—160(#)< d >

L.

Define zp; = Lr/p + 2. For z = (p+ 1)z, the first order derivative is zero

e+ Daar) = [1+ (8SNRg)2e2®m2%,]” (KSNRg) e

X [OL'(Q??\,[ + 29]]\/[) — Oé(ﬂ??\/[ + 227]\4)] =0 (A12)
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A.2.2 fV . (x)

p+1

From (A.11), the second order derivative is derived as

of, T i
Bate) = 22 [y e (027)]

[ i 4 2 T
SN —1 a(p 1) o IRy
8 Vﬁl%)e ' <p+1%+1)+p+1%+1)
X [1 + (K}SNR())_IBQ(LT_I) (LT — $)2]

o | ,
x el (SE e 2
p+1'p+1 p+1'p4+1

p

2
. 1+(HSNRO)*160(#>< i )

L p + 1
X [(mSNRo)_lea(LT_m) (Of(LT —z)? +2(Ly — x))]

i z / 2 s
X a(?) - * 24
_e ’ (p+1(p+1) p+1(p+1)

27 P
1+ (sSNRg)Le(751) (pi 1)

% [1+ (KSNRg) 1e?Wr=2)(Ly. — i)?]
e Gt )
- (+1) {1+(HSNRO)—1ea(ﬁ)< . YT

p+1

o T 2 z
_ p+1(p+1) +p+1(P+1)>:|
X [ea(LT_"") (a(Ly — z)* + 2(Ly — z))]
r 9P+
{1 (R G () 1
i \p+1/ |
X [ea(LT_m) la (L — )+ 2(Ly — z)) + 2a(Lr — ) +2)]] . (A.13)

| (ssNRg) e () (
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By substituting (p + 1)xas into (A.13), a similar equation to (A.6) is found

+2
S a((p+ Dzy) = 222

n 1(3“’”’“ [(a — 2(kSNRg) e M) z2  + 4oy + 2] . (A14)
p T

For p = 0, (A.14) results in (A.6). Here, z3; depends on the number of relays
M=p+1

i Lt
p+1 \ p42

_ P+2 o(ih) [(a_ Q(KSNRO)‘lea(z%)) < Ly >2 +4a< Ly ) +2

p+1 p+2 p+2

1 a o L2
= me(ﬁ)LT [(o: - 2(f€SNR0)_le(m)LT> E?TTZ— +4aly +2(p + 2)] :

(A.15)

By comparing (A.6) and (A.15), it is evident that by increasing the number of relays
at a given SNRy, a new acceptable region for L is obtained which is larger than what
obtained in (A.7). In this region, equally spaced relaying provides maximum received
SNR at point ;. Using the same approach expressed in Section A.1.3, it is possible
to show that f,.1(z) is also convex over all 0 < z < Ly for typical values of system

parameters and ;7 is the global optimum point over the acceptable region of L.
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