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ABSTRACT

Free space optical (FSO) communication has attracted a great attention in recent

years because of their high bandwidth capacity in unregulated spectrum which makes

them a cost-effective and easy-to-install alternative to fiber optics. Moreover they

provide high immunity to interference and jamming due to directional and narrow

beams. FSO systems are appealing for number of applications including last-mile

access, fiber back-up, back-haul for wireless cellular networks, and disaster recovery

among others. The major degrading factor in these systems is atmospheric turbu-

lence induced fading particularly for long range links. Relay-assisted FSO systems

provide significant performance gains by using the advantage of shorter hops and the

fact that fading variance is distance dependent in FSO channels. In this thesis, we

investigate the performance of multi-relay FSO systems in various settings. In the

first part of thesis, we consider an all-optical relaying system to remove the need for

optical -electrical- optical conversions. We explore the benefits of relay selection and

investigate its outage performance over Gamma-Gamma distributed turbulence chan-

nels. In the second part of thesis, we assume that source is equipped with multiple

transmit apertures employing the so-called spatial pulse position amplitude modula-

tion (SPPAM). We investigate an upper bound for bit error rate of this system with

multiple parallel relays over log-normal distributed channels.
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ÖZETÇE

Serbest Uzay Optik (SUO) İletişimi, son yıllarda, düzenlenmemiş spektrumda yüksek

bant genişliği kapasitesi sağlaması onu, fiber optik iletişimin, uygun maliyetli ve kolay

kurulabilir bir alternatifi yaptığından, büyük bir ilgi görmüştür. Üstelik, yönlendirilmiş

ve dar hüzmeler sayesinde girişim ve parazitlenmeye karşı yüksek bağışıklık sağlarlar.

SUO sistemleri, son mil erişimi, fiber yedekleme ve kablosuz hücresel ağları için back-

haul olmayı içeren bir çok uygulamaya olanak sağlaması ve felaket telafisi özelliklerinden

dolayı, diğer sistemler arasında caziptir. Bu sistemlerde en önemli bozucu etmen,

özellikle uzun mesafe hatları için, atmosferik türbülans tarafından uyarılmış sönümlenmedir.

Röle destekli SUO sistemleri kısa atlamaların avantajını kullanarak ve SUO kanal-

larında sönümlenme varyansının mesafeye bağlı olmasından dolayı, yüksek başarım

kazancı sağlar. Bu tezde, çok röleli SUO sistemlerinin başarımını, farklı ayarlamalarda

inceledik. Tezin birinci kısmında, optik-elektrik-optik dönüşüm ihtiyacını ortadan

kaldırmak için, tüm-optik röle sistemini göz önünde bulundurduk. Röle seçiminin etk-

isini araştırdık ve bunun Gamma-Gamma dağılıma sahip türbülans kanalları üzerindeki

hizmet kesilme başarımını inceledik. Tezin ikinci kısmında, kaynağın, uzamsal darbe

konum genlik kiplemesini (UDKGK) kullanan çoklu verici açıklıkları ile donatılmış

olduğunu varsaydık. Bu sistemin bit hata oranı için, log-normal dağılımlı kanallar

üzerinde çoklu paralel rölelerle, bir üst sınırı araştırdık.
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CHAPTER I

INTRODUCTION

Free space optical (FSO) communication involves the use of optical carriers for wire-

less connectivity between two fixed points [1]. In this chapter, we first provide an

overview of FSO communication and discuss about the atmospheric turbulence in-

duced fading which is a major performance limiting factor. Then, we discuss on

how to improve FSO system performance in the presence of atmospheric turbulence.

We further elaborate on relay-assisted FSO communication which has been recently

proposed as powerful fading mitigation tool and forms the basis of this thesis.

1.1 Overview of FSO Communications

In FSO communication systems a source produces information waveforms which will

be modulated onto an optical carrier. The generated optical field will be radiated

through an optical channel (atmospheric turbulence) towards a destination. At the

receiver, the field is optically collected and a photo-detector transforms the optical

field to an electrical current. The receiver processes the detected electrical current to

recover the original transmitted information [2].

Figure 1: The block diagram of an optical communication system.

Direct detection (non-coherent) receivers are so practical in FSO systems because

of their simple and cost-effective implementation. In these receivers, the photodetec-

tor directly detects the instantaneous power (intensity) of the collected field at the
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receiver aperture so they can only be employed in intensity modulation direct detec-

tion (IM/DD) systems where the information is contained in the intensity variation

of optical field.

FSO systems offer very high data speeds comparable to fiber optics [3]. Since

they operate in unregulated spectrum, there is no need to pay license fee. Very nar-

row beams used in lasers offer significant advantages over RF counterparts such as

enhanced security, decreased power consumption and lower electromagnetic interfer-

ence [3–6].

Transferring high data rate from optical fiber backbone to the clients is usually

problematic because it is expensive and time consuming and sometimes not possible

to lay down fiber optics in an urban area. FSO communication is an efficient solution

for this last mile problem because of their high data rate, easy installation and quick

deployment [7]; they are also easily redeployable which makes them a good candidate

for systems that are subject to frequent changes in their configuration or architecture.

The performance of terrestrial FSO systems is degraded by some atmospheric

effects including absorption and scattering of the laser beam in adverse weather con-

dition such as rain or fog [8]. Building sways because of wind load, thermal expansion

and small earthquakes may also cause to cut off the communication [9]. Another ma-

jor impairment is from the atmospheric turbulence particularly for link ranges longer

than 1 kilometer [6, 10,11].

1.2 Atmospheric Turbulence

Atmospheric turbulence occurs as a result of inhomogeneities in the temperature

and pressure of the atmosphere which cause variations of the refractive index along

the transmission path. This consequently leads to random fluctuations in phase

and intensity (irradiance) of the received signal. These fluctuations can severely

deteriorate the performance of FSO communication systems [12, 13]. The coherence
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time of atmospheric turbulence fading depends on wind velocity, and can be on the

order of milliseconds which is greater than the symbol duration in each transmission,

therefore optical channels are slow-fading channels [14–16]. Scintillation index is

typically used to measure turbulence strength and given by

σ2
I =

E [I2]

E[I]2
− 1 (1)

where E [.] is the irradiance (intensity) of the optical wave and is the ensemble average

[17].

