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In this dissertation a precise performance analysis is provided for the dual-hop mized
radio frequency (RF)/unified free space optical (FSO) decode-and-forward (DF) relay-
ing system, in which the heterodyne detection (HD) and the intensity modulation-direct
detection (IM-DD) are considered in a unified analysis manner for FSO detection. To
this end, we derive closed-form expressions for the outage probability, average bit error
rate (BER), and the ergodic channel capacity of this system assuming generalized fad-
ing models, i.e., Nakagami-m and Mdlaga (M) turbulence with pointing error for the
RF and FSO channels, respectively. In this analysis, we utilize, for the first time as per
our knowledge, a precise channel capacity result for the IM-DD channel. Moreover,

this is the first time that not only the IM-DD input-independent but also the IM-DD
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cost-dependent AWGN channel is considered in such system analyses. Also, in BER
derivation, we assume that the modulation schemes in the two hops can be different,
since not all modulation schemes are suitable for IM-DD FSO links. In addition,
the system performance is investigated asymptotically at high signal to noise ratios
(SNRs). This investigation leads to new non-reported coding gain and diversity order
analyses of such system. Interestingly, we find that in the F'SO hop, at high transmitted
powers, all the considered FSO detectors result in the same diversity order, whereas
their coding gains are different. Also, at high transmitted powers, we find that, in the
FSO hop, the ergodic capacities pre-logs for HD and IM-DD input-independent are
identical and equal twice the one of the IM-DD cost-dependent. Additionally, we show
the overestimations which occur in the outage and ergodic capacity of the system when
the well-known Shannon’s capacity formula for the power-constrained AWGN channel
is used for IM-DD instead of its precise capacity approx. These overestimations lead
to misconception in the comparison between HD and IM-DD. Furthermore, we provide
simulation results for this system that verify the accuracy of the obtained analytical
and asymptotic erpressions.

One more relaying scheme that its performance is studied, for the first time as per
our knowledge, in this dissertation is the one in which the first hop is an interference-
aligned multiple-input multiple-output (MIMO) RF interference channel (IC), while
the second hop is an FSO channel in which HD as well as IM-DD are considered
in a unified analysis manner. In this work, the Interference alignment (IA) tech-
nique is utilized in the MIMO RF IC hop to eliminate the interference, and hence

this leads to enhance the multiplexing gain in this hop, and accordingly the overall

xXvii



system performance is improved. The design of the IA precoding matriz and receiv-
ing interference eliminating matriz is performed by using orthogonalized minimum
leakage (OR-ML) algorithm. In this mized (IA MIMO RF IC)/(FSO) relaying, it
s assumed that the MIMO RF links follow Rayleigh fading, whilst the FSO link en-
counters Mdlaga (M) fading with pointing errors. For this scheme, exact closed-form
expressions are derived for the outage probability and ergodic capacity, in these ex-
pressions the best-known FSO channel capacity results are utilized. Moreover, both the
IM-DD input-independent AWGN and the IM-DD cost-dependent AWGN channel are
considered in this derivation. In addition, the system performance is studied asymp-
totically at the high SNRs region, where the diversity order and coding gain analyses
are illustrated. It is found that under RF hop domination, the diversity order equals
the square of the number of the interference-eliminated RF info streams (d?). Alter-
natively, under FSO hop domination, the diversity order depends on the parameters of
the atmospheric turbulences and pointing errors. Also, It is observed that the overall
system ergodic capacity enhances by increasing “d” when the RE hop dominates the
system. Further, we allocate simulation results for this scheme that verify the deduced
analytical and asymptotic expressions.

Furthermore, we explore the performance deterioration in the dual hop mized (im-
perfect IA MIMO RF IC)/(FSO) relaying due to the consideration of the imperfect
channel state information (CSI). Considering imperfect CSI means that the interfer-
ence will not be totally eliminated in this case. For this scheme, closed-form expressions
are derived for the outage probability in terms of Whittaker and Meijer functions and

for the ergodic capacity in terms of the bivariate Meijer’s G-function. It is found that

xviil



imperfect CSI results in zero diversity order causing a floor in the outage probability
at high SNRs. This floor worsen with either the reduction in the CSI accuracy, or
the decrement in “d”. Also under imperfect CSI, It is found that there is a ceil in the
ergodic capacity at high SNRs, this ceil becomes worse with more interferers or when

the CSI accuracy or the number of RF info streams (d) decreases.
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CHAPTER 1

INTRODUCTION

Nowadays, it has been observed that there is a huge growing demand for high
speed wireless data communications. This increases the requirements for high band-
width /capacity wireless communication systems which leads to congestion in the avail-
able radio frequency (RF) spectrum. One way to overcome this problem and to guar-
antee high bandwidth is to use optical wireless communication (OWC), which is a
technology that utilizes an optical frequency carrier to convey data from a laser (out-
door applications) or a LED (indoor applications) transmitter to an optical detector
receiver [1], [2]. Free space optical (FSO) communication is the term mostly used for
outdoor OWC in which information is sent from a transmitter to a receiver through
a line-of-sight (LOS) unguided channel such as the free space.

In addition to providing much higher data rates, due to its high bandwidth, FSO
systems have many other advantages in comparison to RF ones. Some of these ad-
vantages are as follows: FSO systems are license-free spectrum, quick and easy to
deploy. Also due to the use of high-directive optical beams FSO communications are

more secure, and less demanding in terms of power consumption, mass requirements



and electromagnetic interference isolation. For these reasons, FSO has been imple-
mented in many applications such as: radio astronomy, remote sensing, back-haul for
cellular networks, extension of metropolitan area network (MAN), local area network
(LAN)-to-LAN communications, disaster recovery, high definition TV and medical
video/image transmission, last mile access, wireless video surveillance, and several
more. Also FSO is excellent for transmission to/from airplanes, spacecraft and in

hospitals where electromagnetic interference reduction is mandatory.

1.1 Motivation

Due to these distinctive features of FSO communications, there has been a great num-
ber of researches in this field recently, see [1], [2] and the references therein. One of the
main challenges in FSO communications is that it can offer transmission only over rela-
tively short distances due to the optical propagation limiting factors [2]. To be specific
these factors are mainly the atmospheric path loss, atmospheric turbulence-induced
fading, beam dispersion, the pointing instability, and the sensitivity to weather condi-
tions such as cloud, snow, fog, and smog. However an energy-efficient way to overcome
this problem and to extend the coverage area in wireless communications is to use the
relay networks [3], [4]. Therefore FSO relay networks have recently gained a consid-
erable quantity of researches in literature. In these networks, a relay or a group of
relays are used to support a source node in transmitting the data to a destination.
One of the very important scenarios in the literature is the mixed RF/FSO dual-

hop relay network. The significance of this scenario comes from its valuable appli-



cations such as in mobile cellular systems and femtocells networks where the mobile
stations (sources) are multiplexed to transmit their data to a relay station (or an
access point) via an RF link in the first hop, while in the second hop the relay for-
wards the data to the macro base station (destination) via an FSO connection [5].
Additionally an advantage of this mixed relaying configuration is that it economizes
the resources by preventing unnecessary installations for optical fiber, for example in
suburban and downtown areas, and simultaneously saves the RF spectrum while pro-
viding high data rates by exploiting the FSO link. Another advantage of the mixed
RF/FSO relaying is that applying it in mobile cellular networks leads to overcome
the limitation of applying the pure FSO schemes in mobile cellular networks. This
limitation comes from the requirement of the FSO schemes for the LOS link which
is usually not guaranteed in mobile cellular networks in the link between the mobile
station and the base station [5].

The mixed RF/FSO relaying gives rise to other valuable scenarios such as the
scenario in which the second hop is an FSO link, while the first hop is a multiple-
input multiple-output (MIMO) RF interference channel (IC). In this scenario the
interference alignment (IA) technique could be used to eliminate the interference in
the first (MIMO RF IC) hop, and hence this leads to enhance the multiplexing gain
(degrees of freedom (DoF)) in that hop. Due to the use of the TA in this scenario we
will call it the mixed TA MIMO RF IC/FSO relaying scheme.

An important application of this scheme is the one in which the first hop is a
MIMO uplink IC where K multiantennas-equipped mobile users (MSs) communicate

with their corresponding K multiantennas-equipped base transceiver stations (BTSs)



via RF links, specially when those MSs are located at the coverage border of their
neighboring BTSs. While in the second hop these BTSs are connected with the back-
bone network via FSO links.

Due to the significance of these mixed RF/FSO schemes, we are motivated to
contribute in this research field by analyzing their performances in a new precise

framework in this study.

1.2 Literature Survey

1.2.1 FSO Single Relay Schemes

As stated in the Introduction, FSO relay networks have gained a considerable quantity
of researches in the literature because they extend the coverage area and offer diversity
gain without the requirement for high power transmitters. As a result in the single
relay systems, the performance of the FSO relay network was inspected in [30], [31]
over log normal fading channel model which is commonly employed to model the FSO
link in weak atmospheric turbulence situations. Specifically, the work in [30] studied
the outage probability of the decode-and-forward (DF) and amplify-and-forward (AF)
FSO relay network considering the existence of a direct link between the source and
destination. The performance of the single relay non-coherent FSO relaying schemes
using IM-DD was analyzed in [32] by deriving closed-form and semi-analytical expres-
sions for the error probability in the existence and absence of background radiations
with the adoption of the log-normal and Rayleigh turbulence-induced fading channel

models. Alternatively in [33]-[37] the performance of FSO relay network was inves-

4



tigated assuming Gamma-Gamma fading channel model which is more precise and
has been employed to model the FSO link in both strong and weak turbulence situa-
tions. Specifically, in [33] an exact closed-form expression was derived for the average
bit error rate (BER) of DF FSO relay schemes. The same system analyzed in [33]
was also investigated in [34] but with differential modulation. Additionally in [35], a
closed form expression for the average BER of the dual-hop AF FSO relay systems
was developed. Moreover some approximations and bounds for the capacity of the
AF FSO relay systems were derived in [36] considering the effect of atmospheric loss,
turbulence induced fading, and pointing errors. Furthermore, in [37], closed-form ex-
pressions were developed for the outage and symbol error probabilities of the two way

FSO relaying systems.

1.2.2 FSO Multi-Relay Networks

Beside the FSO single relay schemes, the FSO multiple relay networks have attained
the interest of many researchers. Particularly in the parallel relaying field, the per-
formance of the dual-hop FSO relaying through the log-normal fading channel was
investigated in [40], [41] for AF relaying and in [38], [39] for DF relaying. In [42]
the performance of FSO relay schemes having two relays beside the direct link, be-
tween the source and destination, was analyzed with the assumption of inter-relay
cooperation. The performance of the dual-hop FSO selective-relay scheme when the
source data is forwarded to the destination through the direct link or via the best
relay was examined in [43]. In that work asymptotic and closed-form expressions were

developed for the average BER assuming log-normal and Rayleigh fading channel
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models. In [44] a closed-form expression was derived for the outage probability of DF
FSO relay schemes over the Gamma-Gamma fading channel with the pointing error.
Also exact closed-form expressions were derived in [45] for the outage probability of
DF FSO relaying systems with all-active and select-max relaying strategies assuming
Gamma-Gamma fading channel model. In the all-active relaying strategy the source
information is forwarded to the destination by all active relays; while in the select-max
strategy only the best active relay forwards the source information to the destination.
A similar system as the one in [45] was also investigated in [46] but with the addition of
the distributed switch-and-stay relay selection strategy and moreover the asymptotic
analysis of the outage probability was provided at the high SNR regime. The outage
probability of the CSl-assisted and semi-blind AF opportunistic FSO parallel relaying
scheme was inspected in [47] under the assumption of composite channel which con-
sists of atmospheric loss, atmospheric turbulence-induced fading, and pointing error
effects.

In the serial or multihop relaying field the outage and bit error probability of DF
and AF FSO relay schemes over Gamma-Gamma fading channel were inspected in [48].
A similar system was also analyzed in [49] for fixed-gain as well as CSl-assisted AF
relaying scheme where closed form expressions were derived for the outage probability
and the average BER beside the derivation of the asymptotic average BER. The
work in [50] studies the outage probability for DF and AF parallel and serial FSO
relaying systems over the log-normal fading channel with the consideration of the
path loss. The erbium-doped fiber amplifier was proposed in [51] for serial multihop

and parallel dual-hop AF FSO relay systems with fixed and variable gain, where



in that work the outage probability was analyzed. These amplifiers do not require
optical-to-electrical and electrical-to-optical conversions at the relay. The authors
in [52] proposed an optimal relay location selection scheme to minimize the outage
probability in multi-relay parallel and serial DF FSO relay systems assuming log-
normal fading channel. In addition to that they conducted a diversity order analysis
for those systems. Additionally the error probability for the serial relay M-ary pulse-
position modulation (M-PPM) FSO schemes with partially coherent Gaussian beam
was investigated in [53] over the Gamma-Gamma fading channel with the pointing
error. An inter-relay cooperation was proposed in [54] to enhance the FSO relaying
systems over Gamma-Gamma fading channel. That approach utilizes the existence
of FSO links between the adjacent relays to perform an inter-relay negotiation which
leads to improve the reliability in the reconstructed signal at the relays before been
forwarded to the destination. The outage probability and error rate of multihop
fixed-gain and CSl-assisted AF FSO relaying systems were analyzed in [55] over weak-
to-moderate and moderate-to-strong turbulence regimes using HD. The work in [56]
investigated the effect of boresight pointing error on the outage probability of serial
and parallel FSO relaying network. The boresight error comes from the thermal
expansion of the buildings. The outage performance of parallel multihop DF FSO
relay network where the kth best path is chosen was studied in [57] assuming log-
normal fading channel. This selection method is useful when the best path is busy in

some scheduling or load balance duties in other parts of the network.



1.2.3 Dual-Hop Mixed RF/FSO Relaying Schemes

In the dual-hop mixed RF/FSO relaying schemes multiple RF-capable users can be

multiplexed into a single FSO link through a relay node [58]-[60]. Such schemes

attract a significant quantity of researches due to its valuable applications (see the

Introduction), the economic resource saving which it provides by preventing unneces-

sary installations for optical fiber, e.g. in suburban & downtown areas, and the saving

in the RF spectrum it offers while providing high data rates by exploiting the FSO

link.

The research works on these relaying networks are summarized in Table 1.1. In

this table R, Nm, Rc, G-G, Duo GG, denote Rayleigh, Nakagami-m, Rician, Gamma-

Gamma, and Double Generalized Gamma fading models respectively.

Table 1.1: Literature review on the dual-hop mixed RF/FSO relaying schemes.

Ref | RF | FSO Relaying Pointing FSO Metrics
Link| Link Type Error Detector
58] | R G-G AF, fixed gain No IM-DD oP
59| R | GG AT, fixed gain No | IM-DD | BER
[60] | R G-G AF, variable gain Yes |HD, IM-DD| OP, BER
61] | R G-G AF, fixed gain Yes IM-DD | OP, BER
62] | R G-G AF, fixed gain+direct link Yes |HD, IM-DD| OP, BER
63] | R G-G DF, multiuser Yes IM-DD | OP, SER
[64] | Nm | G-G AF, fixed & variable gain Yes |HD, IM-DD| OP, BER
[65] | Nm | G-G AF, fixed gain + direct link Yes |HD, IM-DD| OP, BER
[66] | R G-G AF, variable gain + direct link Yes |HD, IM-DD| OP, BER
67] | R M AF, fixed gain Yes IM-DD 0)
[68] | Re | G-G AF, fixed gain No IM-DD SER
[69] | Nm | G-G AF, fixed gain Yes IM-DD | OP, BER
[70] | Nm | G-G DF Yes IM-DD OP, BER
[71] | R G-G AF, variable gain, multiuser Yes |HD, IM-DD| OP, BER
[72] | Nm |Duo GG| AF, fixed& variable gain+direct link| Yes |HD, IM-DD|OP, BER

Specifically in [60] closed-form expressions were developed for the outage proba-

bility, the average bit error rate and the channel capacity of AF variable gain mixed




RF/FSO dual-hop relay scheme. It is assumed there that the RF link follows Rayleigh
fading while the FSO link follows Gamma-Gamma fading with pointing error, and
both IM-DD as well as HD are considered for FSO detection. A similar scheme to
that in [60] was investigated in [61] but for the fixed-gain AF relaying system, and
in [62] but this time for the fixed-gain AF relaying system in the existence of the
direct link from the source to the destination. Also an analogous system to these
ones was studied in [64] for mixed Nakagami-m and Gamma-Gamma fading. Another
similar scheme to the one in [60] was inspected in [71] but this time for multiusers
(sources) opportunistic scheduling. Additionally the outage probability and BER for
AF (fixed and variable gain) mixed RF/FSO schemes were investigated in [72] as-
suming Nakagami-m and Double Generalized Gamma fading models for the RF and
FSO links respectively, and considering pointing errors, co-channel interference and
the existence of the direct RF link.

From Table 1.1, we can see that the RF link is considered to encounter Rayleigh
fading in most of the works, whereas Nakagami-m fading (which contains the Rayleigh
fading as a special case) is assumed in [64], [65], [69], [70], and [72]. Alternatively,
Rician fading is assumed only in [68].

Additionally Table 1.1 shows that the most assumed atmospheric turbulence-
induced fading model for the FSO link is the G-G fading, while the Duo GG fading
(which contains G-G fading and others as special cases) is assumed only in [72]. On
the other hand, the M-distributed fading (which contains G-G fading and others as
special cases) is assumed only in [67] with Rayleigh faded RF link in AF relaying.

Actually although G-G is better than historically earlier tractable turbulence fad-



ing models, still it deviates from experimental data in tails, see [23], [24]. Since the
detection probabilities are mainly based on the tails of the distribution, overestimation
or underestimation of this part considerably affects the performance analysis accuracy.
Therefore this motivated the development of the Duo GG and M-distributed fadings
which are more fit to the experimental data, and hence lead to attain more precise
performance analysis.

On the other hand, the merits of the M-distributed fading over the Duo GG
fading are its fewer parameters, its novel physical model and its better fitness to the
experimental data.

However a common considerable problem in the mixed RF/FSO AF schemes, in
Table 1.1, is that they do not satisfy the non-negativity of the IM-DD FSO trans-
mitted signal, even if the subcarrier intensity modulation (SIM) is used in some of
them. Particularly, in these AF schemes the relay receives an unbounded bipolar
signal, which can not be made positive, for the sake of IM-DD transmission, by mere
amplification and/or applying a DC bias. Therefore, the mathematical model and
the results of the above AF works do not reflect the correct performance of those
mixed RF/FSO AF systems when IM-DD is used. This non-negativity of the IM-DD
transmitted signal can be satisfied by using a DF mixed RF/FSO relaying system like
the one employed in [63], [70]. Namely, in [63] the performance of multiuser mixed
RF/FSO dual hop DF relaying system was investigated using V-BLAST technique,
IM-DD, and G-G fading channels with pointing error.

Nevertheless, the problem in the works in [63], [70] is that they did not use the

correct capacity results for IM-DD channel. Instead, they used the well-known Shan-
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non’s capacity formula for the power-constrained AWGN channel [73] which does not
apply for IM-DD systems, because it does not consider the non-negativity constraint

in the IM-DD transmitted signal.

1.3 Dissertation Contributions

The major contributions in this study are as follows:

o We utilize, for the first time to the best of our knowledge, in such systems outage
and capacity analysis, a precise channel capacity approximation for the IM-DD
channel. As a Consequence, this work presents precise quantitative comparison
between HD and IM-DD performances, and hence helps the planners in deciding

whether to deploy HD (higher rate) or IM-DD (lower cost/complexity).

o Moreover, to the best of our knowledge, this is the first time that not only the
IM-DD input-independent but also the IM-DD cost-dependent AWGN channel
is considered in such systems investigations. The difference between these IM-
DD channel models is in the AWGN variance which does not dependent on the
input signal in the first model, while in the second one it is proportionate to
the constraint (cost) of the input signal (optical average power constraint). It
is important also to state that the IM-DD input-independent AWGN channel
model is only valid wherever the thermal noise dominates the total receiver noise
which is the case in the receivers that use the PIN-photodiode or in case of low
optical power. Alternatively, IM-DD cost-dependent AWGN channel model is
useful when the shot-noise dominates the total receiver noise which is the case
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in the receivers based on the avalanche photodiode (APD), or in case of high

optical power.