Plane wave and spherical wave (point source) are two asymptotic regimes for

optical waves that can be characterized by Rytov variance

σ2
R = 1.23C2

nk
7/6L11/6 (2)

where C2
n (m−2/3) stands for the refractive index parameter, k = 2π/λ and λ (m)

is the wavelength. L (m) is the distance between transmitter and receiver. Rytov

variance is a measure of turbulence optical strength and is being used to characterize

irradiance fluctuation from weak for Rytov variance less than unity (σ2
R < 1) to

moderate to strong for Rytov variance greater than unity (σ2
R ≥ 1) [5]. Let σ2

Ipl
and

σ2
Isp

denote the scintillation index of respectively plane and spherical waves. In terms

of Rytov variance, they are expressed as

σ2
Ipl

= σ2
R = 1.23C2

nk
7/6L11/6 (3)

σ2
I,sp = 0.4σ2

R = 0.5C2
nk

7/6L11/6 (4)

The typical value for refractive index varies from approximately 10−17 m−2/3 for

weak turbulence conditions to 10−13 m−2/3 for strong turbulence conditions.

There are several statistical models to describe the behavior of random irradiance.

Some of the known distribution models are Rice-Nakagami distribution, log-normal

distribution, K-distribution and Gamma-Gamma distribution [8]. Among these, the
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most popular distribution for weak turbulence channels is log-normal and for moder-

ate to strong turbulence channels is Gamma-Gamma distribution.

The probability density function (PDF) for a log-normal channel is given as

f (I) =
1

I
√

2πσ2
I

exp

(
−(ln (I)− µI)2

2σ2
I

)
, I > 0 (5)

where µI and σ2
I are mean and variance of intensity respectively. On the other hand,

the PDF of Gamma-Gamma distribution [18] is given by

f (I) =
2(αβ)(α+β)/2

Γ(α)Γ(β)Ī

(
I

Ī

) (α+β)
2
−1

Kα−β

[
2

√
αβ

(
I

Ī

)]
(6)

where Ī denotes the average irradiance, Kv(·) is the modified Bessel function of the

second kind and order ν, Γ(.) is the Gamma function. α and β represent the effect

of large-scale and small-scale cells of a spherical wave and are given by

α =

exp

 0.49β2
0(

1 + 0.18d2 + 0.56β
12/5
0

)7/6

− 1


−1

(7)

β =

exp

0.51β2
0

(
1 + 0.69β

12/5
0

)−5/6

1 + 0.90d2 + 0.62d2β
12/5
0

− 1


−1

(8)

where β2
0 = σ2

I,sp (d) = 0.5C2
nκ

7/6L11/6 is the Rytov parameter. In (7) and (8), d =

(kD2/4L)
1/2

characterizes the aperture averaging effect where D denotes the diameter

of the receiver aperture.

1.3 Fading Mitigation Tools

Several mitigation tools has been introduced in literature to overcome the degrading

effects of turbulence induced fading such as error correcting codes [19, 20], Maxi-

mum Likelihood Sequence Detection (MLSD) [21], spatial diversity [10,22], multiuser

schemes [23,24], and relay-assisted communications [25,26].
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1.3.1 Error Correcting Codes

Error correcting codes add redundancy to the transmitted data and use these redun-

dancies to detect error and immediately correct it on the receiver side. They need to

deal with highly correlated channel states and therefore require large-size interleavers

to achieve the desired performance. Block codes, convolutional codes and turbo codes

are three schemes for linear error correcting codes

1.3.2 Maximum Likelihood Sequence Detection

MLSD with knowledge of joint temporal fading distribution needs multidimensional

integrations which causes high computational complexity [10]. Some sub-optimal

temporal-domain mitigation techniques has been proposed in [12, 27] which gives a

solution when receiver only has knowledge of the marginal fading distribution, but

knows neither the temporal fading correlation nor the instantaneous fading state.

1.3.3 Spatial Diversity

Spatial diversity involves using several apertures in transmitter and/or receiver side

that can provide an attractive alternative approach for fading compensation with

its inherent redundancy. This technique provides significant performance gains by

introducing additional degrees of freedom in the spatial dimension and has been

extensively studied in FSO communications [11,23,28,29].

Using several apertures in transmitter, known as MISO (Multiple Input Single

Output), gives transmit diversity advantage by duplicating signals over several opti-

cal beams [30, 31]. On the other hand, deployment of several apertures at receiver

side is called SIMO (Single Input Multiple Output) and provides receive diversity

advantages. Equal Gain Combining (EGC) or optimal Maximal-ratio Combining

(MRC) [10, 23] can be employed to process the received signals. In an FSO system,

receiver diversity can also be offered by one large lens to average over received fluc-

tuations. This method called aperture averaging and can be efficiently employed if
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the receiver lens aperture is larger than the fading correlation length [32].

Deployment of multiple transmit and receive apertures antennas is called MIMO

(Multiple Input Multiple Output) which offers diversity gains as well as multiplexing

gain [33]. Performance of MIMO FSO systems has been investigated over different

turbulence channel models [10,12,23,28,34].

1.3.4 Multiuser Diversity

Multiuser diversity involves the selection of the user with the best channel quality

and allocates the system resources to that user for a certain time slot. This method

improves the system throughput and link reliability by taking advantage of the chan-

nel fluctuations particularly in systems where implementing MIMO techniques are

challenging [35]. It has been shown that multiuser diversity can better improve the

system performance with larger number of independent channels and hence number of

users [36]. Systems employing multiuser techniques need a simpler receiver structure

but they have some draw backs such as unfairness among users especially for the ones

which are closer to the base station and requiring channel state information (CSI) in

transmitter side for selection purposes [37].

1.3.5 Relay-assisted Communication

Relay-assisted FSO communication has been first introduced in [38] as an alternative

approach to achieve spatial diversity. Unlike RF channels, the severity of small-

scale fading in optical channels is distance dependent. Therefore using relays in

FSO systems not only reduces the path-loss but also mitigates the fading effect of

the turbulence channel. Moreover, since FSO communication is not a broadcasting

technology, using relays is beneficial where there is no clear line of sight between

source and destination.

Two processing techniques have been used for relaying in FSO systems, namely

amplify-and-forward (AF) and decode-and-forward (DF) relaying. In AF relaying, the
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relay multiplies the received signal with a proper energy scaling term and forwards it

to the next relay or destination. On the other hand, in DF relaying, the relay decodes

the received signal and then retransmits it to the next relay or destination.

There are two different configurations of relays in FSO communications whether

they are employed in serial (multi-hop transmission) or parallel (cooperative diver-

sity). In the first configuration, data transmits from source to relay node. Based on

the AF or DF relaying method, each relay scale the received signal and forward it or

decode and retransmit the signal to the next relay. This continues until sources data

receives the destination. In the second configuration, source is equipped with multiple

transmitters each of which pointing out in direction of corresponding relay node. The

source transmits the same signal to all relays and relays send it to the destination.