Also, in BER analysis we assume that the two hops do not necessarily use the
same modulation scheme. This assumption is valid in the DF relaying schemes,
which is the case in our work, and it is one of their advantages. Especially, this
is very important in mixed RF/FSO relaying as not all modulations are suitable
for IM-DD FSO. Specifically, in the IM-DD systems we modulate the optical
intensity (non-negative quantity) which does not have a phase, and hence all

kinds of phase modulations are not applicable there.

Additionally, the performance of the mixed RF/FSO system is studied asymp-
totically at the high SNRs. This asymptotic study results in new non-reported
coding gain and diversity order analyses of such system. Interestingly, we find
that in the FSO hop, at high transmitted powers all the FSO detectors result

in the same diversity order, whereas their coding gains are different.

Further, at high transmitted powers, we find that, in the FSO hop, the ergodic
capacities pre-logs for HD and IM-DD input-independent are identical and equal

twice the one of the IM-DD cost-dependent.

Beside that, we show the overestimations which occur in the outage and ergodic
capacity of the system when the well-known Shannon’s capacity formula for
the power-constrained AWGN channel is used for IM-DD instead of its precise

capacity approx. These overestimations lead to misconception in the comparison
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between HD and IM-DD.

All the analyses is done in a unified manner for the FSO hop which combines
HD, IM-DD input-independent, and (for the first time) IM-DD cost-dependent
in a unified expression for each statistical characteristic or performance indicator.
Note that obtaining these unified expressions is not straightforward. In addition,
the above work assumes generalized fading models, i.e., Nakagami-m and M

fading with pointings errors for the RF and FSO links, respectively.

One more scheme that its performance was studied, for the first time as per
our knowledge, in this dissertation is the dual-hop DF mixed TA MIMO RF
IC/FSO relaying scheme in which the HD and IM-DD were considered in a
unified analysis manner in the FSO hop. In the performance analysis of this
scheme, the best-known FSO channel capacity results are utilized also both the
IM-DD input-independent and the IM-DD cost-dependent AWGN channel are

considered.

In addition, the mixed IA MIMO RF IC/FSO system performance is asymptot-
ically studied at high SNRs, where the diversity order and coding gain analyses
are illustrated. It is found that under RF hop domination, the diversity order
equals the square of the number of the interference-eliminated RF info streams
(d?). Alternatively, under FSO hop domination, the diversity order depends on
the parameters of the atmospheric turbulences and pointing errors. Also, It is
observed that the overall system ergodic capacity enhances by increasing “d”

when the RF hop dominates the system.
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o Furthermore, we explore the performance deterioration in the dual hop mixed
(imperfect IA MIMO RF IC)/(FSO) relaying due to the consideration of the
imperfect CSI. Considering imperfect CSI means that the interference will not
be totally eliminated in this case. For this scheme, closed-form expressions are
derived for the outage probability in terms of Whittaker and Meijer functions

and for the ergodic capacity in terms of the bivariate Meijer’s G-function.

o For the above system it is found that imperfect CSI results in zero diversity order
causing a floor in the outage probability at high SNRs. This floor worsen with
either the reduction in the CSI accuracy, or the decrement in “d”. Also under
imperfect CSI, It is found that there is a ceil in the ergodic capacity at high
SNRs, this ceil becomes worse with more interferers or when the CSI accuracy

or the number of RF info streams (d) decreases.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 Transceiver in Free Space Optical Systems

In an FSO transmission scheme, a source generates information signals, then these
signals modulate an optical frequency carrier. The produced optical field is then
propagated thru the atmosphere to a faraway destination. At the receiver side, the
optical field is detected by a photo-detector which converts this optical field to an
electrical current. Then the receiver processes this detected electrical current to decode

the sent data [2].

2.1.1 The FSO Transmitter

As shown in Figure 2.1, the FSO transmitter contains an optical source, an encoder, a
modulator, an optical amplifier (if needed), and beam forming optics [2]. Usually the
source data is first encoded, before being modulated. After that the optical intensity
of the modulated laser beam is amplified by passing it thru the optical amplifier.

After that and before the transmission the optical beam is refocused by means of
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beam forming optics. In FSO schemes the usual optical source is the laser diode
(LD) [6], however some manufacturing companies employ high power light emitting

diodes (LEDs) with beam collimators to make the optical source [7].

Info source 5 Encoder J_,.‘ Modulator -

o
'y

Beam forming

Optical optics
source

Figure 2.1: Typical block diagram of the FSO transmitter.

2.1.2 The FSO Receiver and Its Noise Models

Based on the detection method, FSO systems can be classified into two categories:
non-coherent and coherent systems. In general the term “Heterodyne Detection” (HD)
is used to refer to the coherent systems, while the optical non-coherent systems are also
well-known as intensity modulation direct detection (IM-DD) systems. An important
advantage of FSO HD systems is that they achieve higher data rates than the FSO IM-
DD ones. This is due to the fact that the HD permits amplitude, frequency, or phase
modulation, however the IM-DD systems transfer the information by modulating the
optical intensity which does not have a phase, and thus the frequency and phase
modulations are not valid there. Another significant advantage of HD is its ability
to overcome the thermal noise. On the other hand the IM-DD systems are simpler
and cheaper than the HD ones [2], [8]. Hence whether it is beneficial to deploy HD
or not is determined by the gain attained by this deployment, in comparison with the
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additional cost. Therefore, it is interesting to compare the performance of the two

systems, and quantify the differences between them.
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Figure 2.2: Simple optical heterodyne detector block diagram.

Heterodyne Detection

The optical heterodyne receiver is described in detail in [8]. As shown in Figure
2.2, the basic idea is the mixing of the optical received electric field (signal), before
photo-detection, with an optical local oscillator (LO) to transform the optical received
signal to a lower intermediate frequency at which detection is done. Let the received
optical electric field be given by a cos(wt 4 6) where a, 6, and w are respectively the
amplitude, phase, and frequency of the optical received signal. Note that a and/or
6 are modulated by the source data. Additionally, let the signal of the LO be given
by a, cos(w,t) where a, and w, are respectively the amplitude and frequency of the
LO. Also denote the powers of these two signals by P = a?/2 and P, = a?/2. Then
after mixing the two signals, the detected photodiode (PD) output current is given by
iy = paa, cos((w — w,)t + ) where p is a constant which depends on the efficiency
of the detector among other parameters and known as the effective photo-electric
conversion ratio. The corresponding detected signal electrical power is 2p? PP, (load
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resistance 1 Ohm). This operation induces a noise current 7, consists of thermal noise
and shot noise. The shot noise can be considered to be Gaussian! with variance 2¢B1
where B is the bandwidth, ¢ is the electron charge, and I is the sum of all shot noise
induced currents [10]. This current is given by I = p(P,+ P+ P,), where P, represents
the power of the background radiation. Adding thermal noise of variance o leads
to an overall noise of variance 2¢Bp(P, + P) + (2¢BpP, + c2,). Let us combine the

background noise (usually negligible as compared to the other) and the thermal noise

. . . 2 92 2 qBP o‘2
to one noise with variance 4p°o7 where o7 = %572 + 745
. . [P . . o PP,
The resultant electrical signal-to-noise ratio (SNR) is yup = e e where

o5 = qB/p. Tt is clear that this SNR dependents on the power of the optical local os-
cillator. To guarantee a fair comparison between the IM-DD and HD, this dependence
on the LO power has to be eliminated, which is possible by using sufficiently high LO
power. Observe that increasing the LO signal power P, leads to increase the SNR and
makes the LO shot noise dominates all the other noise sources, resulting in an SNR
. Hence the channel in this case can be modeled as a complex AWGN
channel with an SNR of ygp. In other words, the HD channel, with sufficiently high

LO power, can be modeled by Y = X + Z where X has power P and Z ~ CN(0,03).

IThis is valid if the number of received photons in the symbol duration is large enough,
which is the case in terrestrial FSO communication systems whose coverage distances are
up to several kilometers. However in deep space FSO systems, where very small number
of photons are received in the symbol duration, it is more realistic to model the detected

current by a Poisson random process [9].
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Figure 2.3: Simple optical direct detector block diagram.

Intensity Modulation Direct-Detection (IM-DD)

On the other hand, consider an IM-DD scheme with an optical received electric field
a cos(wt + ). As shown in Figure 3, this signal is detected by a detection device
(e.g. photodiode), which results in a detected current i, = pa?/2 = pP and the
corresponding electrical power is p?P?. Similar to the HD scheme, this operation
produces an additive noise current 7, which consists of two independent noises namely
the thermal noise and the shot noise. This total noise is a Gaussian one with variance
62 = 203p*P + 4p*0?. Thus in this case, the channel can be modeled by an AWGN
channel with input-dependent noise with output ¥ = X + Z, where X = P > 0 has
power P2, and Z =1, /p is a real zero mean Gaussian noise with variance depends on
X (optical intensity) and given by 02 = 202X +402. This model is an IM-DD AWGN
channel with input-dependent noise, and was discussed in [11].

In some cases as in the receivers based on the PIN-photodiode, or in case of low
SNR, the thermal noise dominates the noise Z. Hence in such cases the channel
can be modeled by an IM-DD AWGN channel with input-independent noise Z"%, ~
N(0,40%). This channel model is simple and convenient to deal with, and it was
studied in [12]-[14].

Alternatively in other cases as in the receivers based on the avalanche photodi-
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ode (APD), or in case of high SNR, the shot-noise dominates the noise Z. Thus
in such cases the channel model is an IM-DD AWGN channel with input-dependent
noise Z2%  ~ N(0,203X). The analysis of this channel model is more complicated.
However there is a simple channel model whose capacity is a lower bound for the
capacity of the IM-DD input-dependent AWGN channel at high SNR. Actually this
simple model captures (or matches) the high SNR performance (capacity scale) of the
IM-DD input-dependent Gaussian channel model, and hence it can be used as a very
good simple approximation for it at high SNR. This simple model was invented in [15]
and known as “IM-DD AWGN Channel with Cost-dependent Noise”. In this model
the noise is a real zero mean Gaussian with variance depends on the constraint (cost)
of the input signal (optical intensity here). In our work we will consider the input
average constraint (allowed optical average intensity, E[X] < £). So the noise in the

cost-dependent channel is Z%, ~ N(0,203 £).

v

2.2 Fading in RF and FSO Channels

Electromagnetic wave propagation thru a wireless channel is a complex phenomenon
that can be modeled as a random process. Thus to deal with this phenomenon some
statistical models and characterizations are required. Therefore in this section we

highlight some of these statistical models for both RF and FSO channels.
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2.2.1 Multipath Fading in RF Channels

The wireless propagation of the Radio wave is characterized by a number of properties
such as the time-varying multipath environment [16], [17]. The term multipath is used
because the sent signal from the transmitter reaches the receiver via different several
paths at the same time, this is due to the existence of some objects in the vicinity of
the radio link which form several reflected paths. Moreover this multipath propagation
has a time varying nature, i.e. the number of paths and the path length is changing
from time to time. This time varying nature happens as a result of the movement
of the receiver, or the transmitter, or some objects that form the reflections. This
movement leads to the so called Doppler effect which causes a frequency shift on each
component of the received signal.

Due to the time-varying multipath propagation, the received signal consists of a
very large sum of attenuated, delayed, and phase-shifted replicas of the transmitted
signal, each influencing each other [18]. According to the phase of each component,
the superposition can be constructive or destructive and it is changing randomly for
the same transmitted signal from time to time due to the time-varying propagation.
Therefore the time-varying multipath propagation gives rise to random variations in
both the phase and the amplitude of the received signal. These variations (fluctu-
ations) have been called channel fading. To deal with these amplitude and phase
random processes, in the analysis of wireless communication systems, their statistical
models are required, i.e., their probability density functions (pdfs) at each time in-

stant and at each frequency component are required, and also the correlations between
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them from time instant to the other and from one frequency component to the other
are required.

For the systems which use coherent modulations, the change in the received signal
phase can severely degrade the system performance. In such systems, some measures
are taken to compensate for such effects. In systems where noncoherent modulations
are used, the changes in signal phase due to fading do not affect the system perfor-
mance. The coherent systems where the phase variations are assumed to be fully
compensated for are called ideal coherent systems. Hence, in ideal coherent and non-
coherent modulation systems which experience fading, only the statistical model of
the received signal envelope (amplitude) is required for evaluating the system perfor-
mance?.

Depending on the nature of the fading environment, several models have been pro-
posed in the literature to characterize the distribution of the envelope of the multipath
fading channel. One of these models is the Rayleigh distribution which is usually em-
ployed to model channels where there is no direct LOS path between the receiver and
the transmitter [17]. In this case, the amplitude of the fading channel is a random

variable and has the following distribution

fola) = 2% exp (—%) , a>0, (2.1)

and thus, the instantaneous SNR per symbol of the fading channel v has an exponential

2In general in coherent modulation systems, when needed, the random phase is modeled

by the uniform distribution between 0 to 2.
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distribution given by

1
f4(7) = —exp (—1> , v >0, where 7 = €. (2.2)
Y Y

The Rayleigh fading model usually coincides very well with the experimentally
measured data in mobile communication systems where normally no LOS exists be-
tween the transmitter and the receiver. It also applies to the propagation of refracted
and reflected paths via the ionosphere and troposphere, and in case of ship-to-ship
radio communications.

Another proposed model for the distribution of the envelope of the multipath
fading channel is the Nakagami-m distribution. This distribution is basically a chi-

square pdf which is given by
2mm 2m—1 2
fole) = 2t e (M) azo, 23)

where m is the Nakagami-m fading parameter, which ranges from % to oco. The SNR
per symbol ~ is distributed in this case according to the gamma distribution which is

given by

mam—1 mry ~
RO =Tiesen (<) az0. a0 a)

which reduces to the Rayleigh fading when m=1.
The Nakagami-m distribution often provides the best fit to the multipath channel

fading in indoor-mobile and land-mobile systems, as well as scintillating ionospheric
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radio communications.

An alternative model which is proposed for the envelope distribution of the multi-
path fading channel is the Rician distribution which is suitable to model the propaga-
tion that consist of one dominant direct LOS path in addition to many other weaker

paths. Here, the fading channel amplitude has a distribution given by

fala) = 2(1 —i—-g)e_ aexp <_<1+TK)Q> Iy <2a w> 7 a>0,

(2.5)

where Iy denotes the modified Bessel function of the first type and order 0, and K is
the Rician fading parameter that takes value from 0 to oo, and it represents the ratio
between the power of the LOS path to the average power of the scattered paths.

In this case the SNR per symbol ~ is a noncentral chi-square random variable

whose pdf is given by

7(1+K)6*K6X (I +K)y K(1+ K)y
fm)——7 p< e >Io(2 — ) y>0. (2.6)

The Rician distribution covers the range from non fading case (constant amplitude)
(K=00) to Rayleigh fading (K=0). This kind of channel fading is usually noticed in
the first resolvable LOS paths of the microcellular suburban and urban mobile systems,
and the picocellular indoor systems. It is also valid for the dominant LOS satellite
and ship-to-ship RF communication systems.

As mentioned previously a fading channel is characterized by the pdfs of the com-
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plex (amplitude and phase) random process, which represents this fading channel, at
each time instant and at each frequency component. Beside that the fading channel
is also characterized by the correlations of this complex random process from time
instant to the other and from one frequency component to the other. With regard to
the above mentioned time domain correlation, the fading can be classified into two
types, fast and slow fading. Distinguishing these two types is significant for modeling
the fading channel mathematically and for evaluating the system performance. This
concept is related to the coherence time 7T, of the fading channel, which represents the
time period after which the correlation function between two samples of the channel
response collected at the same frequency but at different instants of time decreases
under a certain determined threshold. The fading is considered slow if the channel
coherence time T, is larger than the signal symbol time duration 7} ; otherwise, it is
said to be fast fading. In the slow fading, any fading level will affect several consecu-
tive signal symbols and this will result in burst errors. While, in the fast fading, the
fade effect will be different from one symbol to the other.

On the other hand according to the correlation of the fading channel random
process in the frequency domain, the fading channel is classified to either a frequency-
nonselective (flat) or frequency selective channel. If the fading channel affects all the
frequency components of a transmitted signal in the same manner, in this case, the
channel is considered frequency-flat or frequency-nonselective fading channel. This
occurs in the narrowband schemes, where the bandwidth of the transmitted signal is
much smaller than the coherence bandwidth f. of the channel. This bandwidth repre-

sents the bandwidth during which the correlation function between two samples of the
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fading channel response collected at the same time but by using different frequencies
within this f., falls above a certain threshold. On the other hand, if the fading channel
affects the frequency components of a transmitted signal in different manners, in this
case, the fading channel is considered to be frequency-selective. This usually happens
in the wideband systems where the bandwidth of the transmitted signal is bigger than

the channel coherence bandwidth.

2.2.2 Atmospheric Turbulence Fading and Pointing Error in
FSO Channels

As the RF links, the FSO links also suffer from the channel fading. However the
reason which causes the channel fading in FSO links is different than the one which
causes it in RF links. In fact the inhomogeneities in the pressure and the temperature
of the atmosphere, occurred due to wind and solar heating, result in fluctuated air
refractive index along the FSO channel [19]. The resultant atmospheric turbulence
leads to arbitrary variations in the phase and the amplitude of the received signal.
These variations (fluctuations) have been termed channel fading or scintillation. These
effects produce a significant degradation in the performance of the FSO systems,
particularly in the long distance transmissions that cover several kilometers.

As mentioned in the RF channel fading, to deal with these amplitude and phase
random processes, in the analysis of FSO communication systems, their statistical
models are required. Therefore several statistical models have been proposed in the

literature to characterize the distribution of the atmospheric turbulence-induced chan-
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nel fading in FSO communications. One of the commonly used models in case of weak
atmospheric turbulence is the lognormal model. This model was developed on the base
of the first-order Rytov approximation [20]. It is valid in the FSO systems that are
used to cover relatively short distances. However, experimentally measured data in
long-range FSO systems have demonstrated that the log-normal model is not appli-
cable for the moderate-to-strong atmospheric turbulence. Another proposed model
is the Rayleigh distribution model which has been suggested in case of very strong
atmospheric turbulence conditions [21]. Also the so called K distribution has been
proposed in [22] to model the strong atmospheric turbulence fading. The pdf of the

received optical intensity I in this model is given by

Fr(I) = 2m(771”i€2:§_1)/2 Kot (NW) . a>0,1>0, (2.7)

where K, (.) is the n'-order second-kind modified Bessel function, and m is a distri-
bution parameter.

Furthermore there have been considerable works done to develop a general model
that is appropriate to any kind of atmospheric turbulence. These research works
are basically based on the doubly-stochastic scintillation theory. In this theory the
small and large scale turbulence cells (eddies) are assumed to create diffractive and
refractive effects on the optical beam, respectively [20]. One of the doubly-stochastic
scintillation model is the widely used Gamma-Gamma distribution which models both
strong and weak atmospheric turbulence fadings. In this model the received optical

intensity I is assumed to be a product of two independent Gamma random variables
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Y and X which denote the intensity fluctuations caused by the small and large scale
atmospheric turbulence eddies, respectively. The pdf of the received intensity I in this

case is given by

2(aBI)+h)/?

0= ey

Ko s (2 aﬁ[), >0, (2.8)

where the distribution parameters o and 3 are related to the numbers of effective large
and small scale atmospheric turbulence eddies respectively, and I'(.) is the Gamma
function.

The Double Generalized Gamma (Duo GG) distribution is another doubly-
stochastic atmospheric turbulent channel model which was proposed in [23]. In this
model again I = Y X, however Y, and X are assumed to be two independent Gen-
eralized Gamma random variables, and hence this model contains Gamma-Gamma
fading and others as special cases.

Another doubly-stochastic scintillation model is the M (Mélaga) distribution
which has been recently developed in [24], [25]. The novelty in the M distribu-
tion comes from the way (physical model) by which the small-scale eddies’ fluctuation
is modeled. Additionally this distribution contains most of the proposed statistical
scintillation models, such as the K and the Gamma-Gamma distributions, as special
cases. Moreover the simulation data showed the validity of the M distribution over a
wide range of atmospheric turbulence conditions (strong to weak).

Beside modeling the distribution of the fluctuation in the optical intensity, another

important issue is the spectral and temporal description of this fluctuation. Actually
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almost all practical FSO systems are considered to have a very slow fading (scintilla-
tion) channel. This is because the FSO channel coherence time ranges normally from
0.1 to 10 msec, while the FSO symbol time duration is in the range from 1 to 100
nsec (high transmission rates from tens Mbps upto some Gbps). This means that the
fading channel coefficient stays the same during the transmission of thousands upto
millions successive bits. On the other hand the coherence bandwidth f. in typical FSO
systems ranges from 20 to 100 GHz. In fact this f. is much bigger than the typical
FSO signal bandwidth which is approximately equal the transmission rate. Therefore
the practical FSO channels can be efficiently considered as frequency non-selective
channels.

Another factor that affects the optical wave propagation, beside the atmospheric
turbulence fading, is the misalignment losses or the so called pointing errors. This
pointing error is a random variable and it normally happens as a result of the building
swing or the optical beam wandering. Optical beam wandering is caused by inhomo-
geneities of large scale atmosphere eddies which lead to random deviations in the beam
path. This is particularly significant in long distance FSO links. Alternatively the
building swing is occurred due to several factors, such as the wind, thermal expansion,
vibrations, and small earthquakes.

Various statistical models have been suggested for the pointing error as a random
variable to analyze its effect in FSO systems. One of the commonly used models is the
one provided in [26]. In developing this model it is assumed that the optical beam has
a Gaussian beam profile, and the radial displacement at the detector has a Rayleigh

distribution function.
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2.3 Diversity

In wireless systems, having a channel in a deep fade results in an erroneous received
signal. One way to combat such a problem is to provide the receiver with multiple
copies of the same signal which is known as diversity. If p is the probability that the
transmitted signal will fade under a critical threshold, then, p” is the probability that
L independent copies of that same transmitted signal will fade under that critical
threshold. There are many ways by which the receiver can be provided with a set of
independently faded copies of the same transmitted signal.

One popular method is the frequency diversity. In this method, several copies of
the signal are sent on a set of independently faded carriers with a frequency sepa-
ration between any two successive carriers being larger than the channel coherence
bandwidth f.. A second method is to send multiple copies of the same signal on a
set of independently faded time slots with a time separation between the consecutive
time slots being greater than the channel coherence time 7,.. This method is known
as time diversity. One may view the transmission of the same data either at different
frequencies or different time slots or at both as a simple form of repetition coding.
The separation between carriers f. and between time slots T, is essentially a form of
block-interleaving of the bits in the repetition code in an attempt to break up the
error bursts and, hence, to get independent errors. Another commonly used method
is the space or antenna diversity. In this technique, two or more antennas are used
to send and/or to receive multiple replicas of the same signal. It is based on the idea

that sending or receiving a signal using geographically-spaced antennas will result in
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independently faded copies of this signal. This method can be implemented at the
transmit side (transmit space diversity) or at the receive side (receive space diversity)
or at both. The antenna elements must be spaced sufficiently far apart so that the
signals have significantly different propagation paths between the transmitter and re-
ceiver antennas. Typically, a separation of a few wavelengthes is needed between two

antennas in order to get signals that fade independently.

2.4 Relaying Networks

As mentioned previously, an energy-efficient way to extend the coverage area in wire-
less communications is to use the relaying networks (cooperative networks) [3]. Several
areas in relay or cooperative networks have been opened for research work. Among
these topics are the relaying schemes, relaying protocols, relay selection, multiple an-
tennas cooperative systems, multiuser cooperative networks, parallel relaying (multi-
relay) networks, and combining techniques at the receive side. A main difference
between the relaying scheme and the relaying protocol is that the relaying scheme
specifies the way the relay cooperates in a cooperative system. Whereas the relaying
protocols answer the question about when and how should the relay cooperate in a
relay system.

The most common relaying schemes are the amplify-and-forward (AF) and the
decode-and-forward (DF) [4]. In AF scheme, after receiving the signal from the source,
the relay simply amplifies it and then retransmits to the destination without any

decoding. In DF scheme, the relay first decodes the source signal and then retransmits
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it to the destination and hence it is a more complicated system when compared to
the AF scheme. In general, the AF systems are classified into two subcategories,
the channel-state information (CSI)-based gain (variable gain) relays, which use the
instantaneous CSI from the previous hop, and the fixed-gain relays, which introduce a
fixed gain in forwarding the source signals. The CSl-assisted AF relay system requires
a continuous estimation of the channel fading amplitudes to produce its gain and to
limit the output power of the relay. In contrast, the fixed-gain relay system introduces
a fixed scale to the received signal regardless of the fading amplitudes which leads to
a variable signal power at the relay output. This subcategory has a lower complexity
as compared to the former one.

Among the relaying protocols is the fixed relaying where a set of relays are used to
forward the source signal, the selection relaying where a relay or a number of relays
are chosen to do the relaying process, and the incremental relaying where the relay
or a number of relays are asked to cooperate according to the quality of the direct
link [3]. In systems where multiple relays are used, several selections schemes have
been proposed in the literature. One popular scheme is the opportunistic relaying
where only the best relay is chosen to do the relaying process. The relay selection
criterion may depend on the quality of the first hop, second hop, or it could depend on
a certain threshold. Moreover some authors have introduced the technique of multiple
antennas to cooperative systems at either the source, the relay, the destination, or any
combination of them. Recently, the topic of parallel relaying (multi-relay) networks
has been studied by many authors. In these networks, the relays cooperate in receiving

or forwarding signals to the other nodes and this results in a diversity gain. Finally, the
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way the signals on both the direct link and the relayed path or pathes are combined
at the destination has been studied in many papers. Among these techniques are

the selection combining (SC), maximal ratio combining (MRC), and the equal gain

combining (EGC).

2.5 Interference Alignment

Interference alignment (IA) is a technique to eliminate the interference in interference
channels® [28]. To do that TA exploits the knowledge of the channel state information
of all transmission links to form precoding (beamforming) at the transmitters as well
as interference elimination combining at the receivers. In other words, the main idea
of the TA is to build (beamform) the transmitted signals in a way such that the
interference signals at any receiver overlay on the same subspace while the desired
signal, at that receiver, remains separable at another orthogonal subspace [28]. If
this occurs, interference elimination is possible by projecting the total received signal,
using interference elimination combining matrix, on the desired signal subspace (zero-
forcing the interference). The core of this technique is essentially located in the design
of the transmitters’ beamforming matrices.

Eliminating the interference in ICs by the IA leads to enhance (or to optimize) the

multiplexing gain (also known as capacity pre-log or DoF) in those channels. Actually

3The interference channel [27] is a telecommunication network in which the communica-
tion medium is shared by several transmitter-receiver pairs, where each transmitter sends

desired info only to its receiver while causing interference to the other receivers.
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by using [A it has been shown that the interference channel is not basically interference
limited, because it is proved by TA that in an IC each transmitter-receiver pair can
simultaneously communicate with a rate equal to half of its interference-free channel

capacity, even if the number of users K become arbitrarily big [28].

To illustrate the IA concept we use the K-pairs MIMO interference channel shown
in Figure 2.4 where transmitter ¢ has Ny antennas and needs to send d; independent
info streams, each one is equivalent to one DoF, to receiver i which has Nr antennas.
In this channel for the IA to be feasible there should exist Ny x d; transmission pre-
coding matrices V;, with rank(V;) = d;, and Ng X d; receiving interference elimination
combining matrices U;, with rank(U;) = d;, such that for all i,j € {1,2,..., K'},i # j,

we have [29]

U HijVi = 04,4, » (2.9)

where U is the complex transpose of U;, and H;; is Ng x Ny matrix which represents
the channel between receiver ¢ and transmitter j. Therefore using the above notation

the interference eliminated received d; x 1 signal vector at receiver i is given by

K
J=1,j#i

~
Zero due to(2.9)

/
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Figure 2.4: K-pairs MIMO interference channel with TA.

where x; is the sent d; x 1 info vector from transmitter 7, and n; is the Np x 1 AWGN

vector at receiver 1.
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CHAPTER 3

DUAL-HOP MIXED
RF/UNIFIED-FSO RELAYING

SCHEMES

3.1 Introduction

Due to the significance of the mixed RF/FSO relaying and to overcome the mentioned
problems in its analysis, see Section 1.2.3, we investigate in this chapter the perfor-
mance of dual-hop mixed RF /unified FSO DF relaying system, where both HD and
IM-DD are considered in the FSO hop. To this end, we derive closed-form expressions
for the outage probability, BER, and ergodic channel capacity for this scheme with

the following contributions:

o We correctly utilize, for the first time to the best of our knowledge, in such

system outage and capacity analysis, a precise channel capacity approximation
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for the IM-DD channel deduced in [12]-[15], [77]. This precise approximation is
tight at high-SNR, and hence it can serve as the channel capacity in that regime.
Consequently, this work presents precise quantitative comparison between HD
and IM-DD performances, and thus helps the designers in deciding whether to

deploy HD (higher rate) or IM-DD (lower cost/complexity).

Moreover, to the best of our knowledge, this is the first time that not only the
IM-DD input-independent but also the IM-DD cost-dependent AWGN channel
is taken into account in such system analyses. The difference between these two
IM-DD channel models is in the AWGN variance which is independent of the
input signal in the first model, while in the second model it is proportional to
the constraint (cost) of the input signal (optical average power constraint here).
Also, it is worthy to mention that the IM-DD input-independent AWGN channel
model [12], [14] is only applicable wherever the thermal noise dominates the total
receiver noise which is the case in the receiver that uses the PIN-photodiode or in
case of low optical powers. Alternatively, IM-DD cost-dependent AWGN channel
model [15], [77] is useful when the shot-noise dominates the total receiver noise
which is the case in the receiver based on the avalanche photodiode (APD), or

in case of high optical powers.

Also, we run the BER analysis under the assumption that the two hops do not
necessarily use the same modulation scheme. This assumption is valid in the DF
relaying schemes, which is the case in our work, and it is one of their advantages.

Especially, this is very important in mixed RF/ FSO relaying as not all mod-
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ulation schemes are suitable for IM-DD FSO communications. Specifically, in
the IM-DD systems we modulate the optical intensity (non-negative quantity)
which does not have a phase, and hence all kinds of phase modulations are not

applicable there.

o Additionally, the performance of the system is studied asymptotically at the high
SNRs regime. This asymptotic study results in new non-reported coding gain
and diversity order analyses of such system. Interestingly, we find that in the
FSO hop, based on the average SNRs, the HD or IM-DD cost-dependent results
in the same diversity order which is twice the one of IM-DD input-independent.
However, each FSO detector has a distinct relation between its average SNR
and the transmitted power, thus based on the transmitted power all the FSO
detectors result in the same diversity order, whereas the coding gain is different

for each FSO detector.

o Further, at high transmitted powers, we find that, in the FSO hop, the ergodic
capacities pre-logs for HD and IM-DD input-independent are identical and equal

twice the one of the IM-DD cost-dependent.

o Furthermore, we show the overestimations which occur in the outage and ergodic
capacity of the system when the well-known Shannon’s capacity formula for
the power-constrained AWGN channel is used for IM-DD instead of its precise
capacity approx. These overestimations lead to misconception in the comparison

between HD and IM-DD.

o All the above analysis is done in a unified manner for the FSO hop which
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combines HD, IM-DD input-independent, and (for the first time) IM-DD cost-
dependent in a unified expression for each statistical characteristic or perfor-
mance indicator. Note that obtaining these unified expressions is not straight-

forward.

In doing this work, we assume that the FSO link follows Mélaga (M) fading with
pointing errors, whereas the RF link follows Nakagami-m fading which can be used
to model the LOS transmission (see e.g. [64], [76]) between the source and relay.
Note that Nakagami-m also models the non LOS (NLOS) transmission (i.e. Rayleigh
fading) as a special case. Also, notice that the M fading model contains other FSO
fading models (including G-G) as special cases. Therefore, our performance analyses
can be seen as a generalized one from the FSO and RF fading models point of view.

The remainder of this chapter is arranged as follows. The system model is pre-
sented in Section 3.2. Section 3.3 analyzes the system performance. Numerical and
simulation results are carried out and discussed in Section 3.4, these results confirm the
accuracy of the derived analytical and asymptotic expressions. Finally, conclusions

are provided in Section 3.5.

3.2 System and Channel Models

The system under study is a dual-hop mixed RF/FSO relaying system which contains
a source S, a DF relay R, and a destination D as shown in Fig. 3.1. The source
communicates with the relay over an RF link and the relay communicates with the

destination over an FSO link. The direct S-D link is assumed to be infeasible.
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RF FSO
Nakagami m = R Malaga (M)

Figure 3.1: Dual-hop mixed RF/FSO DF relaying scheme

The transmission from S to D happens over two phases (i.e. two channel uses): S
— R and R — D. In the first phase, the received RF signal at R from S can be given
by

Yrr = V Ps hRF Trrp + Ny, (31)

where xgp is the transmitted signal from S with E{|zge|?} =1, P is S transmitted
power, hgp is the coefficient of the fading channel from S to R, n,~ CN(0, Ny) is
an AWGN, and E{-} denotes the expectation operator. Hence, the SNR at R can
be expressed as ’)/RF:%VLRFF. We assume that the channel coefficient of the RF link
follow Nakagami-m fading model, where in this work we use k£ to denote the parameter
m and restrict it to be an integer value. Thus, the probability density function (pdf)

of vrp is given by [76]

Sore(7) = (%)k (k’yk__l)! exp (—%v) : (3.2)

where gy is the average received RF SNR. Namely, WRF:%E{MRFF}:%QRF, where

we define Qpp as Qpp=E{|hxs|*}. Note that (P.Qgp) designates the average received
power at R, and hence 2z can represent the multiplication of the RF link losses

(Lgr), gains (Kgxyr) and design margins (Mgr). These losses include RF transmitter
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losses (Ltgy), RF receiver losses (Lrgy), path loss (Lsgr) (This loss is constant for
a given link distance and weather condition), etc. Thus, for example, we can have
Qnp=Lpp Knp Mpp = Ltge Lrie Lsne Kne My

It is worthy to say that when (k=1) the RF channel model reduces to the Rayleigh
fading model as a special case.

After receiving the signal, R forwards a decoded version of it to the destination
in the second transmission phase. Let xyp, and xpp represent the transmitted signal
from R to D in case of HD and IM-DD, respectively, with average power constraints
E{|zw|*} = 1 and E{zppp} = 1. Note that the average power constraint in the
IM-DD is on the expected value of the signal and not on its square because the signal
in this case represents an optical intensity. Consequently, the received FSO signal at

D from R in case of HD and IM-DD can be, respectively, given by

Yup = V P; grso Tup + N, (33)
Yivmpp = P, IFSO Zrvpp + Mvpp s (34)
where P, is R transmitted power, gpso and lpso = |grso|? represent the fluctuation

in the received electric field and irradiance, respectively. This fluctuation is due to
the atmospheric turbulence in the channel between R and D. In (3.3), the noise
Nup ~CN (0, Nyp) is a complex AWGN. While in (3.4), the noise nypp is a real AWGN
where nypp ~ N (0, Npypp) in case of IM-DD input-independent AWGN channel, and
Nivop ~ N (0, 2P, Tso NupE{Zpp }) in case of IM-DD cost-dependent AWGN channel

assuming relatively high P, as compared to the thermal plus background noise power.
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For the details of the HD and both types of IM-DD and their noise variances, the
reader is referred to [15], [77]. Thus the SNRs at D, upon which the outage, capacity,
and BER are based, are introduced as follows for HD, IM-DD input-independent, and

IM-DD cost-dependent, respectively,

Prlngo|2 2 P Ieso
f— —E = ——
Yup Noo {‘xHD’ } Noo )
PQ]gso P2]2
= I rSop2 = 150 3.5
" IMDD; Nevon {mIMDD} Novis s ( )

_ PrQIFZSOEQ{a:IMDD} _ P l.q
fyIMDDcost 2Pr[FSONHD]E{:L'HVIDD} 2NHD .

In this work, we assume that the R—D FSO link experiences M fading model
with the pointing error effect. In developing the M fading model [24], it is assumed
that the received signal consists of a LOS component (Ur), a component scattered
by eddies on the propagation axis and coupled to the LOS (US), and a component
scattered by off-axis eddies (U§) which is statistically independent from Uy, and US .
So as a result of adopting the M fading model with pointing error for the FSO link,

the pdf of the received irradiance Ipgo is given by [25, Eq. (21)]

B
CA 3,0 af I |¢w
M (]) = >— E b, G2 | ———— .
fIFSO( ) 21 ot Gl’g 9B+ Q Ag|cam|’ (3 6)
where
2CYa/2 g 5 Bre/2 —(a+m
~ gt (q) (96+Q/) L bm=am[a B/ (gB+Q) T
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(R ()6

« is a positive parameter related to the effective number of large-scale cells of the

scattering (fluctuation) process, 3 is a natural number! which represents the amount

of fading related to the effective number of small-scale cells of the fluctuation process?,

Q' = Q+2byp + 2¢/200pC cos(P 4 — P ) is the average power of the coherent contribu-
tions, Q = E{|UL|*}, E{|US|*} = 2byp, 4 and ®p are the deterministic phases of the
LOS and the coupled-to-LOS signal components, respectively, 2by = E{|US|?+ |US|?}
is the total average power of the scattered components, g = E{|US|*} = 2bo(1 — p),
the parameter 0 < p < 1 indicates the amount of the scattered power coupled to
the LOS?, ¢ is the ratio between the equivalent beam radius at the receiver and the

pointing error displacement standard deviation (jitter) at the receiver (i.e. ( — oo,

Tn this work we restrict 3 to be a natural number. This restriction leads to a closed-form
expression with a finite summation (Zizl) for the pdf of Ixgo as in (3.6), and hence more
evident analytical tractability is assured. Also, due to the high degree of freedom of the M
distribution, as shown in [24], the aforementioned restriction does not prevent it to offer an
excellent fitting to the experimental data, in all turbulent conditions, without the need for
the infinite summation (3~ ;) which appears in the pdf of Iuso, as given by [25, Eq. (23)],

in the generalized case when [ is a real number.

2The fading parameters o and 3 are related to the atmospheric turbulence conditions
(Rytov variance) with lower values generally representing severe (strong) atmospheric tur-

bulence conditions having the other parameters fixed.

3The details of the M distribution and the generation of its random variable can be

drawn out from [24, Egs. (13-21)].
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represents the non-pointing error case)?, Ay is a constant which defines the pointing
loss (or generally the FSO link losses and design margins), I'(+) is the Gamma function
as defined in [74, Eq. (8.310)], and G[] is the Meijer’s G-function as defined in [74, Eq.
(9.301)].