The main idea in cooperative diversity is that, by employing multiple relay nodes

with line-of-sight (LOS) to both the source and the destination, a virtual multiple-

aperture system is created. Advantage of this virtual multiple-aperture system, as

opposed to MIMO FSO systems, is that multiple paths are spatially separated from

each other, thus ensuring independence of the corresponding fading channels [39].

Performance of multi-hop transmission and cooperative diversity has been re-

ported in literature. Bit error rate performance of serial relaying with DF relays has

been investigated in [40] while the outage performance of such system under the as-

sumption strong turbulence channels with AF relaying has been reported in [41]. On

the other hand, the performance of a parallel relaying with single relay and a direct

link assuming AF and DF relaying has been investigated in [6, 26] and [42]. Finally

in [25] the outage performance of both relaying configurations (multi-hop transmission

and cooperative diversity) with AF and DF relaying methods under the assumption

of log-normal channel has been presented.

It should be emphasized that in most of mentioned works on parallel relaying,

it is assumed that all relays are simultaneously active. Such systems where all the
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relays participate in the relaying phase need strict synchronization among them. One

way to overcome this problem is relay selection in which only one selected relay is

active during the relaying phase. Performance of relay selection in FSO has been

investigated in [39,43] and [44]. In [43], an upper bound for average error probability

has been derived over Rayleigh and lognormal fading channels. In [44], the average

error performance of the DF system with relay selection over the Gamma-Gamma

fading channels is derived. In [39], three different protocols namely select-max, all-

active and distributed switch-and-stay have been proposed to select from relays over

Gamma-Gamma channels. One of the most common-used protocols for selecting

relays is max-min protocol which refers to the selection of the relay with the highest

instantaneous signal-to-noise ratio (SNR).

1.4 Thesis Motivation

In this thesis we investigate the performance of cooperative FSO communications.

First, we employ relay selection in system with all-optical relays between source and

destination to increase the speed of communication. Then we use spatial modulation

(SM) in transmitter with conventional relays to increase the spectral efficiency.

1.4.1 All Optical Relaying

In the initial studies on relay-assisted FSO systems [6, 25, 45], it is assumed that

there are electrical-optical (EO) and optical-electrical (OE) at relay nodes. This

requires high speed electronics and electro optics devices for implementation. All-

optical relaying has been proposed in recent papers [46–49] where the signals are

processed in optical domain eliminating the need for EO and OE conversions.

In [46] bit error rate performance of a dual-hop FSO system with optical AF

relay has been investigated based on a photon counting approach and the effects

of amplified spontaneous emission (ASE) noise, shot noise caused by background

radiation and thermal noise in receiver has been considered while in [47], Bayaki et.
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al investigated the outage performance of a multi-hop FSO system with optical and

electrical amplification based on a general approach proposed in [50]. They took into

account the effect of thermal noise, background radiation, ASE, various beat noises,

and signal dependent noise. In [48] bit error rate performance of a multi-hop FSO

system with optical AF and regenerative and forward relays has been investigated via

Monte Carlo simulation and instead of optical intensity channels the complex field

distributions at each relay were modeled in the presence of background noise. Finally

in [49], they investigate the outage performance of a dual-hop AF relaying based on a

photon counting methodology proposed in [51] and they considered the effect of ASE

and Degree of Freedom (DoF).

In this thesis, we investigate the outage performance of a relays-assisted FSO

communication system with multiple AF parallel relays. We consider the effect of

ASE and DoF in relays and destination and employ relay selection in order to choose

the relay with best channel quality to forward the signal to the destination.

1.4.2 Spatial Modulation

As discussed in [52–54], SM is a MIMO technique that only one antenna is active

during each time slot, and the receiver is simpler. This modulation increases the data

rate and spectral efficiency of a system without requiring any bandwidth expansion.

The key point in SM is mapping information into two carrying information units. First

one is the conventional signal constellation and second one is the spatial constellation

which is the transmitter antenna arrays [55].

Space Shift Keying (SSK) [56] is a special form of SM where only the indices

of transmit antenna is carrying the information. Even though SSK is spectrally

efficient and has the minimum implementation cost, every single bit increment in the

spectral efficiency requires doubling the number of transmitters. Using other signal

modulation like Pulse Position Modulation (PPM) or Pulse Amplitude Modulation
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(PAM) or both of them along with SSK has been investigated in [57–59] as a solution

to this problem.

Application of SM has been widely investigated in RF and indoor optical wireless

communications [60–62]. In [60] an upper bound for the average bit error rate of a

MISO system over general fading channels has been described while in [61] the upper

bound for a MIMO system over correlated Rayleigh and Rician channel has been

investigated. In [62] performance of a MIMO indoor optical communication system

has been described. Unlike RF and optical indoor communication, SM only recently

has been considered in FSO systems over turbulence fading channels in [59]. In [59]

an upper bound for bit error probability of a MIMO FSO system with spatial pulse

position amplitude modulation (SPPAM) under weak to strong turbulence has been

investigated.

A major drawback of SM is that the diversity gain is limited to the number of

receiver antennas. One method to overcome this limitation is using cooperative di-

versity by employing relays between source and destination. The concept of using

SM along with cooperative communication has been discussed in several RF liter-

atures [63, 64]. In [63], the performance of a SSK system with one AF relay has

been presented while in [64] the performance of SM with multiple DF relays has been

presented.

In this thesis, we investigate an upper bound for bit error rate of a cooperative

relay-assisted FSO system with multiple DF relays between source and destination

where source is employing SPPAM to send the data over optical channel.

1.5 Thesis Structure and Contributions

In this thesis, we investigated the outage performance and bit error rate of vari-

ous settings with relay assisted communication over different atmospheric turbulence

conditions.
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In chapter 2, we introduce a cooperative FSO system with number of parallel relays

between source and destination. Relays optically amplify and forward the received

signal to the destination. We investigate the outage probability of two protocols for

relaying phase under the assumption of Gamma-Gamma turbulence channels. One

protocol is when all relays are active and transmit the signal simultaneously and the

other one is when only one relay with the maximum SNR (or best channel quality)

has been selected to forward the signal to the destination.

In chapter 3, we consider a cooperative FSO system which employs number of

parallel relaying path each of which with one DF relay between source and destination

(cooperative communication). This system exploits SPPAM in the source. The active

antenna transmits the signal to all the relays and those which decode the received

signal correctly retransmit it to the destination. Under the assumption of log-normal

turbulence channel we derived a closed form expression of an upper bound for average

bit error rate of the described system, using average pairwise error probability (PEP)

and union bound technique. The derived analysis is validated through Monte Carlo

simulation results. Finally we conclude in chapter 4.
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CHAPTER II

RELAY SELECTION IN FSO SYSTEMS WITH

ALL-OPTICAL RELAYING OVER GAMMA-GAMMA

TURBULENCE CHANNELS

In this Chapter, we consider an all-optical multi-relay FSO system and investigate its

outage performance over Gamma-Gamma atmospheric turbulence channels. To avoid

strict synchronization requirements among relay nodes, we employ relay selection and

use only the selected relay in the relaying phase.