It is worthy to mention that, in general the constant A can represent the multipli-
cation of the FSO link losses (Lgso), gains (Kygo) and design margins (Myso). These
losses include FSO transmitter losses (Lipso), FSO receiver losses (Lrpso), pointing
loss (Lppso), path loss (Lspso) (This loss is constant for a given link distance and
weather condition), etc. Thence, for example, we can have Ay = LpsoKpsoMpso =
Lteso Lreso Lpeso Lispso Krso Mrso-

From the pdf in (3.6) (i.e. f7 ([)) and by using random variable transformation,

we obtain the pdfs of the SNRs in (3.5) in the following unified form

o)

where 7pso is used to indicate the unified SNR of the FSO link, B = (2af(g+Q")/[(¢*+

CQA
'YFSO Z b Gig

42“] , (3.7)

<2 7a7m

1)(gB+ )], s and w are the parameters that identify the type of the FSO detection,
ie., (s,w)=(1,1), (2,1) or (1,2) for HD, IM-DD input-independent, and IM-DD cost-
dependent respectively, and where p; 2 P E{lpso}/Nup = AoP.C*(g + Q) /[(¢C? +
1) Nip),” and for normalization purposes po = P? E*{I1s0}/Niwp as previously defined

in [79] and references therein. This definition results in py = A2P2¢* (g + Q)?/[(¢C? +

4For more details on the pointing error model, the reader is referred to [78].
SE{Irso} and E{I2 } are derived from [25, Eq. (33)].
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1)2Nypp). From these expressions of yuy, po, and (3.5), it is clear that yu, is proportional

to the average of the unified FSO SNR (7ps0). Specifically, p11 = Jup = 2Vimpnaers

B{lso} _ _ C(241) "(P42)+)®
E{ffsor a*l(a+1)[29(g+29’)+ﬂl2(1+1/ﬁ)},YIMDDindP‘

however j12 = Ywpp,, i
Notice that when p=1 (i.e. g=0), we get Ab, =2/(I'(a)I'(8)) for m=p( and
Ab,, = 0 for all other m. Thus, when p=1, and Q'=1 (for normalization), the pdf
[t (I) in (3.6) turns to the G-G distribution with pointing error, given by [80, Eq.
(1)], as a special case. Actually, having p = 1 means that the power E{|U$|?} £ g = 0,
i.e., in the G-G fading channel model, the received signal component scattered by off-
axis eddies (U§) is neglected. Therefore, by setting Q=1 and p=1 in (3.7), the
unified pdf of the FSO SNR in G-G fading with pointing error can be given by

¢2ap <w7)1/s
(C2+1) \ ps

G-G ( ): CQ 3,0
YFSO v s*yl“(a)l“(ﬂ) 1,3

C2 7&76

CQ“] . (3.8)

3.3 System Performance Analysis

3.3.1 QOwutage Probability

The outage probability (P,yt) is an important performance metric in slow fading chan-
nels which are the channels in most RF and FSO systems [2], [81] including the system
here. It is defined, as in [81], by P, = Pr[C < R|, where Pr[.] represents the proba-
bility operator, R is the end-to-end (e2e) desired transmission rate in bits/channel-use,
C' is a function on the random equivalent-SNR of the e2e channel. Therefore, C is

a random variable whose realization represents the e2e channel capacity given the
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corresponding realization of the e2e channel equivalent-SNR. As in any dual-hop DF
relaying scheme, in the system under study, the outage event occurs if either the first
hop or the second hop is in outage, i.e., the e2e outage event is the union of the outage

events of the two hops. Thus the outage probability in our system is given by ©
Pow = Pr |Crp < 2R | ) Crso < 2], (3.9)

1
= Pr {5 min [Cyp, Crso] < R, (3.10)

where Cryr and Chrgo are related to the channel capacity of the first hop (RF link) and
the second hop (FSO link), respectively.

Specifically, Cyr is a function on the random SNR of the first hop. Hence, Cir is
a random quantity whose realization represents the channel capacity of the first hop
given the corresponding realization of the first hop SNR (yrr). However, given gy,
the first hop is an AWGN channel as represented by (3.1). So, utilizing the AWGN

channel capacity expression, given in [73], results in”

Crr = log(1 + Yrp)- (3.11)

6R is the e2e desired transmission rate in bits/channel-use. Also, here the desired rates
of the two hops are assumed equal, and hence the factor 2 is due to the assumption that the
e2e transmission (from S to D) happens over two equal phases (i.e. two equal channel uses)

which means that each hop rate is twice the e2e rate.

"In this work, unless otherwise specified, the log base is 2.
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On the other hand, Crso is a function on the random SNR of the second hop,
and hence it is also a random quantity. Moreover, in case of HD the realization
of Crso represents the channel capacity of the second hop given the corresponding
realization of the second hop SNR (yyp). Alternatively, in case of IM-DD we relax
the manner and let the realization of Chgo represents an excellent approximation
(just above the lower bound)® of the channel capacity of the second hop given the
corresponding realization of the second hop SNR (ynmp,, ap OT ViMDDeoer ) HOWEVer,
gIVeN Yup, Yipbing, OF Vimppe. the second hop is, respectively, an AWGN channel,
IM-DD input-independent AWGN channel, or IM-DD cost-dependent AWGN channel
as represented by (3.3) or (3.4). Hence, using the expressions of the AWGN channel
capacity [73] and the approximations of the two IM-DD AWGN channel capacities [12],

[15] results in

2

log (1 4+ Yup) for HD
Crso = log (1 + 4/ %’YIMDDM,,) for IM-DD input-independent > (3.12)

klog (1 + i%MDDCO“) for IM-DD cost-dependent

or in a unified form

Crso = log(1 +~5L,), (3.13)

where v is used to represent the unified effective SNR of the FSO link, i.e., y&f

FSO FSO

8We use this approx. (just above the lower bound) because the IM-DD channel capacity
is yet unknown in closed-form [14]. However, this approx. is very tight at high-SNR, and

hence it can serve as the IM-DD channel capacity in that regime.
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equals either vyp, \/ 5= VMDD, ap> OT \/ 5-YipDeo: Pased on the used FSO transmission

scheme. Due to its importance in what follows, let us calculate the pdf of 4Z,. From
fiv (1) in (3.6), with the help of (3.5), and by using random variable transformation,

the pdf of 1¢f  can be given in a unified form as

B w
M w (A 50 |B(y/o)" | e
f7§f§0 (7) = 27 Z me1,3 ,ul/s Cam|’ (314)
m=1 S

where ¢ = 1,,/5-, or /4 for HD, IM-DD input-independent, or IM-DD cost-
dependent, respectively, and the rest of parameters are as in (3.6) and (3.7). Note
that by setting Q=1 and p=1 in (3.14), we get the pdf of 7%, in the special case of

FSO

G-G fading with pointing error as follows

Caf(v/c)”
(C+1) "

fG»G ( w CQ 3,0
i

VAT @re) s

eff
FSO

‘ “] . (3.15)
Now let’s go back to Py, and substitute (3.11) and (3.13) in (3.10) to get
P = DPr {min e+ o) < (27— 1)} : (3.16)

From (3.16) we realize that P, is nothing but the cumulative distribution function
(CDF) of Yeq=min[yse , 7:1,] evaluated at You = (22% — 1), this CDF, and hence Py,

can be expressed as [82]

M M
Fouw = F‘Veq ('Yout> = Fyr ('Yout> + F7§f§o ('70ut> — Fopp ('Yout) ngfsfo (’70ut)u (3‘17)
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where F._ (7out) and J o e (%ut) are the CDFs of vz and ~iI, | respectively. These
CDFs are, respectively, given, by integrating their corresponding pdfs in (3.2) and

(3.14) with respect to v, as follows

k—1 1
F =1—ex = — 3.18
) p(-27): > (7) (3.18)
M CQA B (v/e)"| 1,¢2+1
i (7) Zb Giy o |eamo| (3.19)

Upon substituting the CDFs (3.18) and (3.19) in (3.17) and after simple algebraic

manipulations, we get

k—1 i i w
k'70ut> 1 (k70ut> QQA 3,1 B(’Yout/c) 1 C2+1
Powt=F,.,(Yout)=1— | exp(——= (= —22N p,,GY ’
t Y (,y t) ( p< ’YRF g 7/! fyRF 2 WLZl 2,4_ Iu;/s CQ,a,m
(3.20)

Remember that the P, in (3.20) is for the case of M fading in the FSO link.
Alternatively, to attain the P, for the special case of G-G fading in the FSO link,
the CDF Fggo(y) in (3.17) should be replaced by the CDF Fj%’fsfo(y) which can be
given, after integrating its pdf in (3.15), as follows

C2

) Gaf (1/0)"
YEEIN

e (3.21)

1,62+1
20,80
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3.3.2 Asymptotic Outage Probability

Due to the complexity of the derived expression in (3.20), it is not easy to know
the impact of the different system parameters on its P,,.. Therefore, in this section
we derive more simple (asymptotic) expression for the system outage probability in
the high SNR regime. This asymptotic P, provides more help in understanding
and analyzing the system performance by offering some system outage performance
indicators clearly in its expression.

Namely, in the high SNR regime, the asymptotic outage probability can be nor-
mally given as Po(ziz (GSNR)~%, where G4 and G, are outage performance indicators
which are, respectively, termed the diversity order and the coding gain related to the
Pyt of the system [76]. The diversity order Gy specifies the slope of the log-log Py
versus average SNR plot in the high SNR regime, while logG. specifies the horizontal
shift of this plot as compared to a benchmark outage probability plot of (SNR)~“.

Thus, to highlight G4 and G¢ of our system, we need to reduce (3.20) to the typical
P;ﬁi expression. To this end, we start by modifying (3.17) as follows: first we replace
the used CDFs by their asymptotic versions at the high SNR regime, then we drop

the last term because it is negligible at the high SNRs. After these modifications, we

obtain

M(a)

(a) (a) (a)
POUt - F’qu (7°“t) - F’YRF (’Yout) + nyl‘f,‘g (’Vout)a (322)

O

where F;:F (Yout) and Fjgfé: (Yout) are, respectively, the asymptotic CDFs of vz and

~e¥ o in the high SNR regime. Next, we are left with determining these asymptotic
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CDFs. Let’s begin with F (%ut) which is derived by first using the high SNR limit

£y = 1) in (3.2) to get f F('y fk myi> then integrating this

(hm’VRF—>OO eXp( rr

asymptotic pdf leads to
i () = (k/Fee) 7 ()L (3.23)

Then again to determine F;\:éa)(%ut), we adjust (3.19) by applying [84, Eq.
FSO
(07.34.06.0006.01)] which is the Meijer G-function series representation for /% — 0,

e..? Yrso — 0o (high SNR). Doing this adjustment results in

5. 3 LT (0, - b)) w
M(a) N A il J ! B (vy/c)
F“@so 9 Z_ ; ;2 +1-0b ) b ( ,Ui/s ) ) (3.24)

10

where b, = (2,b, = a and by = m, Moreover, (3.24) can be simplified more by

keeping only the dominant term in the second summation (Zf’zl) at high FSO SNR
(“S — 0), i.e., the term which contains the minimum b, (b = min[¢?, «,m]). By this

simplification!!, we get

9Because by definition, y; is proportional to Jrso (see the definitions after (3.7)).
!0Note that [84, Eq.(07.34.06.0006.01)] requires b;—b; # 0, +1,£2, .. .5 (j,l = 1,2,3;j # 1).

This condition can be fulfilled in all channels, and without affecting the physical channel
model, by adding different infinitesimal numbers (¢;) to any b; which does not satisfy it. All
the other conditions, given in [84], for [84, Eq.(07.34.06.0006.01)] to be valid are already

satisfied here in our work.

UThe deeper in high SNR regime we go, the more precise this simplification is. How-
ever generally speaking, in the beginning of the high SNR regime this simplification will
be acceptable if Q; .. is less than the other b;’s by about 1 or more, otherwise the second
summation in (3.24) (32;_,) will be dominated by the terms which have the least b,’s where

the difference among these least b;’s is less than about 1, and the difference between these
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/
/ ’

b
FM(a) CQA Z J Ly A I (bj o bmm) B(y/e)" ™ (3.25)
'YE‘SO m C2 + 1 b ) b lu;/s : :

min

For the case of'? p#£1, and by utilizing the definition of br;in, (3.25) can be expressed
as
Mla) S nlrllln
Foi () =A(B(v/e)"/ul?) (3.26)

TFso

where bn/:m =min[(?, o, 1], and

A ir 2 Lo 2
| STt W e <t il

2_ o— ’
42—%% if&a>l,=0 =

where in case of br;mzlv we keep only the first term (m=1) in the summation with
respect to m, because it dominates the other terms at high FSO SNR.

Now upon substituting (3.23) and (3.26) in (3.22), we obtain

1

_ 1 =" s
a a k‘ ]./k’ — k A_S/Qnin B_S . min
Po = Fy.) (Oow) = (()—7”) + - . (3.8)

EYout (70ut/c)

For the P i

ut 11 (3.28), let us focus on two different cases:

Case 1: The first hop dominates the system outage probability
This is the case in which the first summand in (3.28) is much larger than the

second, i.e., the 1°¢ hop (RF link) is in worse conditions than the 2" hop (FSO

least b;’s and the other b;’s is about 1 or more.

12The case of p=1 (i.e. g=0), in which Ab,,=0 for all m except m=/, is analyzed after

(3.29D).
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link). This case happens for example when the FSO link experiences relatively weak
turbulence conditions and small pointing errors, i.e., when «, 3, and ¢ have relatively
large values. This case can also happen when the average RF SNR is relatively low.

By referring to the standard Péji expression, it can be seen, in this case, that our
considered system can achieve a diversity order of k, (GﬁF =k), and a coding gain
which is given by G = (k) /(kYout). So in this case the coding gain is a function of
k and ~out.
Case 2: The second hop dominates the system outage probability

In this case, the second summand in (3.28) is much larger than the first, i.e.,
the 2"@ hop (FSO link) is in worse conditions than the 1°¢ hop (RF link) in this case.
As an example, this case occurs when the FSO link suffers from relatively strong
turbulence and significant pointing errors, i.e., when «, 5, and { have relatively small
values. This case can also happen when the average RF SNR is relatively large.

Then again, by referring to the standard Péﬁi expression, it can be seen, in

this case, that the achievable diversity order and coding gain of our system are,

respectively, given by
Gf: = Q:;n/s = min[¢%, a,1]/s, (3.29a) GCA = A= B™ (our/0)". (3.29b)

Recall that the above P in (3.28), and hence ((3.29a), (3.29b)) are when the

u

FSO link encounters M fading with p#1. Alternatively, to obtain the P for the

out

special case of G-G fading (p=1) in the FSO link, the CDF F;\:éa) (7) in (3.22) should

FSO
G-G(a)

be replaced by the CDF F o () which is given, by setting Q' = 1 (for normalization)

FSO
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and p=1 in (3.25), as follows

*
G-G(a) * w s Ignin
Frar () = (A% (ve)" /)™ (3.30)
where b = b = a,by = B0 = minltaeg, and A £

3 * ok
<2 (eaﬁ)b:innjﬂvb?#b;f<"f i)
L(a)T(B) \ ¢3+1 D(¢2H1-0% )b*

min

Consequently, by using (3.23) and (3.30), we get the P\,

¢ for our system in the

case of mixed Nakagami-m/G-G fading as follows

(a) G-G(a)

(a) (a)
Pout - F'yeq (f)/Out) - F’YRF (’Yout) + F7§f§0 (’70ut> (331)

*

—-b . /s
et (s
O\ EYour (Yout/c)™* ' '

Here again for the Pézi in (3.32), we focus on the previous two cases. Regarding case
1, nothing is changed, and so we can deduce the same results as the previous ones.
However, for case 2, i.e., when the 2" summand dominates in (3.32), we can notice
that, related to Py, our system achieves a coding gain and a diversity order which

are, respectively, given by
] * ]
Gr = A (o 0)"°, (3.33a)  Gy° =b" s=min[C% a, f]/s.  (3.33b)

It is worthy to observe that it is possible for Gﬁ—G to be greater than 1/s, whereas
this is not possible for G: . Another observation is that in the FSO hop, G, is

different for each FSO detector. However, based on the previous high SNR analysis,

o4



using HD or IM-DD cost-dependent results in the same Gy which is twice the Gy
of IM-DD input-independent. While, if the asymptotic analysis is based on high
transmitted power regime, all these optical detectors will result in the same P,-based
diversity order (call it Ggp,). To illustrate this consider the aforementioned “case 27,
and by referring to (3.28), (3.32), and recalling that us is proportional to P? (see

r

definitions after (3.7)), it can be shown that, for all considered FSO detectors, we have

G/:p = min[¢?, a, 1], (3.34a) Gf]_pG = min[¢*, a, 3. (3.34b)

Additional significant note here is that, to the best of our knowledge, no work in
the literature (see e.g. [63], [64], [70], [85]) utilizes a precise IM-DD channel capacity
approx., as (3.12), in such system outage analysis. Instead there has been an unsound
adoption of the form (log (1 + Yimop;,, dp)), let’s denote it by IM-DD__capX, for IM-DD
input-independent capacity in outage analysis. This leads to misconception in the
comparison between HD and IM-DD, see Fig. 3.7. Hence, to overcome this we utilize
Egs. (3.12), (3.13) here to derive P, and its asymptotic analysis.

Actually, by using the CDF of vpgo (given in (3.42) on next page) instead of
the CDF of ¢, (given in (3.19)) in the outage analysis, it can be shown that, the
unsound adoption of IM-DD_capX results in the same previous G:f and Gﬁ’G for
IM-DD input-independent. Then again, by using (3.42) instead of (3.19) in P,y

analysis, it can be seen that, the use of IM-DD_ capX leads to the following P, -based

coding gains in case of M (with p#1) and G-G (p=1) fadings, respectively,

a2 g © o= AV (3.35b)
c X — A mmB /'Vout 5 (335&) c X f)/out . .
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Therefore, by comparing (3.35a), (3.35b) with (3.29b), (3.33a) (when s=2, w=I,

and c=,/5-), we observe that there is a coding gain overestimation by using IM-
DD_ capX instead of our precise IM-DD input-independent capacity approx. (3.12).
This overestimation in the P,-based coding gain is given, in dB for both M (with

p#1) and G-G (p=1), by

0G. = 101og,,(2mYour/€) = 1010g;(Yout) + 3.639 dB. (3.36)

The 6G. in (3.36) is based on high SNR analysis. However, by comparing the 2"

summands in (3.28), and (3.32) with a Py, of the form (G, P,)~ %%, after recalling

that us is proportional to P?, it can be shown that, based on high Tx power regime,

the aforementioned overestimation in G¢ is given by

5ch = (SGC/Q = 510g10(%ut) + 1.819 dB. (337)

3.3.3 Bit Error Rate

In general, for a dual-hop DF relaying scheme over independent fading channels, the

average BER can be introduced as follows [48, Eq. (14)]

Fser = F}BIII;R + ﬂB”I;R - 2PI;LII:ZRP§II;R7 (3.38)

where Bipg and P are the average BERs for the first and second hop, respectively.

In terms of their corresponding CDFs, these average BERs can be expressed as [75]
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]ijl - an/E > eXp<—b17)F

ER — 2ﬁ 0 T VRF(V) d% (3'39)

Php2 o a2\/b_2 > eXP(—b2V) FM
BER — 2ﬁ 0 T YFSO

(v) dv, (3.40)

where aq, b1, as, and by are the parameters which specify the modulation type in the
corresponding hop'®. For a possible list of the modulation types indicated by these
parameters, the reader is referred to [75]. Now to obtain Peg, we carry out the

integration in (3.39), after substituting (3.18) in it, with the help of [74, Eq. (3.381.4)]

to get
k—1 i .
1 \/ r (Z + 0. 5)
Fig =2 ( ) . 3.41
BER 2\/’ b05 Z Taw /il (by + k)T a.41)
Alternatively, to solve the integral in (3.40) we need the CDF vaso( ) which can

be given, by integrating its pdf in (3.7) with the help of [84, Eq.(07.34.21.0084.01)],

as follows

13Eqgs. (3.39) and (3.40) represent the symbol error rate. So they give the BER in case
of binary modulations, while they give an upper bound for the BER of M-ary modulations.
Moreover if they are divided by the #bits/symbol, they will provide a lower bound for the
BER of M-ary modulations which is an excellent BER approx. at high SNR when gray

mapping is used [16].
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B
M 3s,1 7 Lx
F’YFSO(’Y) =D Z CmGsil’?’erl {E_ X270:| 7 (3.42)
m=1 Hs
where D=C2A/[25 (21)° "], ¢ =bps® "1 E=Bsw/s®, x;= 42:1, o Cst includes
s terms, and x,= %, . CQJFSLl, o ekl m o miselincludes 3s terms. Now the

B is given, after substituting (3.42) in (3.40), with the help of [74, Eq. (7.813.1)]

as follows

x2,0

D FE
#Lﬂ _ a2 CmG3s 2 |:
BER 2\/— Z s+2,3s+1 bg LLs

] s

Feer=

Subsequently, upon substituting (3.41) and (3.43) in (3.38), we get
CL1\/_
bO 5

SO Ee ]

as D s E o5,1,x as D s FE
[1—272 c{ H S e G [

@Mk
T

0.5,1,x1
x2,0 ’

(3.44)

b2 s b2 s

Notice that the Fpr in (3.43), and hence the Bygg in (3.44), is when the FSO link
(2" hop) faces M fading. Nevertheless, the same previous procedures can be followed
to attain the Fypg, and its related Rgg, for the G-G faded FSO link, however the CDF
F" (v) in (3.40) should be changed by F ! rso () which is given, by setting Q'=1 and

TFSO

p=1in (3.42), as follows

G-G

- s Y
Fo (=K G§¥1,3s+1 [ﬁ_

YFSO
s

1”‘11 , (3.45)

x3,0
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where K = (2577 /[ (4m)* "' T()0(B)], £ = w(C®apf)*/[(¢* + 1)s*]°, and x5 =

includes 3s terms.

¢ Chs—1 a ats—1 B Bts—1
= S L2

3.3.4 Asymptotic Bit Error Rate

The derived average BER, in (3.44) is complicated, and hence it is hard to analyze
how this BER is influenced by our system parameters. Therefore, to have more insight
about the effects of our system parameters on its BER, let us drive the asymptotic
average BER (FR§cg) in the high SNR regime. To do that, we begin by omitting the
last term in (3.38) because it is negligible at the high SNRs. Then, we modify the rest

of (3.38) to get the asymptotic average BER as follows

hpl hp2

Fger = Fger + Tier > (3.46)

where Pt and Bier are, respectively, the asymptotic average BERs for the first and

second hops in the high SNR regime. Next, to obtain Pitn we solve the integration
in (3.39), but after replacing F., () with F,i;;(v) from (3.23) and with the help
of [74, Eq. (3.381.4)], to get

g D(k+05) [k \
pert = 2 ( )<—) : (3.47)
F

2/ K'bY \ An

On the other hand R%n can be derived from (3.43) by using [84,

Eq.(07.34.06.0006.01)], and mimicking the same method which is followed in deriving

F"'(7) (Egs. (3.24) and (3.25)), to get

FSO
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/

-2 i Dt/ +09) H?il,sxy#lz;mr(x%—b,;n/@ ( E )%n/s (3.48)
— Cm, - = / ' '
2ﬁ m=1 <bmin s) Hj:l F(le - bmin/s) by s

For the case of p#1, and by utilizing the definition of br;m, (3.48) can be compactly

expressed as

17

o2 as DT(b' Js+0.5) J E O\
PBER - /1 S T 17 b 5 (349)
2y (b, /s) 1Ty Dy = 07 /) \ b2 ps
where x; is the j™ term in x;,
anzlcm H?S:LSX%#/' F(xzj—br;m@ if (2 or a<1, :>br;in:min[g2, al
Ja hin . (3.50)
S 1O T2 syl 2 =19 if 2 & a>1,=b =1
and xo; is the j™ term in x,.
Thus, by substituting (3.47) and (3.49) in (3.46), we attain
Pa‘ o al F (k “I'_ O5> (h)k a2 D F(bnlllm/s + 05) J b2 MS _bmin/S
BER ™ oymklh \ k 2w (b fs) TI_ D(xi; — 0 /s) \ E '
(3.51)

Of course, the BL2 in (3.49), and accordingly the Plr in (3.51), is when the FSO
link meets M fading with p#1. However, by setting p=1, and for normalization

(=1, in (3.48), we can get the R%E’ and its correspondent Blr, for the special case

of G-G faded FSO link as
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* 3s * *
gk T8 +05) T, %nr(x?)j—bm/s) ( P )qm/s

B = 3.52
BER " oym (@, /s) TIi= T(xy; — 0, J5) b fis ’ (3:52)
po _@ I'(k+0.5) (E)k
BER™ oymklbh \ k
* 3s * *
4 22K (/5 +05) T i, D15 (b2 MS) L sy
2\/7_T (br:in 8) Hj’:l F(le — b:in S) L ‘ '

In fact as the P\

out?

in the high SNR regime, the asymptotic average BER can be
typically given as Rt~ (G.SNR) ™%, where G4 and G, are BER performance indicators
which, respectively, designate the diversity order and the coding gain related to the
BER of the system [16]. Therefore, from Eqs. (3.51) and (3.53), and by keeping the
standard F§pg in mind, it can be noticed that our system has BER-based diversity
orders (ng, gf , Qc? —G) which, respectively, equal its P, -based diversity orders (GﬁF,
GQA ; Gpd'G) in each one of the previous analyzed cases in Section 3.3.2. However, this
is not the case for the coding gains (i.e. Q? " ch , QCG “ are, respectively, not equal to
G\ G GO,
Also, from (3.51) and (3.53), we can perceive that the used modulation type affects
4This diversity-coding gains analysis, for both Pyy and Fsgr, has not been done in the
open literature as per our knowledge. Recently a related diversity-coding gains analysis was
done in [85]. However, the outcomes drawn from that analysis are different from our Q;w ,
Qéw , QCG “, G’: ) G/:l , and GCC;—G which are obtained here from the detailed diversity-coding

gains derivations given in ((3.22)—(3.32), (3.46)—(3.53)).
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only the G., while the encountered fading model (Nakagami-m, M, G-G) affects both

the G4 and G..

3.3.5 Ergodic Channel Capacity

Ergodic channel capacity (C.,,) is the term used for information theoretical channel
capacity in case of fast fading channels [81]. As a dual hop DF system, our system!®

has the following ergodic capacity

C

erg

- %min E{Che} , E{Croo}], (3.54)

where Cyr and Crgo are defined in (3.11) and (3.13), respectively, and thus the above

expectations are given by

B{Cur} = s | (14 %) fud) (3.55)
B{Crio} = gy [ 1001 +) £ ) (3.56)

Now upon substituting (3.2) in (3.55), while utilizing In(1 + v) = G;g [fy

1,1]
1,0

15In general, the RF and FSO faded channels are a slow fading channels. However,
they can be considered as fast fading channels, if long enough interleaving is used. This
interleaving-based fast fading consideration can be especially valid in some situations such
as in windy conditions where RF and FSO channels (particularly FSO pointing errors)

fluctuate relatively fast.
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and exp(—z) = Gé?[z

;], and with the help of [84, Eq. (07.34.21.0013.01), Eq.

(07.34.17.0011.01)], we get

o 1 3,1 ]f
B{Chr} = (k—1)! 22 {

0,1
— km} . (3.57)

Then again, after substituting (3.14) in (3.56) and utilizing In(1+4) = G;g [7)1’(1)],
E{Crso} can be attained by using [84, Eq. (07.34.21.0013.01)]. By doing that, and
making some simplifications by exploiting the Meijer’s G-function definition [74, Eq.

(9.301)], we obtain

B
CQA/Q Z w+4w B/Cw X4,1,CQ+1
E{CFSO} w 11112 ’ Gw+2 et Ni/s ¢%a,m,0,x4| (358)
where x4, = %, cee “’T_l includes w terms.

Finally, by substituting (3.57) and (3.58) in (3.54), we get our system Ergodic
capacity.

Recall that the E{Crgso} in (3.58) is for the M faded FSO link. Instead, to obtain
the E{Crso} for the special case of G-G faded FSO link, the pdf f;\;%(gy) in (3.56)
should be replaced by the pdf f;}go(v) given in (3.15). Doing that, and following the

same previous steps, results in

Cap/c?
(1)’

C/(L@LB) s

(27T)w_11112 w~+2,w+4

E{CFSO} -

CQ,CM,ﬁ,O, X4

b ] | (3.59)
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3.4 Simulation and Numerical Results

In this section, we present numerical examples to illustrate the analytical and asymp-
totic expressions of the previous section and also to show the effect of the different
fading parameters and pointing error on the system performance.'® Additionally, this
section validates the derived analytical and asymptotic expressions by Monte-Carlo
simulations. In these simulations, 10° realizations of the SNR random variable are
used except at the results which are less than 107% where 10® realizations are used.
Also, BPSK (a; =b; =1) and OOK (az=1,bo=0.5) are used in the results of the
BER as the modulation schemes for the RF and IMDD-FSO hops, respectively, while
BPSK (as=by=1) is used for HD-FSO hop.

Fig. 3.2 demonstrates the effect of the atmospheric turbulence parameters (o and
) on our system P, for a specific pointing error ((=1.5).17 From this figure, it can
be noticed that the lower values of a and f, i.e., stronger atmospheric turbulence,

result in higher (worse) P, and vice versa.'®

6Following the same strategy as in related literature, see e.g. [71], [63], [24], [25], [85], we
chose the values of the system parameters to validate the derived expressions, and thus other
parameters’ values can be used by planning engineers to get the results in their particular

scenarios.
17 In all results, without loss of generality, we use Yout=0dB, 2=0.78, and by=0.11.

8Note that Ao and Yivpp,,s, are proportional to P, whereas ympp,, ap 18 proportional to
P2. Therefore the results plotted versus the average SNR should not be used in comparing
the different FSO detectors, otherwise this will lead to unfair comparison from P, point of

view.
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Figure 3.2: P, for different values of o and [ considering all FSO detection tech-
niques.

The effect of different values of k, p, and ¢ (pointing error) on our system outage
probability (P,y) is demonstrated in Fig. 3.3 for fixed atmospheric turbulence con-
ditions considering IM-DD cost-dependent. As expected, the higher the values of k,
p, or ¢ (smaller pointing error), the lower is Py, and hence the better is the attained
performance. Also, based on the used parameters, we can perceive from Fig. 3.2
and Fig. 3.3 that in the low RF SNRs, the RF hop dominates P, i.e., P, varies
when gr changes although 4rgo is constant here. However, in these figures when the
RF SNR becomes relatively high, the P,,; becomes constant because in this case it is
dominated by the FSO hop whose Jrgo is set constant in these figures.

Figs. 3.4, 3.5, and 3.6 evince that the asymptotic P,y expression converges to the

exact Py expression at the high SNRs. Additionally, these figures show the diversity
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Figure 3.3: P, for different values of k, p and ( considering IM-DD cost-dependent
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Figure 3.4: P, dominated by the RF hop when IM-DD cost-dependent is used in the
FSO hop.

order and coding gain of our system outage probability at high SNRs in different cases.
More specifically, Fig. 3.4 confirms that GﬁF =k as derived in case 1 of Section 3.3.2,

i.e., the measured slopes of the log-log curves in the high SNR from Fig. 3.4 equal the

derived G;;F )
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Figure 3.6: P,y dominated by IM-DD cost-dependent G-G FSO hop.
On the other hand, Fig. 3.5 confirms that, given s=1, G/::br:in/s:min[@,a, 1] as

derived in (3.29a). To explain this, we labeled two groups in this figure. In the group
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of G(Af =1, the values of (3, ( are different among this group curves but they still have
min[¢?, o, 1]=1 = G/: =1 which is identical to their log-log slope in the figure. However,
the difference in 3, ( among this group leads to different G’: in each of its curves. The
other group has min[¢? a, 1]=(? = G’: =0.49 which is identical to its log-log slope.
Alternatively, Fig. 3.6 confirms that, given s=1, Gpd’G:b:in/s:min[CQ,a, f] as derived
previously, i.e., the labeled measured log-log slopes from Fig. 3.6 are identical to the
derived G3° in (3.33D).

Moreover, Figs. 3.4, 3.5, and 3.6 confirm the validity of the derived analytical
and asymptotic P, expressions by showing the perfect match between them and the
Monte-Carlo simulations.

Fig. 3.7 shows that the asymptotic P, expression converges to the exact Pyt
at the high transmitted powers. Also, this figure validates that, at high transmit-
ted powers, all FSO detectors result in the same diversity order which is given by
G/:p = min[(?, a, 1] or Gﬁf = min[(?, o, 3] as deduced in (3.34), i.e., in Fig. 3.7 the la-
beled measured log-log slopes are the same as the earlier deduced ones. Additionally,
from this figure, due to the different coding gains, we can see that the HD offers better
outage performance than both IM-DD techniques, and IM-DD input-independent re-
veals less P, than IM-DD cost-dependent. However, based on the used parameters in
Fig. 3.7, this IM-DD input-independent outage is overestimated because the IM-DD
input-independent ignores the shot-noise which is considerable in this example.

For comparison, Fig. 3.7 also includes a curve labeled IM-DD X. This curve reflects
the overestimation (misconception) in Py, when we unsoundly use Shannon’s capacity
(log (14+Ynopyng,) ) for IM-DD input-independent, see e.g. [63], [64], [70], [85], instead
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Figure 3.7: P, dominated by the FSO hop vs transmitted power.

of its precise capacity approx. (log (1+M%71MDDm dp)) which is used here in our

work. Specifically, as deduced in Section 3.3.2, Fig. 3.7 proves that, under the same
parameters, IM-DD X holds the same G4 as all FSO detectors, including IM-DD input-
independent. Alternatively, this figure evinces that, under the same parameters, there
is an overestimation in G. reflected by IM-DD X as compared to the precise IM-DD
input-independent curve. It can be seen that, given v,,4+=>5 dB, this overestimation is
consistent with the drawn one in (3.37) (i.e. 0G¢=510g(You)+1.819=4.319 dB).
Alternatively, Fig. 3.8 illustrates the influence of the atmospheric turbulence pa-
rameters (« and [3) on our system Rer for a fixed pointing error (¢ =1.5). From

this figure, it can be observed that higher values of a and f3, i.e., weaker atmospheric
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Figure 3.8: Fger for different values of o and ( considering all FSO detection tech-
niques.

turbulence, result in a lower (better) Rser and vice versa. Another note, based on the
used parameters, in Fig. 3.8 is that in the relatively high RF SNR regime, the Fsgr
is constant, since in this regime it is dominated by the FSO hop whose Apgo is kept
constant in this figure, however in the low RF SNRs the Fsgg is dominated by the RF
hop.

The impact of the different values of p, k, and { on the system BER (Fggr) is
shown in Fig. 3.9 for IM-DD cost-dependent. As expected, an increase in the value
of p, k, or ¢ (smaller pointing error) leads to a decrease in the Rgr, and hence results
in a better performance. Beside that, Fig. 3.9 reveals the convergence between the

asymptotic and exact Fggr expressions. Furthermore, Fig. 3.9 validates that, given
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Figure 3.9: Fsgr dominated by IM-DD cost-dependent FSO hop for different values
of k, p and (.

s=1, Qf:bl;n/s:min[@, a,1] and g:'G:b:;n/s:min[@, «, ] as drawn in Section 3.3.4,
i.e., in Fig. 3.9 the labeled measured log-log slopes are identical to the formerly drawn
ones.

The ergodic channel capacity (C.,,) versus the RF SNR (%) is plotted in Fig.
3.10 for different values of the atmospheric turbulence parameters (« and [3), while
the FSO SNR (%s0) and the pointing error (¢) are kept fixed in this figure. It can
be seen, from this figure, that lower values of a and (3, i.e., stronger atmospheric
turbulence, result in lower (worse) C.,, and vice versa. Moreover, based on the used
parameters, we can notice from Fig. 3.10 that in the relatively low RF SNRs the RF

hop dominates the C.,,, i.e., C.,, varies with the change in Ygr although 7sso is set
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Figure 3.10: Cegg for different values of o and 3 considering all FSO detection tech-
niques.

constant here. However, if the RF SNR becomes relatively high, C.,, will be constant,
because in this case it will be dominated by the FSO hop whose 7z¢o is set constant
in this figure.

Fig. 3.11 provides the influence of the different values of p and ¢ on the system
ergodic channel capacity (C.,) for all FSO detectors. Clearly, C.,, increases by the
increase in the value of p or ¢ (smaller pointing error). In addition, this figure demon-
strates that the HD provides better ergodic capacity than both IM-DD techniques, and
IM-DD input-independent reveals higher C,,, than IM-DD cost-dependent. However,
based on the used parameters in this figure, this IM-DD input-independent ergodic

capacity is overestimated because again the IM-DD input-independent ignores the
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Figure 3.11: Cey dominated by the FSO hop vs transmitted power.

shot-noise which is considerable in this example. Furthermore, from Fig. 3.11 it can
be seen that the capacity pre-log equals 0.5 for HD and IM-DD input-independent,
while it is 0.25 for IM-DD cost-dependent. This confirms the capacity pre-log, assum-
ing Tx over 2 channel uses, which can be deduced, at high transmitted powers, from
E{Crso} with the help of (3.13), (3.12) and (3.5).

Then again for comparison, Figs. 3.10 and 3.11 contain the curve IM-DD X
which reveals the overestimation in C.,, if the capacity form IM-DD_capX (log (1+
YimpD,, dp)) is unsoundly used for IM-DD input-independent instead of its precise ca-
pacity approx. (1og (14+/5=nmwo,.q,)) given in (3.12). This overestimation, in C.,
(and its pre-log) of IM-DD input-independent, is mainly due to the missed sqrt. in
the IM-DD_ capX form as compared to the one in (3.12), i.e., even if a form such as
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(log (1‘1‘%%1\@13”1 dp)) is inaccurately used for IM-DD input-independent capacity, the

same above indicated overestimation, in the pre-log of C.,,, will appear.

3.5 Conclusion

In this work, we studied the performance of dual-hop mixed RF/FSO DF relaying,
where HD and IM-DD were considered in a unified manner for FSO detection. Specifi-
cally, we derived closed-form expressions for the outage probability, average BER, and
ergodic capacity of this system assuming generalized fading models, i.e., Nakagami-m
and M fading with pointing error for the RF and FSO links, respectively. In doing
that, we utilized, for the first time as per our knowledge, a precise IM-DD channel
capacity result. Moreover, this was the first time that not only the IM-DD input-
independent but also the IM-DD cost-dependent AWGN channel is considered in such
system analysis. Also, in BER analysis, we assumed that the modulation schemes in
the two hops can be different, as not all modulations are suitable for IM-DD FSO
links. Additionally, the system performance was asymptotically investigated at high
SNRs where a new non-reported diversity order and coding gain analysis was shown.
Interestingly, we found that in the FSO hop, at high transmitted powers, all the
optical detectors result in the same diversity order, whereas their coding gains are
different. Also, for HD and IM-DD input-independent we found that, at high trans-
mitted powers, their capacities pre-logs are identical and equal twice the one of IM-DD
cost-dependent. Moreover, we showed the overestimations which occur in the outage

and capacity of the system when the well-known Shannon’s capacity formula for the
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power-constrained AWGN channel is used for IM-DD instead of its precise capacity
approx. These overestimations lead to misconception in the comparison between HD
and IM-DD. Furthermore, we offered simulation results which confirm the derived

exact and asymptotic expressions.
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CHAPTER 4

DUAL-HOP MIXED
INTERFERENCE ALIGNED
MIMO RF/UNIFIED-FSO

RELAYING SCHEMES

4.1 Introduction

Despite its worthy applications no work in the literature, as per our knowledge, inves-
tigated the performance of dual-hop mixed interference aligned MIMO RF interference
channel (IC)/FSO DF relaying system. Therefore, this encourage us to analyze the
performance of such system in which both HD and IM-DD are considered in the
FSO link. In this work the Interference alignment (IA) technique is utilized in the

MIMO RF IC hop to eliminate the interference, and hence this leads to enhance the
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multiplexing gain (degrees-of-freedom (DoF)) in this hop [28], and as a result the
overall system performance is improved. To do that IA exploits the knowledge of
the channel state information (CSI) of all transmission links to build (beamform) the
transmitted signals in a way that the interference signals at any receiver overlie on the
same subspace while the desired signal, at that receiver, remains separable at another
orthogonal subspace [28]. If this happens, interference elimination is possible by pro-
jecting the total received signal, using interference elimination combining matrix, on
the desired signal subspace (zero-forcing the interference).

An important application of this scheme is the one in which the first hop is a
MIMO uplink IC where K multiantennas-equipped mobile users (MSs) communicate
with their corresponding K multiantennas-equipped base transceiver stations (BTSs)
via RF links, specially when those MSs are located at the coverage border of their
neighboring BTSs. While in the second hop these BTSs are connected with the back-
bone network via FSO links.