2.1 Channel and System Models

The system model under consideration is depicted in Fig.2. We consider a dual-

hop FSO system with N parallel paths. The source node modulates and transmits

the intensity-modulated signal. At the relay node, the received signals are optically

filtered and amplified. Both pre- and post-filtering are utilized to minimize the effects

of background and ASE noise of optical amplifiers. We consider the so-called max-

min cooperation protocol [65] in which the best relay is chosen based on the following

metric

Rb = arg max
i∈{1,2,...,N}

{min (γ0,i, γi,N+1)} (9)

where γ0,i is the instantaneous SNR between the source and the ith relay and γi,N+1

is the instantaneous SNR between the ith relay and the destination.

To implement this cooperation protocol in practice, instantaneous SNR values of

underlying links are required at the transmitter and CSI is fed back from the relay

and destination nodes to the source. Since FSO systems are full duplex, this feedback

information can be easily sent over the reverse channel. The selected relay re-directs

12



Figure 2: System model of a cooperative relaying system with N relays.

the optically amplified signal to the destination node.

Erbium-doped fiber amplifiers (EDFAs) are typically used at the destination to

overcome the limitations of electrical noise. EDFA is a well-developed technology

used in fiber-optic communication preamplifiers and in-line amplifiers in the 1550 nm

range [50, 66]. They can be used as optical amplifier in relays in an atmospheric

optical system along with other available devices for this wavelength band [67, 68].

Under the assumption of a high gain EDFA at the destination, we consider a shot-

noise limited system in which the effect of thermal noise can be neglected and only

shot noise caused by background radiation is dominant. Therefore, the noise at the

destination is modeled by additive noise.

13



Following the transmission model in [49], assume that the source terminal trans-

mits photons with rate s(t), with an average of msi, which obeys the Poisson dis-

tribution. Let h0,i, i = 1, 2, ..., N denote the atmospheric turbulence fading for the

link between the source and the ith relay. Similarly, hi,N+1 denotes the atmospheric

turbulence fading for the link between the ith relay and the destination. The received

photon rate at the ith relay is given by

ri (t) = h0,is (t) + ni (t) (10)

where ni is the background radiation for the link connecting the source to the ith

relay (S → Ri channel). The photon count due to the background noise has Bose-

Einstein distribution with an average of mR which is assumed to be identical for all

relay nodes.

The received photon rate at the destination from the ith relay is

riN+1 (t) = hi,N+1h0,iGis (t) + hi,N+1Gini (t) + hi,N+1n
ASE
i (t) + ni,N+1 (t) (11)

where ni,N+1 is the background radiation of the link between the ith relay and the

destination (Ri → D channel). In (11), Gi is the gain of the ith relay and its calculation

depends on the degree of CSI availability (see Fig.3). In full- CSI relaying case,

instantaneous CSI of the source-to-relay link is assumed to be available at the relay

and is used for calculation of the amplification gain before retransmission of the

received signal. On the other hand, in semi-blind relaying case, only statistical CSI

(i.e., knowledge of the average fading power) is available; therefore a fixed coefficient

is used in the amplification process.

In (11), nASEi represents the ASE noise at the ith relay and is modeled by an

additive noise with the photon count of mASE
i = nsp(Gi−1) and the DoF M = 2Bo/Be

where Bo and Be denote the equivalent optical and electrical bandwidth of optical

filters respectively. DoF quantifies the ratio of optical filter bandwidth to the electrical

bandwidth and can be on the order of 1000 unless narrowband optical filtering is

14



Figure 3: Mathematical model for transmission through one relay.

employed [51]. The factor nsp denotes the spontaneous emission factor of the amplifier

and can be approximately taken equal to unity for most practical purposes [49].

We assume a Gamma-Gamma distribution for atmospheric turbulence. Dropping

the indexes i and j for notational simplicity, we have h = h′I where h′ is the path

loss factor and I is the instantaneous irradiance whose distribution is given by 6. The

instantaneous SNR is γ = mh = γ̄I with γ̄ = mh′ denoting the average SNR. Using 6

and a simple transformation, we can find the PDF of instantaneous SNR. The CDF

of instantaneous SNR is further obtained as

F (γ) =
(αβ)

α+β
2

Γ(α)Γ(β)

(
γ

γ̄

) (α+β)
2

G
2, 1

1, 3

αβγ
γ̄

∣∣∣∣∣∣∣
1− α+β

2

α−β
2
, β−α

2
,−α+β

2

 (12)

where G
m,n

p, q
[.] is the Meijer’s G-function.

2.2 Outage Performance Analysis

The outage probability is defined as Pout = Pr(C(γT ) < R0), where R0 is the target

transmission rate and C(.) is the instantaneous capacity of the channel. Since capacity

is a monotonically increasing function with respect to SNR, outage probability can

be expressed as Pout = Pr(γT < γth) where γT is the total SNR at the destination and
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γth is the minimum acceptable end-to-end SNR.

The received photon rate at the destination from the ith relay is given by (11).

The photon count statistics at the destination obeys Laguerre distribution [69]. The

probability of counts is given by

Pcount (k) = Lag (k, a, b,M) =
bk

(1 + b)(k+m)
exp

(
− a

1 + b

)
LM−1
k

(
− a

b (1 + b)

)
(13)

where LMk (x) is the generalized Laguerre polynomial of degree k, ai = Gih0,ihi,N+1ms,i

and bi = mR + Gihi,N+1mR + hi,N+1m
ASE
i . Here, ai and bi are the average photon

counts for the signal and the total background noise respectively. Therefore, we can

write the end-to-end SNR through the ith relaying path as

γTi =
a2
i

σ2
ni

(14)

where σ2
ni

is the variance of the noise photon count at the receiver and is given by [51]

σ2
ni

= ai +Mbi(1 + bi) + 2aibi (15)

In practice the average photon count due to background noise is much smaller

than the photon count caused by ASE, so we have bi ≈ hi,N+1m
ASE
i .