In this study, we utilize, in the system outage and capacity analyses, an accurate

approximation for the IM-DD channel capacity drawn in [12]-[15], [77]. This rigorous
approximation is tight in high SNRs, and thus it can act as the channel capacity at
that region. Therefore, our analysis offers a rigorous quantitative comparison between
IM-DD and HD performances, and hence assists the planners in choosing whether to
use HD (better info rates) or IM-DD (less costs/complexity).

Additionally, not only the IM-DD input-independent AWGN but also the IM-DD
cost-dependent AWGN channel is analyzed in these investigations. The difference

between those two IM-DD channels resides in the variance of the AWGN which does
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not depend on the input signal in the first model, however in the second model it is
proportionate to the cost (constraint) of the input signal (average optical power). It is
important also to state that the input-independent AWGN IM-DD channel model [12],
[14] is only valid where the receiver noises are dominated by thermal noise, and this
is the case in the receivers which employ PIN-photodiode or in case of low optical
powers. On the other hand, the cost-dependent AWGN IM-DD channel model [15],
[77] is useful wherever the receiver noises are dominated by shot noise, and this is the
case in the receivers which employ avalanche photodiode (APD) or in case of high
optical power.

In doing this analysis, we assume that the FSO links follow Malaga (M) fading
with pointing errors, whilst the MIMO RF links follow Rayleigh fading. Note that
the M fading model, as shown in [24], is valid under the whole range of atmospheric
turbulence scenarios and it gives a very accurate fit to the experimental data. Also,
the M fading contains most of the FSO fading models (comprising G-G) as special
cases. Consequently, our analysis can be viewed as a generic one from the point of
view of the FSO fading models.

Moreover, the system performance is studied asymptotically at the high SNRs
region, where the diversity order and coding gain analyses are illustrated. It is found
that when the system is dominated by the RF hop, the diversity order equals the
square of the number of the interference-eliminated RF info streams. Alternatively,
when the system is dominated by the FSO hop, the diversity order depends on the
parameters of the atmospheric turbulences and pointing errors.

The analysis in this chapter is accomplished in a unified way for the FSO connec-
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tion which merges HD, IM-DD input-independent, and IM-DD cost-dependent in a
unified expression for each statistical characteristic and/or performance measure.

Notation: det(Q) represents the determinant of matrix Q. (Q)Y represents the
conjugate transpose of matrix Q. Tr(Q) denotes the trace of matrix Q and Iy is
the identity matrix of size d x d. E{-} is the expectation operator. I'(-) is the Gamma
function as defined in [74, Eq. (8.310)], and G[-] is the Meijer’s G-function as defined
in [74, Eq. (9.301)]. Pr[.] denotes the probability operator.

The rest of this chapter is organized as follows. Section 4.2 presents the system
model. The system analyses are offered in Section 4.3. Section 4.4 carries out and
discusses the numerical and simulation results. Those results validate the deduced

analytical and asymptotic expressions. Lastly, the conclusion is given in Section 4.5.

4.2 System and Channel Models

As shown in Fig. 4.1, the system under study is a dual-hop mixed MIMO RF IC/FSO
DF relaying. In this system, K source-relay (transmitter-receiver) pairs form a MIMO
RF interference channel in the first hop, where the transmitting MS user i (source 1)
has Nr antennas and needs to send d independent info streams, each one is equivalent
to one DoF, to the receiving BTS i (relay i) which has Ni antennas. On the other
hand, in the second hop the relays forward the sources messages to the corresponding

destinations in the backbone network through FSO links.
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Figure 4.1: Dual-hop mixed MIMO RF IC/FSO DF relaying system
4.2.1 The MIMO RF IC hop

In this work the IA technique is utilized in the MIMO RF IC hop to eliminate the
interference, and hence results in enhancing the multiplexing gain (DoF') in this hop.
The IA is feasible if there exist transmission precoding matrix V; € CNt*? at the
transmitting MS user ¢ (source 7), and receiving interference elimination combining

matrix U; € CVe*4 at the receiving BTS i (relay i) with

rank(V;) =d, VIV, =L, (4.1)

rank(U;) = d, UMU; = I, (4.2)

such that [29]
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rank(U'H; V;) =d, Vi€ {1,2,..,K}, (4.3)

UZHHl]V] = 0d><d7 v] 7é Z.a Za] € {17 27 ) K}7 (44)

where H;; € CVr*N7 s the matrix which represents the MIMO RF faded channel
between relay ¢ and source j. We assume that the elements of H;; are i.i.d. CN(0, Qg ),
i.e., Rayleigh faded MIMO RF channel. Also, as mentioned in [29], the IA in (Ng X

Np,d)® MIMO IC is feasible when
Ng + Ny — d(K +1) > 0. (4.5)

Assuming perfect CSI at each node, the interference eliminated received d x 1

signal vector at the receiving BTS ¢ is given by

K
[ P, | Ps
Yi = EU?HiiVi i+ ) EU?Hw‘Vj z; +Ujn;, (4.6)

=1
NS

~
Zero due to(4.4)

Ps ) ~
=1/ EHZ’L i + N, (4.7)

where z; is the sent d x 1 info vector from the transmitting MS user ¢, and n; ~
CN (0, NoI) is the Ng x 1 AWGN vector at the receiving BTS 1, fIii:U?HiiVi, and
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4.2.2 Design of the precoding and the receiving interference
eliminating matrices

The design of the b user precoding matrix V; and the interference suppression matrix
U, associated to its corresponding b** BTS is performed using the orthogonalized
minimum leakage (OR-ML) algorithm. In this algorithm, the interference [, at each

bt" BTS is minimized at the forward direction, where the interference is written as
I, = Tr(U;'Q,Uy), (4.8)
where Q, is the interference covariance matrix for that b BTS modeled as

P,
Q= ), TH,V,V/H (4.9)

g=1,9#b

To minimize the interference in this direction, U, is composed from the eigenvectors
associated with the smallest eigenvalues of Q.

%
In the reverse direction, the interference I, for the k** user is minimized where
= <
I = Te(T1Q,U,), (4.10)

and the reverse interference covariance matrix is

K
P,

@; Z Eﬁkbvbv?ﬁgp (4.11)

b=1,b#k
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Algorithm 1 Orthogonalized Minimum Leakage (OR-ML) Algorithm

1:

10:

11:
12:

Start with arbitrary Npxd precoding matrices Vi, with VI,;IVk =Lqg VEe{l,...,K}.

2: Repeat
3:
4: Compute the interference suppression vector Ué* for the I data stream at b"" BTS

Calculate the interference covariance matrices Qp Vb € {1, ..., K} according to (4.9).

where Ul* = [Qp] Vb € {1,..., K}, where v;[Qy)] is the eigenvector of the [ smallest
eigenvalue of Q.

Combine the interference suppression vectors Ulb* to form the interference suppression
matrix U, Vb € {1,..., K}.

Reverse the direction and set the reverse precoding matrix as the interference suppres-
sion matrix Vb =U,Ye{l,...,K}.

Calculate the reverse interference covariance matrices ak Vk € {1,..., K} according
to (4.11).

Compute the reverse interference suppression vector ﬁﬁﬁ* for the I*" data stream at k"
user where ﬁfj = vl[ak] Vk e {1,...,K}.

Combine the interference suppression vectors ﬁfj to form the reverse interference sup-
pression matrix ﬁk Vke{l,...,K}.

Reverse the direction and set the precoding matrix as the reverse interference suppres-
sion matrix V;, = ﬁk Vk e {l,...,K}.

Until a pre-defined number of iterations.

Output U, Vb€ {1,...,K} and Vi Vk € {1,...,K}.

where ﬁkb = Hj}, Vb = U, and %k = V. To minimize the interference in the

reverse direction, ﬁk (i.e. V}) is composed from the eigenvectors associated with the

%
smallest eigenvalues of Qp.

4.2.3 The FSO hop

After receiving the signal, the relay (BTS) forwards a decoded version of it to the des-

tination in the second phase of transmission. Let’s use xyp and xpp to designate the

transmitted signal from the relay for the case of HD and IM-DD, with the constraints

E{|zup|?} =1 and E{zpmp } =1 respectively. It is worthy noticing that in the IM-DD

case the average power constraint is on the expected signal value and not on its ex-

pected square as the signal in the IM-DD technique is an optical intensity. So, the
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received signal at the destination for the case of HD and IM-DD can be, respectively,

expressed by

Yo = V I grso Tup + Nup, (4-12)
Yimmpp = P Itso Trvpp + NivmpD ) (4'13)
where P, is the relay transmitted power, grso and Ipso = |grso|® designate the

fading in the received electric field and irradiance, respectively. This fading is a
result of the atmospheric turbulence in the relay-destination channel. In (4.12),
Nup ~ CN(0, Nyp) is a complex AWGN. Whilst in (4.13), npmp is a real AWGN
where npmpp ~ N(0, Njypp) for the IM-DD input-independent AWGN model, and
Nwp ~ N (0, 2P, Irso Nup E{ ¥1ypp }) for the IM-DD cost-dependent AWGN channel
under the assumption of relatively high P, in comparison with the thermal and/or
background noises power. The reader is referred to [15], [77] for details of the HD and
the two IM-DDs and their noises. So the SNRs at the destination are given as follows

for the HD, IM-DD input-independent, and IM-DD cost-dependent,

PIrso PrQIIESO — PJFSO_ (4.14)

) VMDD pap — ) YIMDDcost
Nup Nivop 2Nup

Yup =

In this study, it is assumed that the FSO connection encounters M fading with
pointing error. In the development of the M fading channel [24], the received signal is
assumed to be consisted of a LOS component (Uy), a component coupled to the LOS
and scattered by eddies on the propagation axis (US), and a component scattered

by off-axis eddies (US) that is statistically independent from Uy, and US. Thus by
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assuming the M fading with pointing mismatch in the FSO channel, the probability

density function (pdf) of Irso can be represented by [25, Eq. (21)]

Cz“} , (4.15)

¢am

B
CQA 3,0 af I

where

A:

20/2 gp
gitePl(a) \g B+

(R ()

« is positive parameter and it is related to the effective number of the large-

B+a/2
) b —am[aB/ (g8+Q) @2,

scale cells of the scattering (fading) process, ( is a natural number and it is re-
lated to the effective number of the small-scale cells of the fading process ', Q =
Q + 2bpp + 24/200p cos(P 4 — P ) is the average power of the coherent contribution,
Q =E{|UL|?}, E{|JUS|?} = 2bpp, P4 and @ are deterministic phases of the LOS and
the coupled-to-LOS signal components, respectively, 20y = E{|US|? + |US|*} is the
average power of all scattered components, g = E{|U§|*} = 2by(1 — p), the parameter
0 < p <1 denotes the part of the scattered power coupled to the LOS, ( is the ratio
between the equivalent beam radius and the standard deviation of the pointing error

displacement at the receiver (i.e. ( — oo, indicates the nonpointing error case) [78],

Ay is a parameter that represents the pointing losses (or typically the FSO link losses).

!The fading parameters o and f3 reflect the atmospheric turbulences condition (The Rytov

variance) with low values basically denoting strong (severe) atmospheric turbulent situation.
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From the pdf in (4.15) (f7% (I)) and by random variable transformations, we

attain the pdfs of the SNRs in (4.14) in the following unified formula

5 ('LU’}/) 1/s
I

where 7pso represents the unified SNR of the FSO channel, B = (2a8(g + Q') /[(¢? +

B
¢?A ,
rso (1) = 5 > Gy
m=1

¢ ] , (4.16)

C2 7a7m

1)(gB + )], s and w are the parameters which determine the sort of the FSO de-
tections, i.e., (s,w)=(1,1), (2,1) or (1,2) for the HD, IM-DD input-independent, and
IM-DD cost-dependent respectively, and where p;= P, E{lsso}/Nup = AP (3 (g +
Q)/[(¢? 4 1) Nyp],2 and for normalization purposes o 2 P2 E?{I;s0}/Nuop as previ-
ously defined in [79] and references therein. This definition results in py = A2P2¢*(g+
Q)2/[(¢% +1)2 Nyypp). From these expressions of yu1, jip, and (4.14), it is clear that s,
is proportional to the average of the unified FSO SNR (%350 ). Specifically, p1 = Fyup =

—2 N2
_ . E2{Irso} (1) (2+2)(g+92)
2V MDDeoer» NOWEVET L9 = YIMDD 4, E{[;FSSOO} T o (e )2g(g29) 927 (111/5)] YIMDD ;¢

Note that having p=1 (i.e. ¢=0) results in Ab,,=2/(I'(a)l'(3)) when m=p and
Ab,, =0 for all other m. So in this case, by having p=1, and Q'=1 (for normaliza-
tion), the pdf f;* (I) in (4.15) turns into the special case of the G-G distribution
with pointing errors [25]. By having p=1, the power E{|U§|?} £ g = 0, this means
that the G-G fading channel neglects the component of the received signal scattered

by the off-axis eddies (U§). Thus, by using Q=1 and p=1 in (4.16), the pdf of the

*E{Irso} and E{I2 } are derived from [25, Eq. (33)].
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unified FSO SNR in the G-G fading with pointings error can be presented by

Cap <w7>1/5
(€ + 1)\ g

G-G (7) — Cz 3,0
YFSO S’VF(O()F(ﬂ) 1,3

241
<2,a,5] : (4.17)

4.3 System Performance Analysis

4.3.1 Outage Probability

The outage probability (Pyy) is a substantial performance indicator in slow fadings
channels 3. Tt can be presented, as in [81], by Pu, = Pr[C < R], where R is the end to
end (e2e) required information rate in bits/channel-use, C' is a random variable and it
is a function on the random e2e-equivalent SNR of the channel. The realization of C'
designates the e2e channel capacity given the realization of the e2e channel equivalent
SNR. As in any DF dual-hop system, in the considered system, the outage event takes
place whenever the first hop or the second hop falls in an outage. Therefore, the

outage probability in the system under study can be expressed as *

Poy = Pr [CRF < 2R | J Cso < 23] , (4.18)
3Note that the channels in most of the RF and FSO schemes, including our system in

this work, are slow fading channels [2], [81].

4Here the required data rates in the two hops are assumed to be identical, and thence
the factor 2 results by assuming that the e2e transmission (from the source to destination)
takes place on two equal phases (two equal channel uses). This lets each hop data rate to

be twice the e2e data rate.
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where Cryr and Crgo are related to the channel capacity of the first hop (RF hop) and
the second hop (FSO hop), respectively.

Particularly, Cir is a random variable and its realization is the channel capacity
of the RF hop given the related realization of the effective channel fading matrix

(H;;) of the first hop. However by utilizing the A the first hop is effectively a MIMO

AWGN channel as represented by (4.7). Thus, by utilizing the MIMO AWGN channel

capacity expression, as given in [81], we obtain

P
N,d

Crr = log {det ( HyHY + Qxd)} (4.19)

However, since the RF channel matrix has i.i.d. CN(0, Qgy) elements, then with
probability 1 this matrix has full rank, and it is well-conditioned [81]. Due to these
properties, we get ﬁzzﬁg = Mnlixg. Furthermore, by using the eigenvalues identities,
it can be shown that \p,d = Tr(f]iif[g), and this means that ﬁnlflﬁl = %led.

Then, employing the last expression of Hy; HY in (4.19) leads to

P
C'R,F =d log (1 + NO pE TI'(H“HZI;I)) . (420)

In a compact way, (4.20) can be written as

Crr = d log(1 4+ Var), (4.21)

where vxr is defined by Ypp= % Tr(lzlufjlg), and it is used to represent the effective

SNR of the MIMO RF link (or in short we may call it the RE SNR). As a result of
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assuming i.i.d. CNV(0, Qgpr) elements of the RF channel matrix, vz has a gamma pdf
which is given by [16]

Foe () = (d—) h”’ (-55). (.22

YRF

where Jrr denotes the average effective SNR, of the MIMO RF link (or shortly the
average RF SNR). Namely, ’_VRF:E{’VRF}:%QRF-

On the other side, Cygo is a function on the random SNR of the FSO hop, and
thence it is a random variable. Additionally, in case of HD the realization of Cygo
designates the channel capacity of the second hop given the realization of the second
hop SNR (7 yp). Whereas, in case of IM-DD we let the realization of Cpgo designates
a precise approximation  of the channel capacity of the second hop given the related
realization of the second hop SNR (vpp,, ap OF ViMDDeost )+ BUb, gIVEN Yup, Yiuop,, ap OF
Vivppess the FSO hop is, respectively, an AWGN channel, IM-DD input-independent
AWGN channel, or IM-DD cost-dependent AWGN channel as expressed by (4.12) or
(4.13). So, by utilizing the expressions of the AWGN channel capacity [73] and the
approximations of both IM-DD AWGN channel capacities [12], [15] we get a unified
Crso expressed as

Crso = IOg(l + '716«*1;0)7 (4'23)

where 28 is used to represent the unified effective SNR of the FSO channel, i.e., gt

>This approx. is used as the IM-DD channel capacity is so far unknown [14]. Nonetheless,
this approx. is very rigorous at high SNRs, and thus it can act as the IM-DD channel capacity

in that region.
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equals either vyp, \/ 5= VMDD, ap> OT \/ 5-YipDeo: Pased on the used FSO transmission

type. Because it is important in what follows, let’s derive the pdf of ~:f . From
fio (I) in (4.15), with the help of (4.14), and by random variable transformation, the

pdf of 7¢f | can be expressed in a unified form as

B w
M w (A 50 |B(y/o)" | e
f7§f§0 (7) = 27 Z me1,3 ,ul/s Cam|’ (424)
m=1 S

where the constant ¢ = 1, \/% , or\/% for HD, IM-DD input-independent, or IM-DD
cost-dependent, respectively, and the remainder of the parameters are as in (4.15) and
(4.16). Notice that using Q'=1 and p=1 in (4.24), results in the following pdf of v
in the special case of G-G fading with pointing errors

Caf(v/c)”
(C+1) "

fG»G ( w CQ 3,0
i

VAT @re) Cap

eff
FSO

‘ “] . (4.25)
Now with the help of (4.21) and (4.23), the Py, in (4.18) can be given by [83]

P <@ 1) P, < (27 1] P < (25 ] <07 1]

(4.26)

From (4.26) P, can be expressed in terms of the cumulative distribution functions
(CDFs) of vpe and 72T evaluated at Youer = (2257 — 1) and Youro = (227 — 1), respec-

tively. Consequently, we get

M M
Pout - F’YRF (Voutl) + F7§fsfo (’70ut2) - F’YRF (’7out1) F,\/Ie?tgo (70ut2)7 (427)
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where F, () and F;\:ﬁF (7) are the CDFs of vz and 4¢f | respectively. Those CDFs
FSO
are, respectively, expressed, after integrating their pdfs in (4.22) and (4.24) with

respect to v, as follows

2 .
F =1—exp|— — | = , 4.28
ee(7) p < ) 221\ G (4.28)

B(v/c)"

l/s

Fl ( <2A2b Gl

eff
'YFso

bo ] . (4.29)

<27 a7 m70

Then, by exploiting the CDFs (4.28) and (4.29) in (4.27) and after some algebraic

1,¢%+1
¢ a,mol |

(4.30)

simplifications, we get

Pyt o= 1 (P Your)' 24
Pa=1—exp- 22 3 2 (o) —<—zb Gy [P e
YrE o 7! YrE

=

70ut2/c)
1/5

Recall that the P, in (4.30) is in case of M faded FSO hop. However, to have

P, in the special case of the G-G faded FSO hop, the CDF F'}, et (7) in (4.27) must

TFso

be changed by the CDF F e (fy) that can be given, by integrating its corresponding

TFso

pdf in (4.25), as follows

62045 (v/e)”

(C2+1) s 1/s(¢2,0,8,0

“2“] . (4.31)
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4.3.2 Asymptotic Outage Probability

The expression of the outage in (4.30) is complicated, and hence, from it, we can
not easily see the influence of the system parameters on the system outage. Hence,
in this section a simpler (asymptotic) expression is derived for the system outage
probability in the high SNRs region. This asymptotic Py, helps more in analyzing and
understanding the system performance by clearly containing some outage performance
indicators in its expression.