In full-CSI relaying scheme, the relay adjusts the gain of the amplifier at Gi =

mi,N+1/h0,im0,i while in semi-blind relaying the relay gain is fixed atGi = mi,N+1

/
h̄0,im0,i

[70]. Replacing (15) in (14) and using the definitions of Gi, we have

γ−1
Ti

=

 γ−1
i,N+1 +M(γ−1

0,i γ
−1
i,N+1 + γ−2

0,i ) + 2γ−1
0,i , fullCSI

γ−1
0,i γ

−1
i,N+1γ̄0,i +M(γ−2

0,i γ
−1
i,N+1γ̄0,i + γ−2

0,i ) + 2γ−1
0,i , Semi− blind

(16)

where γ0,i and γ̄0,i respectively denote instantaneous and average SNRs of S → Ri

links. Similarly, and are respectively instantaneous and average SNRs of Ri → D

links.

By using the max-min protocol metric defined in (9), we identify the best relay

and obtain the total end-to-end SNR for the selected relay using (16). Replacing (16)

in Pout = Pr(γT < γth), we compute the outage probability numerically which will be

presented in the following section.
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2.3 Numerical Results and Discussions

We consider an FSO system with the optical wavelength of λ = 1550 nm. The

source and the destination are located 3000 meters away from each other. We assume

that the relays are placed at equal distances on the direct path linking the source

to destination. Therefore, links are balanced and the average SNR is the same for

all hops. We assume refractive index structure constant of C2
n = 4.58 × 10−13 m−2/3

for each hop, an aperture with diameter of D = 10 mm threshold SNR of γth = 15

dB. The corresponding α and β parameters for the Gamma-Gamma distribution are

calculated as 2.3 and 2.0 respectively.

In Fig.4, we present the outage performance of max-min protocol for M = 1

assuming full-CSI relaying. As a benchmark, we include the performance of a system

where all relays participate in relaying phase (referred to as all-active protocol in [39]).

Two protocols coincide for N = 1 and therefore achieve the same performance as

expected. For N = 2, max-min protocol achieves the outage probability of 10−3

at SNR of 31.4 dB. This indicates a 0.7 dB improvement over all-active protocol

which achieves the same performance at 32.1 dB. For higher values of N , the relative

performance gain increases. At N = 3 and N = 4, the corresponding performance

gains are obtained as 1.3 dB and 1.9 dB respectively.

In Fig.5, we present the outage performance of max-min protocol for DoF value

M = 1 assuming semi-blind relaying. It is observed that additional performance

improvements are obtained over full-CSI case. For N = 2, all-active protocol achieves

the outage probability of 10−3 at SNR of 40.9 dB while max-min protocol reaches the

same outage at 36.1 dB which represents a 4.8 dB improvement in performance. This

indicates that using single relay becomes more effective in semi-blind relaying rather

than full-CSI relaying.

In Fig.6, we present the outage performance for different values of DoF under the

assumption of full-CSI relaying with four relays. For M = 1 (i.e., ideal case) all-active
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Figure 4: Outage probability of all-active and max-min protocol for full-CSI cooper-
ative relaying system with different number of relays over Gamma-Gamma channels.

protocol achieves the outage probability of 10−3 at SNR of 28.5 dB while max-min

protocol achieves the same performance at 26.6 dB. It shows 1.9 dB improvement

in performance. The corresponding SNRs for M = 10, 100 and 1000 for all-active

protocol are 29.1, 31.1 and 34.9 dB respectively. The max-min protocol achieves

the same outage performance at SNR values of 27.2, 28.5 and 31.7 dB indicating

performance improvements up to 3.2 dB.

In Fig.7, we present the outage performance for different values of DoF under the

assumption of semi-blind relaying with four relays. For M = 1 max-min protocol has

11.2 dB improvement over all-active protocol. This slightly decreases to 10.2 and 9.3

dB for M = 100 and 1000, respectively.
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Figure 5: Outage probability of all-active and max-min protocol for semi-blind coop-
erative relaying system with different number of relays over Gamma-Gamma channels.
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Figure 6: Outage probability of all-active and max-min protocol for full-CSI cooper-
ative relaying system with different values of DoF over Gamma-Gamma channels.
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Figure 7: Outage probability of all-active and max-min protocol for semi-blind coop-
erative relaying system with different values of DoF over Gamma-Gamma channels.
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CHAPTER III

RELAY-ASSISTED SPATIAL PULSE POSITION

AMPLITUDE MODULATION IN FSO

In this chapter, we investigate the performance of SPPAM with multiple DF relays

in which only relays that detects the signal correctly forward it to the destination.

We derived a closed form for pairwise error probability (PEP) for the system under

weak turbulence induced fading using which we present an upper bound for average

bit error probability (BER).

The system under consideration has been depicted in Fig.8. We consider a relay-

assisted FSO system with N DF relays located at the half distance between source

and destination. We assume that source is equipped with Nt transmit antennas and

destination has a single receive antenna (Nr = 1). Moreover, each relay has a single

receive aperture to collect the received signal and one transmit aperture to send the

data to the destination.

Source uses a SPPAM modulator to generate pulse position amplitude modulated

(PPAM) signal vector xm,q (which will be defined later) and send it to all N relays

by a single active transmit antenna in transmission phase. In the relaying phase,

relays which detect the signal vector and indices of active antenna in source correctly,

forward this vector along with fading of corresponding channel to the destination.

SPPAM modulator in source divides the incoming bit stream into log2 (NtMQ)

bits. log2 (Nt) bits determine the indices of the active antenna in source during

the transmission phase. log2 (M), and log2 (Q) bits respectively indicate the pulse

position and amplitude in PPAM signal vector respectively (see Fig.9). The M × 1

21



Figure 8: System with SPPAM in source and relays between source and destination.

dimensional PPAM signal vector xm,q is given by

xm,q = [0...0Aq0...0]T (17)

where none zero elementAq is inmth position and 1 ≤ m ≤M . Aq = 2q
√
M
/

(Q+ 1),

1 ≤ q ≤ Q is the qth level of amplitude in Q-ary PAM constellation. The spectral ef-

ficiency of SPPAM is log2 (NtMQ)/M , including the spectral efficiency of both PAM

and PPM constellations [59].

In the first phase of transmission, the active antenna in source sends the signal

vector to all the relays. The received noisy signal to the rth relay from source when

the jth antenna is active can be written as

ys,r = phr,jxm,q + nr,j (18)
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Figure 9: SPPAM mapping rule for system with Nt = 8, M = 4 and Q = 2.

where hr,j
∆
= [H]rj and HN×Nt is the channel gain matrix between source and the

relays. h ∼ ln (µh, σ
2
h) is log-normal with parameters µh and σ2

h. nr,j is the additive

white Gaussian noise with zero mean and variance of σ2
nI. p is the average transmitted

optical power per transmitter aperture which is related to the total transmitted power

by p = Pt/2N .