Particularly, at high SNRs, the asymptotic outage probability can be typically
represented as P;ziﬁ (GSNR) ™%, where G and Gy are outage performance indicators
that are, respectively, named the coding gain and diversity order associated with the
P, of the system [76]. The diversity order G4 identifies the slope of the P, versus
the average SNR log-log curve at high SNRs, whilst logG. identifies the horizontal
shift of this curve in comparison with a curve of benchmark outage probability given
by (SNR)~%.

Therefore, to analyze G4 and G. of our system, we should reduce (4.30) to the

standard P

out

formula. For this purpose, we modify Eq. (4.27) as follows: firstly we
change the used CDFs by their asymptotic versions on high SNRs, then we neglect

the last term as it is ignorable on high SNRs. These modifications result in

M(a)

(a) (a)
Pout = F’YRF (fyoutl) + F,y;fsfo (70ut2>7 (432)

where £ (Yout1) and F;\:fia) (Yout2) are, respectively, the asymptotic CDFs of g, and
FSO

TRF
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ek at high SNRs. Next, Let’s determine those asymptotic CDFs. To obtain F;‘:F ()

we begin by applying the high SNR limit (limy,, e exp(—gﬁ)zl) in (4.22) to attain

RF

f(“) (7):(%)612(0; L then by integrating this asymptotic pdf we get

TRF

Fo () = (@ 7)1 /(@) (4.33)

Then again to derive F'oq”(v), we adjust (4.29) by using [84, Eq. (07.34.06.0006.01)]

TFso

which is the Meijer G-function series representation for Mi% 0, ie., 5 Ypsg—00 (on

high SNRs). By doing this we obtain

B 3 H] . 1“( b) W by
o) A - B(/e)
Fler (v _Tn; Z ZQH_b)b ( = > , (4.34)

=1 Hs
where b, = (%,b, = a and b; = m. Further, (4.34) can be reduced more by keeping
the dominant term only in the second summation (37;_,) on high FSO SNR, ( — 0),

i.e., the term which has the smallest b, (b = min[¢?, «,m]). This simplification leads

to , ,

e RYC

' b
o 2A [T B — b)) (B (v/e) \ ™

Fo (y _4 . . 4.35

i Z N (CESER T I GTE (4.35)

For the case of 7 p#1, and by using the definition of br;m, (4.35) can be represented as

M(a)

w . b//,
Ea' (1) = A (B (v/e)" /"), (4.36)

6Since by definition, ps is proportional to Jpso (see the definitions after (4.16)).
"The case of p=1 (i.e g=0), which leads to Ab,,=0 for all m except m= 7, is consid-

ered after (4.40Db).
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where br;n:min[CQ, a, 1], and

& iy F(b/.fb/ )

A CQTAZizl bm Jlil(zéjrlnl_nb/ ;b’ — Fora<l,= brrllin:min[CZ’ o]
A min / min ) (437)
2_ o— ’
%bl%&w iR &a>l=b =1

where in case of br;mzl, we keep only the term which has m =1 in the summation with
respect to m, since this is the term which dominates on the high FSO SNRs.

Now by using (4.33) and (4.36) in (4.32), we attain

—d? ” —b”4 /s
o d2| 1/d2 — A_S/QninB_s . min
Péui = <()—7RF + wsu ) (4.38)

dzf}/outl (fyout2 /C)

For the P in (4.38), let’s focus on the following cases:
Case 1: The 1* hop dominates the P, of the system

This is the case whenever the first summand in (4.38) is much bigger than the second
one, i.e., the1* hop (RF link) is in worse situations than the2"@hop (FSO link). This
case occurs for example if the FSO link meets relatively weak turbulence condition
and insignificant pointing errors, i.e., where o, 5, and { possess relatively high values.
Also, this case can occur wherever the MIMO RF link possess relatively low average

effective SNR.

By referring to the standard P."

ot formula, it can be noticed that, in this case, the

system under consideration can attain the following diversity order and coding gain,

respectively,
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d = (4.39) G = (@YW ) (dour).- (4.39b)

Case 2: The 2" hop dominates the P, of the system

This is the case whenever the second summand in (4.38) is much greater than the
first term, i.e., the 2" hop (FSO link) faces worse situations than the 1°* hop (RF
link). As an example, this case takes place if the FSO link meets relatively strong
turbulent condition and considerable pointing mismatches, i.e., where a, 3, and (
possess relatively smaller values. This case can occur also wherever the MIMO RF
link possess relatively big average effective SNR.

Then again, by referring to the standard p formula, it can be noticed that, in

out

this case, the achieved diversity order and coding gain of our system are, respectively,

Gy =0 fs=minc%a,1)fs, (4408) G = A% B~ (oua/e)”.  (4.40b)

The above Py in (4.38), and so ((4.40a), (4.40b)) are wherever the FSO hop faces

M fadings with p#1. However, to obtain the Péﬁi at the special case of G-G fadings

(p=1) on the FSO hop, the CDF F,::éa) (7) in (4.32) must be exchanged by the CDF
FSO
FO () which is expressed, after applying Q'=1 (for normalization) and p=1 in

TFso

(4.35), as

b*

-Ga) * w s min
Fraa () = (V% (y/e)" /)™ (4.41)

TFso
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where B = (0 = oty = B, b*r. = min[¢*,a,0], and A 2
3 *x K
Cz <<2a,8 )br:in Hj:l’b?#li:in F<b3 _Qnin)

(o) T(B) \ ¢2+1 r(c2+1-0% e

in/ min

Therefore, by exploiting (4.33) and (4.41), we attain the P;Zi in case of G-G fading

on the FSO hop as follows

(a) (a) G-G(a)
P =F

out 7 T YRR (’VOUtl) + F'Yﬁgo (’Yout2) (442)

o *

—d * _Qnin/s
_ (dz!)l/dQ Vrr X A_S/q“i“ s (4 43)
d270ut1 (’YoutZ /C)w ° ‘ .

Then again for P;Zi in (4.43), we explore the prior mentioned two cases. In regard to
case 1, nothing changes, and thus we can infer the same previous results. Whereas,
for case 2, i.e., wherever the 2"¢ summand is dominant in (4.43), we can observe
that, related to P, our considered system can attain the following diversity order

and coding gain, respectively,
_ _ *
Gy" = Js=min[¢* a, B]/s, (44da)  GC" =A% /(Youafe)”". (4.44D)

It is important to notice that it is possible for Gﬁ’G to be higher than 1/s, however
this is not possible for G'/: . Another note is that in the FSO link, G, is different for
each FSO detector. Whereas, based on the previous high SNR analyses, using HD or
IM-DD cost-dependent leads to the same Gy which is twice the G4 of IM-DD input-
independent. Nevertheless, if the asymptotic analyses is based on high transmitted

power region, all these FSO detectors will lead to the same P,-based diversity
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order (call it Ggp). To elucidate this consider the aforementioned “case 2”7, and by
referring to (4.38), (4.43), and remembering that us is proportional to P’ (see the

r

definitions after (4.16)), it can be shown that, for all considered FSO detectors, we get

G'/: = min[¢?, a, 1], (4.45a) G'Gd_pG = min[¢?, a, A]. (4.45b)

p

4.3.3 Ergodic Channel Capacity

The ergodic channel capacity (C.,) is the information theoretical channel capacity

erg

in the case of the fast fadings channel [81]. As in dualhop DF relaying systems, the

ergodic capacity in our considered system ® is given by
I
Cog = 5 min [E{CRF} y E{Crso} |, (4.46)

where Cyr and Chgo are presented in (4.21) and (4.23), respectively, and hence the

above expectations are obtained by

B{Cur} = e | d1n(14+9) f0) (4.47)

In(2) Jo

8Generally, the RF and FSO fadings channels are slow fadings channels. Nonetheless,
they can be seen as fast fadings channels when long enough interleaving is employed espe-
cially in some conditions such as in the windy condition when the RF and FSO channels

(especially the FSO pointing error) fluctuate in a fast manner.
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E{Creo} = ﬁ / Tn( 4 9) £ (7) do. (4.48)

v 1’1] and

Then by substituting (4.22) in (4.47), while using In(1 + ) = G;g[ Lo

exp(—z) = Gé:?[z

;], and with the helps of [84, Eq. (07.34.21.0013.01), Eq.

(07.34.17.0011.01)], we attain

(d /7RF) 3,1 d?
B} = g s ]

—d?,1—d?
dQ} . (4.49)

On the other hand, by substituting (4.24) in (4.48) and using In(1 + v) =

Gy,

} E{Cyso} can be obtained by exploiting [84, Eq. (07.34.21.0013.01)]. By
doing that, and after some manipulations by utilizing the Meijer’s G-function defini-

tion [74, Eq. (9.301)], we get

B
CQA/2 wraw | B/E] xi1c4
E{CFSO} U) lln 2 Zb Gw+2 wtd /J;/S CQ,OL,’H’L, 07 X4 ’ (450)
where x,= %, s “’T_l which has w terms.

Eventually, substituting (4.49) and (4.50) in (4.46) leads to the ergodic capacity
of the considered system.

Note that the E{Crso} in (4.50) is for the M fadings FSO channel. Alternatively,
to attain the E{Cysc} at the special case of G-G fadings FSO channel, the pdf f:ggo(v)

in (4.48) must be changed by the pdf f%g(g’y) given in (4.25). By doing that, and
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following the same steps as the prior ones, we obtain

CaB/c”
(1)’

SN

E{CFSO} = (2#)”‘11112 w+2,w+4

(4.51)

x4, 1,2 +1
<27a7570ax4 '

4.4 Simulation and Numerical Results

In this section, we present numerical examples to demonstrate the analytical exact
and asymptotic expressions of the previous section and also to illustrate the impact
of the various system and channel parameters on the performance of our system. °
Additionally, this section verifies the obtained analytical and asymptotic expressions
through Monte-Carlo simulations. In these simulations, 10° realizations of the SNR
random variable are used. '°

The effects of various values of the DoF (d), p, and ( (the pointing errors) on the
system outage probability (Ppy:) is shown in Fig. 4.2 for fixed atmospheric turbulences
scenario in case of IM-DD cost-dependent. From this figure, it can be perceived that
the higher values of p, d (more DoF), or { (smaller pointing mismatches) give lower
value of P,,:, and so better performance is gotten. In addition, according to the used

parameters, we can see from this figure that at low average FSO SNRs the P, is

dominated by the FSO hop, i.e., Py changes with the change in 7p¢o even though

9Following the same approach as in related literature, e.g. [71], [63], [24], [25], the values
of the system parameters were chosen to confirm the deduced expressions, and thence other

parameters values can be used by the designer to attain the needed result in specific schemes.

10 In these results, without loss of generality, we set 2=0.78 and by=0.11.
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Figure 4.2: P, for different values of the DoF (d), ( and p considering IM-DD cost-
dependent FSO link.

Arr is fixed here. Where as, in this figure at relatively high FSO SNRs the Py is
constant since it is dominated by the RF hop for which Ay is kept constant in this
case. Moreover, Fig. 4.2 shows that, from power allocation point of view, there is no
benefit in increasing 7pso when the system outage is dominated by the RF hop, this
is specially clear in case of small values of DoF (e.g. d = 1).

Fig. 4.3 illustrates the influences of the atmospheric turbulence parameters (o and
f) on Py for a fixed pointing errors (¢ =2). It can be clearly seen that that the smaller
values of o and f3, i.e., tougher atmospheric turbulences, give bigger (worse) Py and

the higher values of o and [ result in lower outage probability. Beside that, we can
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Figure 4.3: P, for various values of o and [ considering all FSO detection methods.

perceive from Fig. 4.3 that at lower average RF SNRs the RF link dominates our P,
i.e., Pyt changes when Ay varies though Apgo is set constant in this figure. Whereas,
as seen from this figure at relatively high RF SNRs the P, becomes constant, as it
is dominated by the FSO link for which Jpso is kept fixed in this case. Then again,
from the power allocation point of view there is no benefit, as seen from Fig. 4.3, to
increase Jgr when the FSO channel dominates the system outage, this is particularly
clear in the case of the IM-DD input-independent.

Fig. 4.4 and Fig. 4.5 prove that the asymptotic expression of P, converges to
the exact P,y expression in the high SNR region. Moreover, these figures explain the

coding gain and diversity order of the system outage probability in the high SNR for
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Figure 4.4: P, dominated by the RF hop with different DoF (d) considering all FSO
detection techniques.

various cases. Particularly, Fig. 4.4 evinces that GIZF = d? as derived before in Section
4.3.2, i.e., the measured slopes of the log-log curves at high SNRs in Fig. 4.4 equal
the derived G .

On the other hand, Fig. 4.5 validates that, given s=1, G;M:br:in/s = min[(?, , 1]
and G;}G: b:in/s =min[(?, a, 8] as drawn previously in Section 4.3.2, i.e., on the high
SNR region in Fig. 4.5 the labeled measured log-log slopes are identical to the former
derived ones.

Fig. 4.6 relates the ergodic channel capacity (C.,,) in the y axis with the average RF
SNR (zr) in the z axis for different values of the atmospheric turbulence parameters

(ov and B), when the pointing error ({), the average FSO SNR (7pso) and the DoF
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Figure 4.5: P, dominated by FSO IM-DD cost-dependent hop with different values
of the DoF (d), p and (.

(d) are kept constant. It can be seen that, stronger atmospheric turbulence, i.e.,lower
values of a and f3, gives lower (worse) C.,, and higher values of o and [ result in
higher C.,,. In addition, based on the used parameters, we can also note that in the

relatively low REF SNRs the RF hop dominates the C,, , i.e., C,

e varies with the

change in gr though rso is set constant here. Whereas, C.,, will be constant, if the
RF SNR becomes relatively high, because it will be dominated in this case by the
FSO hop whose ¢ is set constant.

The impact of the number of the interference-eliminated RF info streams (d) on
the system ergodic channel capacity (C.,,) is provided in Fig. 4.7 for all considered

FSO detectors. It can be observed that the overall system ergodic capacity enhances
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Figure 4.6: C,,4 for various values of a and 8 considering all FSO detection methods.

by increasing d when the RF hop dominates the C.,, (i.e. at relatively low RF SNRs).
We can also see from this figure that the capacity pre-log (DoF) equals d in the RF
domination region. Moreover, it is clear from Fig. 4.7 that increasing Jxr or d will not
improve the C.,, in the FSO domination region (i.e. at relatively high RF SNRs and
specially when IM-DD is used). Further, Fig. 4.7 reflects that there is no benefit in
changing the FSO detector when C.,,, is dominated by the RF hop (i.e. at relatively

low RF SNRs and specially with d = 1).
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4.5 Conclusion

This chapter studied a dual-hop DF mixed (IA MIMO RF IC)/(FSO) relaying scheme
in which HD as well as IM-DD were considered in a unified manner in the FSO hop.
It was assumed that the MIMO RF links follow Rayleigh fading, while the FSO link
suffers M fading with pointing error. In the MIMO RF IC hop, the IA technique
was utilized to eliminate the interference, and hence this leads to enhance the multi-
plexing gain in this hop, and accordingly the overall system performance is improved.
The TA precoding and receiving interference eliminating matrices were designed by

using OR-ML algorithm. For this scheme, closed-form expressions were derived for
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the outage probability and ergodic capacity, in these expressions the best-known FSO
channel capacity results were utilized. Moreover, not only the IM-DD inputindepen-
dent AWGN but also the IM-DD costdependent AWGN channel was considered in
this derivation. Additionally, the system performance was asymptotically studied on
the high SNRs region, where the diversity order and coding gain analyses were illus-
trated. It was found that under RF hop domination, the diversity order equals the
square of the number of the interference-eliminated RF info streams (d?). Alterna-
tively, under FSO hop domination, the diversity order depends on the parameters
of the atmospheric turbulences and pointing errors. Also, It was observed that the
overall system ergodic capacity enhances by increasing d when the RF hop dominates
the system. Further, we provided simulation results that verify the deduced analytical

and asymptotic expressions.
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CHAPTER 5

DUAL-HOP MIXED
IMPERFECT INTERFERENCE
ALIGNED MIMO
RF/UNIFIED-FSO RELAYING

SCHEMES

5.1 Introduction

This chapter studies a dual-hop DF mixed (imperfect IA MIMO RF IC)/(FSO) relay-
ing system in which HD as well as IM-DD are considered in a unified analysis manner
in the FSO hop. It is assumed that the MIMO RF links follow Rayleigh fading, while

the FSO link suffers M fading with pointing error.
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In the MIMO RF IC hop, the IA technique is utilized however with imperfect
CSI, since it is usually the case in practical systems due to the limitation in the
feedback to inform the transmitters the CSI. Considering imperfect CSI means that
the interference will not be totally eliminated in this case.

For this scheme, closed-form expressions are derived for the outage probability
in terms of Whittaker and Meijer functions and for the ergodic capacity in terms of
the bivariate Meijer’s G-function. In those expressions the best-known FSO channel
capacity results are utilized. Moreover, both the IM-DD input-independent AWGN as
well as the IM-DD cost-dependent AWGN channel are considered in the derivations.

It is found that under RF hop domination, the diversity order equals the square
of the number of the interference-eliminated RF info streams (d?) in case of perfect
CSI. Alternatively, under FSO hop domination, the diversity order depends on the
parameters of the atmospheric turbulences and pointing errors in case of perfect CSI.
However the case of imperfect CSI results in zero diversity order causing a floor in the
outage probability curve at high SNRs. This floor worsen with either the reduction
in the CSI accuracy, or the decrement in “d”.

Also under imperfect CSI, It is found that there is a ceil in the ergodic capacity at
high SNRs, this ceil becomes worse with more interferers or when the CSI accuracy

or the number of RF info streams (d) decreases.

108



5.2 System and Channel Models

As shown in Fig. 4.1, the system under study is a dual-hop mixed MIMO RF IC/FSO
DF relaying. In this system, K source-relay (transmitter-receiver) pairs form a MIMO
RF interference channel in the first hop, where the transmitting MS user i (source 1)
has Nr antennas and needs to send d independent info streams, each one is equivalent
to one DoF, to the receiving BTS i (relay i) which has Ny antennas. On the other
hand, in the second hop the relays forward the sources messages to the corresponding

destinations in the backbone network through FSO links.

5.2.1 The MIMO RF IC hop

In this scheme the TA technique is utilized in the MIMO RF IC hop to eliminate
the interference, and hence results in enhancing the multiplexing gain (DoF) in that
hop. To do that the TA exploits the knowledge of the CSI of all transmission links
to form the transmission precoding matrix and the receiving interference elimination
combining matrix. In this chapter, we consider the imperfect CSI scenario, since it is
usually the case in practical systems due to the limitation in the feedback to inform
the transmitters the CSI. Therefore in our IA MIMO RF IC hop, the relationship
between the imperfect CSI matrix (denoted by ﬁij € CNrxN1) and the real (perfect)

CSI matrix (denoted by H;; € CNr*N7) is assumed to be

Hij: \/1—QI/:IZ']'—|—\/§E1'J' (51)
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where E;; € CNr*N1 is the quantization error matrix between relay i and source j.
We assume that the elements of E;; are i.i.d. CN(0,1) and E;; is independent of }AIU
The parameter p represents the RF CSI accuracy, and it is scaling from 0 to 1, with
0 = 0 denoting the perfect CSI case. It is also assumed that the elements of H;; are
i.i.d. CN(0,1) , i.e., Rayleigh faded MIMO RF channel.