In the second phase of transmission only the relays that correctly decoded the

received signal transmit it to the destination. Let C denotes the decoding set which

is a set of relays that are allowed to forward the signal. The signal received to the

destination through the rth relay (r ∈ C) can be represented as

yr,d = phr,jgrxm,q + nd,r (19)

where gr
∆
= [G]r and GN×1 is the channel gain matrix between relays and destination.

g ∼ ln
(
µg, σ

2
g

)
is log-normal with parameters µg and σ2

g . nd,r is the additive white

Gaussian noise with zero mean and variance of σ2
nI.

We assume an aggregate channel model which considers both path loss effect and

turbulence induced fading. Let h be the channel gain of a FSO link. We describe it

as

hi,j = |αi,j|2Di,j (20)

where Di,j = loss (di,j)/loss (ds,d) is the normalized path loss for the link between
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nodes i and j. loss (d) is the path loss ratio for a FSO link with the length of d [22]

loss (d) =
ATXARX

(λd)2 e−σd (21)

where ATX , ARX , and λ are the transmitter aperture area, receiver aperture area

and the optical wavelength respectively. σ is the attenuation coefficient which is

depending on visibility [1,8]. |α| = exp (χ) is the channel fading amplitude which has

a log-normal distribution. The log-amplitude χ has a normal distribution with mean

µχ and variance σ2
χ where µχ = −σ2

χ to ensure that the fading does not attenuate or

amplify the average optical power [20]. The log-amplitude variance depends on link

distance, wave number k and refractive index structure constant C2
n

σ2
χ = 0.124k7/6C2

nd
11/6 (22)

We assume optimal maximum likelihood (ML) detector in relays with full channel

state information (CSI) which jointly estimates the active antenna index ĵ in source

and the transmitted signal vector xm̂,q̂ by minimizing the following metric

(
ĵ, m̂, q̂

)
= arg min

j,m,q

(
‖ys,r − phr,jxm,q‖2) (23)

where ys,r is the received signal to the rth relay as described before.

We assume that K relays out of total N number relays detect the signal correctly.

These relays forward the signal to the destination where there is an optimum MRC

receiver that jointly estimates ĵ and xm̂,q̂ by minimizing the following metric

(
ĵ, m̂, q̂

)
= arg min

j,m,q

(
K∑
k=1

‖yk,d − phk,jgkxm,q‖2

)
(24)

3.1 Performance Analysis

The exact average bit error probability (BER) for SPPAM cannot be tracked easily

however by using union bound technique [54, 71], an upper bound for BER can be
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given.

BER ≤ 1

2NtMQ

Nt∑
j=1

Nt∑
ĵ=1

ĵ 6=j

M∑
m=1

M∑
m̂=1
m̂6=m

Q∑
q=1

Q∑
q̂=1̂̂q 6=q

PEP r

(
j,m, q, ĵ, m̂, q̂

∣∣∣hr,j, hr,ĵ, gr,xm,q,xm̂,q̂)
(25)

where PEP r is the average PEP for the link between source and destination including

errors in relays and destination.

In order to better compute the upper bound for BER, we determine different

types of errors in relays and destination and find the corresponding PEP r expressions.

The correct detection of active transmit antenna of source and PPAM signal vector

at the receivers, introduces NtMQ cases. The other cases are all in error which can

be grouped into four different types of error based on the error detection in active

transmit antenna or PPAM signal vector. This implies sixteen different types of errors

in total. Here is the PEP r expression for the system when K relays detect the signal

correctly

PEP r (e1, e2) =
N∑
K=1

 N

K

(PEP relay

)N−K(
1− PEP relay

)K
× PEPMISO, I ≤ e1 ≤ IV, I ≤ e2 ≤ IV (26)

where e1, and e2 are the different possible types of errors occurring in relays and

destination respectively.

3.1.1 Calculating Average Pairwise Error Probability(PEP )

Assume η = phr,jxm,q is the transmitted signal and η̂ = phr,ĵxm̂,q̂ is the received signal.

PEP (η → η̂) is the probability of deciding on η̂ when η has been transmitted.

The PEP for relays denoted by PEPrelay can be calculated as following:

PEPrelay = PEP (η → η̂) = Pr
{∥∥ys,r − phr,ĵxm̂,q̂∥∥2

< ‖ys,r − phr,jxm,q‖2
}

= Pr
{
p2‖hr,jxm,q‖2 − p2

∥∥hr,ĵxm̂,q̂∥∥2
+ 2p

(
hr,ĵx

T
m̂,q̂ − hr,jxTm,q

)
ys,r > 0

}
= Pr {Ur > 0}

(27)
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After some manipulation it can be seen that Ur is a Gaussian random variable with

mean µr = −p2
∥∥hr,jxm,q − hr,ĵxm̂,q̂∥∥2

and variance of Σr = 4σ2
np

2
∥∥hr,jxm,q − hr,ĵxm̂,q̂∥∥2

.

We can find the average PEP for relays as following:

PEP relay = E
{
Q
(√

p2

4σ2
n

∥∥hr,jxm,q − hr,ĵxm̂,q̂∥∥2
)}

= E
{
Q
(√

ρ
4
Ω1

)} (28)

where ρ = p2/σ2
n is the electrical SNR and Ω1 =

∥∥hr,jxm,q − hr,ĵxm̂,q̂∥∥2
is the error

metric in relays.

With similar procedure we can find the average PEP expression in the destination

when K relays out of N relays are in the decoding set.

PEPMISO = E

{
Q

(√
ρ
4

K∑
k=1

g2
k

∥∥hk,jxm,q − hk,ĵxm̂,q̂∥∥2

)}
= E

{
Q
(√

ρ
4
Ω2

)} (29)

where ρ is as defined before and Ω2 =
K∑
k=1

g2
k

∥∥hk,jxm,q − hk,ĵxm̂,q̂∥∥2
is the error metric

in destination.

It should be noted that expected value of Q function can be calculated using

Craigs formulation [72].

Q (x) =
1

π

π/2∫
0

exp

(
− x2

2sin2θ

)
dθ (30)

We drop the indexes for simplicity and use 30 to find 28 and 29.

PEP = E
{
Q
(√

ρ
4
Ω
)}

= 1
π

π/2∫
0

∫
Ω

exp
(
− ρΩ

8sin2θ

)
fΩ (Ω) dΩdθ

= 1
π

π/2∫
0

MΩ

(
− ρΩ

8sin2θ

)
dθ

(31)

where MΩ (t) =
∞∫
0

fΩ (Ω) eΩtdΩ is the moment generating function (MGF) of random

variable Ω.
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3.1.2 Defining Error Types

As we mentioned before there are four different types of errors for relays and desti-

nation (terminals) which we will define in the following.

Type I : The index of the active transmit antenna and the pulse position has been

detected correctly but the pulse amplitude has not, i.e. j = ĵ, m = m̂ and q 6= q̂.

The error metrics corresponding to this type of errors for relays and destination are

ΩI
1 = (Aq − Aq̂)2h2

r,j (32)

ΩI
2 =

K∑
k=1

(Aq − Aq̂)2g2
kh

2
k,j (33)

There are NtMQ (Q− 1) terms corresponding to this type of error for terminals.

Type II : The index of the active transmit antenna has been detected correctly

but the pulse position has not, i.e j = ĵ, and m 6= m̂. The error metrics for this type

of error are

ΩII
1 =

(
A2
q + A2

q̂

)
h2
r,j (34)

ΩII
2 =

K∑
k=1

(
A2
q − A2

q̂

)
g2
kh

2
k,j (35)

There are NtM (M − 1)Q2 terms corresponding to this type of error for relays

and also for destination.

Type III : Neither the index of the active transmit antenna nor the pulse position

has been detected correctly, i.e j 6= ĵ, and m 6= m̂. The error metrics of this type of

error can be represented as

ΩIII
1 = A2

qh
2
r,j + A2

q̂h
2
r,ĵ

(36)

ΩIII
2 =

K∑
k=1

(
A2
qh

2
k,j + A2

q̂h
2
k,ĵ

)
g2
k (37)

There are Nt (Nt − 1)M (M − 1)Q2 terms corresponding to this type of error.
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Type IV : The pulse position has been detected correctly but the index of active

transmit antenna has not, i.e j 6= ĵ, and m = m̂. The error metrics corresponding to

this type of error is as following:

ΩIV
1 =

(
Aqhr,j − Aq̂hr,ĵ

)2
(38)

ΩIV
2 =

K∑
k=1

(
Aqhk,j − Aq̂hk,ĵ

)2
g2
k (39)

There are Nt (Nt − 1)MQ2 terms corresponding to this type of error.

It should be mentioned that except for the first type of errors, for the other ones

whether the pulse amplitude has been detected correctly or not does not affect the

statistical description of error metrics.

In order to use (31) to find PEP we should find the MGF of the random variable Ω

for all the above cases. It should be noted that error types I, II and III are weighted

sum of squared log-normal random variables. It can be shown that the sum of log-

normal random variables whether they are correlated or not can be approximated by

a single log-normal random variable [10,73].

Lets assume that Xi ∼ N (µX , σ
2
X) and 1 ≤ i ≤ N , are i.i.d normal random

variables with mean µX and variance σ2
X . Then Yi = eXi are i.i.d log-normal random

variables. Lets assume that S =
N∑
i=1

ciYi is a random variable with E [S] = mS, and

V ar [S] = v2
S. It can be approximated by S ≈ eU , a log-normal random variable with

parameters µU and σ2
U and U ∼ N (µU , σ

2
U) is a normal random variable with mean

µU = ln

(
mS

/√
1 + v2

S/m
2

S

)
and variance σ2

U = ln
(

1 + v2
S/m

2
S

)
.

Using Gauss-Hermite integration we can approximate the MGF function of as

following [73].

MS (t) ≈
Ne∑
n=1

ωn√
π

exp
(
t exp

(√
2σUan + µU

))
(40)

where ωn and an are weights and abscissas of Gauss-Hermite integration given in [74].

We can use formula (40) as MGF function needed in (31) to find PEP for different
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types of errors.

PEP = 1
π

π/2∫
0

MS

(
− ρS

8sin2θ

)
dθ

≈ 1
π

π/2∫
0

Ne∑
n=1

ωn√
π

exp
(
− ρS

8sin2θ
exp

(√
2σUan + µU

))
dθ

≈
Ne∑
n=1

ωn√
π
Q

(√
ρ
4

exp
(√

2σUan + µU
))

(41)

The goal here is to find the mean and variance of approximated log-normal random

variable for the first three error types. It should be noted that the forth type is the

difference of two log-normal random variable which cannot be approximated by a

log-normal distribution.

For type I and II we have

mΩ1 = c exp
(
2µh + 2σ2

h

)
(42)

v2
Ω1

= c2
(
exp

(
4σ2

h

)
− 1
)

exp
(
4µh + 4σ2

h

)
(43)

mΩ2 = Kc exp
(
2 (µh + µg) + 2

(
σ2
h + σ2

g

))
(44)

v2
Ω2

= Kc2
(
exp

(
4
(
σ2
h + σ2

g

))
− 1
)

exp
(
4 (µh + µg) + 4

(
σ2
h + σ2

g

))
(45)

where c = (Aq − Aq̂)2 and c = (Aq + Aq̂)
2 for error types I and II respectively. For

type III we have

mΩ1 = (c1 + c2) exp
(
2µh + 2σ2

h

)
(46)

v2
Ω1

=
(
c2

1 + c2
2

) (
exp

(
4σ2

h

)
− 1
)

exp
(
4µh + 4σ2

h

)
(47)

mΩ2 = K (c1 + c2)
(
2 (µh + µg) + 2

(
σ2
h + σ2

g

))
(48)

v2
Ω2

= K
(
c2

1 + c2
2

) (
exp

(
4
(
σ2
h + σ2

g

))
− 1
)

exp
(
4 (µh + µg) + 4

(
σ2
h + σ2

g

))
(49)

where c1 = A2
q and c2 = A2

q̂. It should be mentioned that µh and σ2
h are the channel

gain parameters for the link between source and relays and µg and σ2
g are the channel

gain parameters for the link between relays and destination.
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Using all the information above, we can find upper bound for BER as following

BER ≤
IV∑
e1=I

IV∑
e2=I

T (e1, e2) (50)

where

T (I, I) =
NtM

2L

Q∑
q1=1

Q∑
q̂1=1
q̂1 6=q1

Q∑
q2=1

Q∑
q̂2=1
q̂2 6=q2

PEP r (I, I) (51)

T (I, II) =
NtM (M − 1)

2L

Q∑
q1=1

Q∑
q̂1=1
q̂1 6=q1

Q∑
q2=1

Q∑
q̂2=1

PEP r (I, II) (52)

T (I, III) =
Nt (Nt − 1)M (M − 1)

2L

Q∑
q1=1

Q∑
q̂1=1
q̂1 6=q1

Q∑
q2=1

Q∑
q̂2=1

PEP r (I, III) (53)

T (I, IV ) =
Nt (Nt − 1)M

2L

Q∑
q1=1

Q∑
q̂1=1
q̂1 6=q1

Q∑
q2=1

Q∑
q̂2=1

PEP r (I, IV ) (54)

T (II, I) =
NtM (M − 1)

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1
q̂2 6=q2

PEP r (II, I) (55)

T (II, II) =
NtM(M − 1)2

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (II, II) (56)

T (II, III) =
Nt (Nt − 1)M(M − 1)2

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (II, III) (57)

T (II, IV ) =
Nt (Nt − 1)M (M − 1)

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (II, IV ) (58)

T (III, I) =
Nt (Nt − 1)M (M − 1)

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1
q̂2 6=q2

PEP r (III, I) (59)

T (III, II) =
Nt (Nt − 1)M(M − 1)2

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (III, II) (60)

T (III, III) =
Nt(Nt − 1)2M(M − 1)2

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (III, III) (61)
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T (III, IV ) =
Nt(Nt − 1)2M (M − 1)

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (III, IV ) (62)

T (IV, I) =
Nt (Nt − 1)M

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1
q̂2 6=q2

PEP r (IV, I) (63)

T (IV, II) =
Nt (Nt − 1)M (M − 1)

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (IV, II) (64)

T (IV, III) =
Nt(Nt − 1)2M (M − 1)

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (IV, III) (65)

T (IV, IV ) =
Nt(Nt − 1)2M

2L

Q∑
q1=1

Q∑
q̂1=1

Q∑
q2=1

Q∑
q̂2=1

PEP r (IV, IV ) (66)

3.2 Numerical Results and Discussions

We consider a FSO system with the optical wavelength of λ = 1550 nm. The source

and the destination are located at distance of L = 500 m from each other and relays

are in the half distance between source and destination. We assumed refractive index

of C2
n = 10−14 m−2/3 for weak turbulence fading channels and visibility of 0.43 dB/km

(i.e.,σ ≈ 0.1).

In this section we present the simulation result for error performance of SPPAM

modulation for different configurations and different number of relays. In all the

simulations we assumed one receiver antenna in each terminal (relays and destination)

and we used Gray mapping for bit to symbol conversion. Finally we used (50) to find

the upper bound for BER of each configuration.

In Fig.10, we present the average BER of a SPPAM system with Nt = 4,M =

2, and Q = 2 for one and four number of parallel relays in the middle of source

and destination. As a benchmark we included the performance of point to point

transmission with the same configuration. It can be seen that even though using only

one relay does not affect the performance strongly, increasing the number of relays

improves the performance of system significantly. The system with one relay achieves
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the bit error rate of 10−2 at SNR of more than 40 dB while the same performance

achieved by system with four relays at 16.7 dB. This shows performance gain of more

than 23 dB. Also the upper bound is tighter when we increase the number of relays.
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Figure 10: Average BER of a system with SPPAM in source and different number
of relays over log-normal channels.

In Fig.11, we present the performance of two different system configurations both

with the same spectral efficiency. One is the conventional SSK with 8 number of

transmit antenna in source which means 3 bits per symbol and spectral efficiency

of 3 bits/s/Hz. The other one is a SPPAM system with Nt = 4,M= 1 and Q = 2

with the same rate and same spectral efficiency. In both configurations we assumed

N = 3 number of relays between source and destination. The conventional SSK

achieves the performance of 10−3 at 36.5 dB while the same performance achieves by

SPPAM at 30.7 dB. This shows 5.8 dB performance gain for system with SPPAM

over conventional SSK.

In Fig.12, we compare the performance of three systems, all of which has Nt = 4

number of transmit antennas but different spectral efficiencies, for both point to pint
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Figure 11: Average BER of systems with N = 4 relays and spectral efficiency of
3 bits/s/Hz with different number of transmit antennas in source over log-normal
channels.

and relay assisted communication with N = 4 number of relays. It can be seen that

system with M = 2 and Q = 1 which result in spectral efficiency of 1.5 bits/s/Hz

achieves the bit error rate of 10−3 in SNR of 21.9 dB. This is better than systems

with M = 2 and Q = 2 with spectral efficiency of 2 bits/s/Hz and M = 1 and Q = 2

with spectral efficiency of 3 bits/s/Hz which reaches the same performance in SNR

of 23.5 dB and 26.2 dB respectively. It can be seen that there is trade-off between

bit error rate and spectral efficiency of systems with SPPAM and relays, however this

trade-off is not very effective in point to point communication.
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

Despite the major advantage of FSO communication such as high data rate, unregu-

lated spectrum and high security, its performance is severely degraded by the atmo-

spheric turbulence induced fading, particularly in long-range link distances. Relay

assisted systems has been introduced in literature to extend the range and mitigate

the effects of turbulence induced fading in FSO links. Increasing the speed and spec-

tral efficiency of optical systems is another major concern that has been addressed in

literature. This thesis has addressed the performance analysis of relay assisted free

space communication with different system configurations.

In chapter 2, we have investigated the outage performance of IM/DD FSO systems

with number of All-optical AF relays between source and destination and we used

max-min relay selection protocol to find the best relay. Unlike conventional relay

assisted systems all-optical relays processed the signals in optical domain and avoid

the OE and EO conversion which allows increasing the speed of system. Based on

photon counting approach we have presented the outage performance over Gamma-

Gamma turbulence channels for full-CSI and semi-blind relays. Numerical results

have demonstrated that relay selection brings significant performance improvements

over all-active protocol. Up to 11.2 dB improvements were obtained for a system

with four relays. Here we selected the first best relay; however employing a protocol

to choose the second best relay or in general nth best relay when the first best one is

not available can be investigate as a future work.

In chapter 3, we have focused our attention to increase the spectral efficiency of
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FSO system while improving the error performance by using relay assisted commu-

nication along with spatial modulation. We investigated the error performance of

a FSO system with SPPAM in source and multiple parallel DF relays in the half

distance between source and destination. We presented the upper bound for average

bit error rate of system over log-normal turbulence channels for systems with several

numbers of relays and transmit antennas in source. Numerical results demonstrate

a significant performance improvement for system with relays over point to point

communications. Over 25 dB improvement has been achieved by a system with four

relays. Here we assumed that all the relays that detect the signal correctly send it to

the destination simultaneously and there is no relay selection. Therefore, a possible

research subject could be employing protocols to choose the first best relay or in gen-

eral nth best relay when the first best one is not available. Furthermore, this analysis

can be extended to system with more than one receiver aperture in the destination

which will obtain diversity gain. Moreover, using relays for performing spatial modu-

lation instead of simply relaying the signal to destination is another interesting topic

that can be investigated.
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