The imperfect CSI matrix I/IIij is used to design the transmission precoding matrix
V; € CV7*d at the transmitting MS user i (source i), and the receiving interference

elimination combining matrix U; € CVr*d at the receiving BTS i (relay ¢) such that

rank(\Afi) =d, \Alevz = Lixd, (5.2)
rank(U;) = d,  UMU; = Ly, (5.3)
such that [29]
rank(UPH, V) = d, Vie{1,2,.., K}, (5.4)
UMH, V) = O, Vi#i0, dj €{1,2,.. K}, (5.5)

Assuming imperfect CSI, the received d x 1 signal vector at the receiving BTS 17 is
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given by

[Py oion < [P, &
Yi = FU?HiiVi T; + Z UHHUV Tj +U;n. (5.6)

1,j#i

In imperfect CSI this is not zero, see (5.1 ) and (5.5)

Utilizing (5.1) and (5.5) in (5.6) results in

_[Ps [P,
UHH“V i+ Z \/_UHE”V z; + Ulp,. (5.7)

J=1g#i

[Hx+z \/>\/_E”x]+nl, (5.8)

J=L1j#i

where x; is the sent d x 1 info vector from the transmitting MS user ¢, and n; ~
CN(0,NoI) is the Np x 1 AWGN vector at the receiving BTS i, H,= IAJ?HM\A/} ,

£ SHn O . s
E;;=U,'E;;V; and n,=U;'n,.

5.2.2 The FSO hop

After receiving the signal, the relay (BTS) forwards a decoded version of it to the des-
tination in the second phase of transmission. Let’s use xyp and xnpp to designate the
transmitted signal from the relay for the case of HD and IM-DD, with the constraints
E{|zup|*} =1 and E{x;ypp } =1 respectively. It is worthy noticing that in the IM-DD
case the average power constraint is on the expected signal value and not on its ex-
pected square as the signal in the IM-DD technique is an optical intensity. So, the

received signal at the destination for the case of HD and IM-DD can be, respectively,
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expressed by

Yup = V P grso Tup + Nap, (5.9)
Ymiop = Pr Irso Trviop + Mvop, (510)
where P, is the relay transmitted power, grso and Inso = |grso|® designate the

fading in the received electric field and irradiance, respectively. This fading is
a result of the atmospheric turbulence in the relay-destination channel. In (5.9),
Nup ~ CN (0, Nyp) is a complex AWGN. Whilst in (5.10), npypp is a real AWGN
where nupp ~ N(0, Nypp) for the IM-DD input-independent AWGN model, and
Niwp ~ N(0, 2P Ieso Nup E{¥1ypp }) for the IM-DD cost-dependent AWGN channel
under the assumption of relatively high P, in comparison with the thermal and/or
background noises power. The reader is referred to [15], [77] for details of the HD and
the two IM-DDs and their noises. So the SNRs at the destination are given as follows

for the HD, IM-DD input-independent, and IM-DD cost-dependent,

bl P21 PI
o = N;ZO’ MDD = NIMT;)> VIMDDcost — 7 Nis[:)' (5.11)

In this study, it is assumed that the FSO connection encounters M fading with
pointing error. In the development of the M fading channel [24], the received signal is
assumed to be consisted of a LOS component (U), a component coupled to the LOS
and scattered by eddies on the propagation axis (US), and a component scattered
by off-axis eddies (US) that is statistically independent from Uy, and US. Thus by

assuming the M fading with pointing mismatch in the FSO channel, the probability
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density function (pdf) of Iso can be represented by [25, Eq. (21)]

¢Zam

B
CQA 3.0 Oéﬁ I
M _ E ) _
fIFSO(I) — 2] me173 g/B_I_Q/ AO

m=1

CQ”] , (5.12)

where

A:

20/ ( 98

B4a/2
g0 (a) \g 5 + Q) L bm=anlaB/ 9B+ Q)

(R ()6

« is positive parameter and it is related to the effective number of the large-

scale cells of the scattering (fading) process, [ is a natural number and it is re-
lated to the effective number of the small-scale cells of the fading process ', Q' =
Q + 2bpp + 24/200p cos(P 4 — P ) is the average power of the coherent contribution,
Q =E{|UL|?}, E{|JUS >} = 2bpp, 4 and @ are deterministic phases of the LOS and
the coupled-to-LOS signal components, respectively, 20y = E{|US|? + |US|*} is the
average power of all scattered components, g = E{|US|?} = 2by(1 — p), the parameter
0 < p <1 denotes the part of the scattered power coupled to the LOS, ( is the ratio
between the equivalent beam radius and the standard deviation of the pointing error
displacement at the receiver (i.e. ( — oo, indicates the nonpointing error case) [78],
Ay is a parameter that represents the pointing losses (or typically the FSO link losses).

From the pdf in (5.12) (f7% ([)) and by random variable transformations, we

!The fading parameters o and f3 reflect the atmospheric turbulences condition (The Rytov

variance) with low values basically denoting strong (severe) atmospheric turbulent situation.
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attain the pdfs of the SNRs in (5.11) in the following unified formula

5 <w7) 1/s
b

where 7pso represents the unified SNR of the FSO channel, B = (2a8(g + Q') /[(¢* +

24
o 2 bnGl
m=1

M (9) = b

< ] , (5.13)

(g8 + Q)], s and w are the parameters which determine the sort of the FSO de-
tections, i.e., (s,w)=(1,1), (2,1) or (1,2) for the HD, IM-DD input-independent, and
IM-DD cost-dependent respectively, and where 12 P, E{lxso}/Nup = AgP.C*(g +
Q)/[(¢? +1)Nyp],? and for normalization purposes ps = P2E?{I1s0}/Nupp as previ-
ously defined in [79] and references therein. This definition results in py = A2P2¢*(g+
Q)2/[(¢% +1)® Niypp). From these expressions of pu1, s, and (5.11), it is clear that s,
is proportional to the average of the unified FSO SNR (F450). Specifically, pg = yup =
B {lpso} (1) (¢42)(g+)?

275 however sy =% , = -
YIMDDecost ) H2 = "YIMDD;nap E{Iéso} oﬁl(a—i-l)[2g(g+29’)+9’2(1+1/5)] Y1MDD;

Note that having p=1 (i.e. ¢g=0) results in Ab,,=2/(I'(a)['(3)) when m=p and
Ab,, =0 for all other m. So in this case, by having p=1, and Q'=1 (for normaliza-
tion), the pdf f;* (I) in (5.12) turns into the special case of the G-G distribution
with pointing errors [25]. By having p=1, the power E{|U§|?} £ g = 0, this means
that the G-G fading channel neglects the component of the received signal scattered
by the off-axis eddies (US). Thus, by using Q=1 and p=1 in (5.13), the pdf of the

unified FSO SNR in the G-G fading with pointings error can be presented by

CCaf (m)l/s
(C2+1) \ g

2E{lsso} and E{I?, } are derived from [25, Eq. (33)].

FSO

G-G _ <2 3,0
YFSO (7) - S 71“(04)1“(6) Gr1,3

341
: 5.14
el
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5.3 System Performance Analysis

5.3.1 Outage Probability

The outage probability (Pey:) is a substantial performance indicator in slow fadings
channels 3. Tt can be presented, as in [81], by P, = Pr[C < R], where R is the end to
end (e2e) required information rate in bits/channel-use, C'is a random variable and it
is a function on the random e2e-equivalent SNR of the channel. The realization of C'
designates the e2e channel capacity given the realization of the e2e channel equivalent
SNR. As in any DF dual-hop system, in the considered system, the outage event takes
place whenever the first hop or the second hop falls in an outage. Therefore, the

outage probability in the system under study can be expressed as 4
Py = Pr [CRF <2R | Creo < 2R] , (5.15)

where Cryr and Crgo are related to the channel capacity of the first hop (RF hop) and
the second hop (FSO hop), respectively.

Particularly, Cyy is a random variable and its realization is the channel capacity of

’

the RF hop given the related realization of the effective channels fading matrices Hy;

3Note that the channels in most of the RF and FSO schemes, including our system in

this work, are slow fading channels [2], [81].

4Here the required data rates in the two hops are assumed to be identical, and thence
the factor 2 results by assuming that the e2e transmission (from the source to destination)
takes place on two equal phases (two equal channel uses). This lets each hop data rate to

be twice the e2e data rate.
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and Ew of the first hop. However due to the imperfect TA, the first hop is effectively
a MIMO AWGN channel with the remaining interference as represented by (5.8).
Thus, by utilizing the MIMO AWGN channel capacity expression in the present of

interference, as given in [81], we obtain °

det (2 H8 + 5K, o 0sPaByBY + L)

ORF — log
det (ZJ Lt QN dEUE + lixd)

(5.16)

However, since the RF channel matrices have i.i.d. CN(0,1) elements, then with
probability 1 these matrices have full rank, and they are well-conditioned [81]. Due

to these properties, we get ]LI“HZI;I = Apiilixq and EUEE = Aeijlixd, and this results in

K
det (2 i + Xfs s 02 Neig + 1) Jia)

G = log | —~ ((Zh s 052t +1) Fixa)

(5.17)

Furthermore, by using the eigenvalues identities, it can be shown that A\,;d =

Tr(HyHY), Mg d = Tr(EUE,g) and this means that

N, d2 Tr(H“HH)
Crr=dlog |1+ = e = |- (5.18)
‘f'Z] 1j#i Ny d® Tr(E E 1)

In a compact way, (5.18) can be written as

Y
Crr = d log (1 + 1—|——X> = d log(1 + Vrr), (5.19)

®Unless otherwise specified, in this work, the log base is 2.
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where Y = NdeQ Tr(H;HY), X = Zle’j#ﬁO—ZZTr(E/ijES), and Ygr is defined as

TrE = 1+LX
As a result of assuming i.i.d. CAV/(0, 1) elements of the RF channel matrices, Y and

X are gamma random variables with the following pdfs [16]

N2\ e _ N,
fry) = (dgil)! ( P, ) (y)d X exp (Ty>7 (5.20)
1 ENNCEY e ~dN,
o= e (er) @ e () o

and the CDF of Y is given by

_yN, 2\ 1 s 2N\
Fy(y) = 1—exp (y—) .—( )yz. (5.22)

On the other side, Cyyo is a function on the random SNR of the FSO hop, and
thence it is a random variable. Additionally, in case of HD the realization of Cygo
designates the channel capacity of the second hop given the realization of the second
hop SNR (7 yp). Whereas, in case of IM-DD we let the realization of Cygo designates
a precise approximation ¢ of the channel capacity of the second hop given the related

realization of the second hop SNR (vpp,, ap OF ViMDDeosr )+ BUb, gIVEN Yup, Yiuop,, ap OF
5This approx. is used as the IM-DD channel capacity is so far unknown [14]. Nonetheless,

this approx. is very rigorous at high SNRs, and thus it can act as the IM-DD channel capacity

in that region.
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Vinppe,.: the FSO hop is, respectively, an AWGN channel, IM-DD input-independent
AWGN channel, or IM-DD cost-dependent AWGN channel as expressed by (5.9) or
(5.10). So, by utilizing the expressions of the AWGN channel capacity [73] and the
approximations of both IM-DD AWGN channel capacities [12], [15] we get a unified
Crso expressed as

Crso = log(1 + 75g0), (5.23)

where I is used to represent the unified effective SNR of the FSO channel, i.e., v

equals either vyp, \/ 5-"VIMDD;,, ap> OF \/ 5-YmpDeo.: Pased on the used FSO transmission
type. Because it is important in what follows, let’s derive the pdf of ~:f . From
fro (1) in (5.12), with the help of (5.11), and by random variable transformation, the

pdf of 1gf can be expressed in a unified form as

M _ wCzA 50 | B(v/0)"| ¢+
f"/;SO - Tnzl b Gl 3 1—/8 CQ,a,m P (524)
where the constant ¢ = 1, /5=, ory/4- for HD, IM-DD input-independent, or IM-DD

cost-dependent, respectively, and the remainder of the parameters are as in (5.12) and
(5.13). Notice that using 2'=1 and p=1 in (5.24), results in the following pdf of 7%
in the special case of G-G fading with pointing errors

Caf(v/c)”
(¢ +1)

AT ()T ()

G-G

o8

eff
TFso

CQ“] . (5.25)

Now with the help of (5.19) and (5.23), the P,y in (5.15) can be given by [83]
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P,:=Pr [VRF < (22R/4 1)] + Pr [7;20 < (22F 1)] —Pr [’YRF < (2% 1)] Pr [7;{;0 < (22F 1)] :

(5.26)

From (5.26) P, can be expressed in terms of the cumulative distribution functions

(CDFs) of vpe and vf, evaluated at youn = (2259 — 1) and yourn = (22% — 1), respec-

FSO

tively. Consequently, we get

M

Pout = F’yRF (%utl) + F;;Afgo (70ut2) - F’YRF (70ut1> ny (70ut2)> (5-27)

eff
FSO

where F. (v) and FWMH (7) are the CDFs of vgp and 5f  , respectively.
FS

RF
7 (0]

By utilizing (5.21) and (5.22), the CDF F...(Yout1) can be given by

Priltont) = | Pl 2+ 1)) fx(e) da (5.28)
0
Mg\ 1 exp(Aiin) MY Y e
1 _ 1 11 [ouw . A“ o sty [d (K—l)—l]
<g) / [@(K—1) —1]! eXp< ( Joun ¥ g))‘*
d2—1 (A)Z A '
X Z ;'1 Ve lr +1]° d. (5.29)
i=0 ’

Using [74, Eq. (3.384.3)] in (5.29) leads to

Fre (70ut1> =1- (

Ajj >d2(K_1) — (Ay) , ©xP <_%(Am"“ﬂ B A_g]>>

0 outl i+1, d2(K—1)

A R

ij
o

=0 <Aii’70ut1 +

A
X Wisi—a2(k-1) ita2x—1) {Aii’youtl + le ) (5'30)
2 ’ 2

where W.] is the Whittaker’s W-function as defined in [74, Eq. (9.222)]. The CDF

F e (Yout1) can be given in another expression which is useful in deriving the ergodic
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rate. To obtain this expression we employ the binomial expansion for the term [z + 1]’

in (5.29) to get

Ai~ d=(K-1) fAmoutl - 1 u z‘
Eor (Your) = 1— < g]) [2(K—1) —1]! Z Tout1
X <Z> /OO IR DI = Mot 50 gy (5:31)
=0 \1/Jo

Then by utilizing [74, Eq. (3.381.4)] in (5.31) we obtain

2
AZ] d*(K-1) e_Au'Youtl d 1 “ .
F’YRF(P)/Outl) =1- ( 0 ) [d2( — 1 _ 1 | Z 70ut1

! (@> . T(q+ d?(K — 1))

iiourt - Nij/ 0) T HE=D -

X

(5.32)

q=

On the other side, the CDF of ~:f | is expressed, after integrating the pdf in

(5.24) with respect to 7, as follows

B w
M o CA 31 | B (v/c)" | 1.¢211
Fm%go(w =5 El b Gyy —,LL;/S e amol (5.33)

Then, by exploiting the CDFs (5.30) and (5.33) in (5.27) and after some algebraic

simplifications, we get

Ay d*(K—1) d*-1 (A”)Z . e~ 3 (Niivout1—Aij/0)
Poutzl_ ( > E ) ’}/outl 1+1 d2(K—1)
0 - 2. +—5
=0 (Au’)/outl + AZJ/Q) °

B w
Ai' CZA B(’YUQ/C)
><Wi+17dz(K71)7¢+d2<2K71) {Aii%uﬂﬂLj})( — Tmengi ;;%

m=1

1,¢%241
¢ a,mo| |-

(5.34)
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Recall that the P, in (5.34) is in case of M faded FSO hop. However, to have

P, in the special case of the G-G faded FSO hop, the CDF F;\:ff (7) in (5.27) must
FSO
be changed by the CDF F;f? (7) that can be given, by integrating its corresponding

FSO

pdf in (5.25), as follows

G-G _ ¢ 3,1 CaB(v/c)" |12
F'Yl?féo«)/) o F(Q)F(ﬁ) G2’4 (CQ + 1) Iui/s 42704,,[3,0] ’ (535)

5.3.2 Ergodic Capacity

As in dual-hop DF relaying systems, the ergodic capacity in our considered system is
given by

Corg = %min [E{CRF} E{Crso}|, (5.36)

where Cgp and Chpso are presented in (5.19) and (5.23), respectively, and hence the

above expectations are obtained by

B{Ce = gy [ A +9) ) (5.37)
E{Crso} = ﬁ /0 ) In(1+7) ffggo(v) dy. (5.38)

Then by using the integration by parts in (5.37), while utilizing In(1 + ~) =

1’1] and exp(—z) = Gé:? [2’3], and with the helps of (5.32), [84, Eq.

1,0

Gy [v
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(07.34.17.0011.01), Eq. (07.34.20.0011.02), Eq. (07.34.21.0081.01)], we attain

]E{C }:i AU d?(K—-1) Z Z )q+d2(K 1)— 1
T m2 \ o [d?(K —1) —1]! g q

—9,—0,1—0
1—9,—0,—9

A
(q+d?(K—-1)) 13,1:1,0:1,3 - ii
X (Ni)™ G3,3.0,1.3,3 A 0

(A% A,L]/Q

0,1,1
1, [q+d2(K_1)]7 of’

(5.39)

where ¥ =i — (¢ + d*(K —1)).

On the other hand, by substituting (5.24) in (5.38) and using In(l + v) =
GL? [ym E{Cyso} can be obtained by exploiting [84, Eq. (07.34.21.0013.01)]. By
doing that, and after some manipulations by utilizing the Meijer’s G-function defini-

tion [74, Eq. (9.301)], we get

B
C2A/2 w—+4,w B/C x4,1,¢%+1
E{OFSO}— o2 2 Zb Gty T || (5.40)
where x,= %, cee ’”T_l which has w terms.

Eventually, substituting (5.39) and (5.40) in (5.36) leads to the ergodic capacity
of the considered system.

Note that the E{Cyso} in (5.40) is for the M fadings FSO channel. Alternatively,
to attain the E{Crso} at the special case of G-G fadings FSO channel, the pdf fggo(v)
in (5.38) must be changed by the pdf ijfg(gy) given in (5.25). By doing that, and

following the same steps as the prior ones, we obtain

Capfct

¢?/(T()T(B)) Gt
(1) ¢

(27r)w*11n 2 w2, w+4

E{Cpso} =

(5.41)

70575707)(4

x4,1, C2+1 ]
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5.4 Simulation and Numerical Results

In this section, we present numerical examples to demonstrate the analytical expres-
sions of the previous section and also to illustrate the impact of the various system
and channel parameters on the performance of our system.” Additionally, this sec-
tion verifies the obtained analytical expressions through Monte-Carlo simulations. In
these simulations, 10° realizations of the SNR random variable are used except in
some results which are close to or less than 107% where 10® realizations are used. ®

In Fig. 5.1 the outage probability P,,; is plotted for perfect and imperfect RF CSI
accuracy and all of the three FSO detection types. From this figure it can be perceived
that for IM-DD input independent, the outage probability is limited/dominated by
the FSO hop at high SNRs, and changing the CSI accuracy will not change the outage
performance. Alternatively, For the heterodyne and IM-DD cost dependent detections,
enhancing the CSI accuracy (i.e. decreasing p) in the RF hop improves the outage
probability performance, i.e., the system P,,; is limited by the RF CSI accuracy in
this case.

From Fig. 5.2 it can be observed that, at relatively good FSO channel conditions,
there is a room to enhance the outage probability by improving the RF CSI accuracy.

While, as seen from this figure, the perfect and moderate CSI accuracies result in

"Following the same approach as in related literature, e.g. [71], [63], [24], [25], the values
of the system parameters were chosen to confirm the deduced expressions, and thence other

parameters values can be used by the designer to attain the needed result in specific schemes.

8 In these results, without loss of generality, we set 2=0.78 and by=0.11.
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Figure 5.1: P, for different values of the RF CSI accuracy (o), considering all FSO
detection methods.

almost the same outage probability at relatively bad FSO channel conditions, as a
consequence there is no advantage in increasing the RF CSI accuracy too much in this
case. Moreover, Fig. 5.2 illustrates that the change in the FSO channel conditions
leads to inconsiderable change in the outage probability at relatively bad CSI accuracy.

Fig. 5.3 and Fig. 5.4 present the diversity order for the outage probability of the
system. Additionally, these figures demonstrate that the performance loss due to the
imperfect CSI increases with the increase in the SNR. Specifically, Fig. 5.3 shows that,
under the RF domination, we get GIZF = d? for the perfect CSI case, i.e. when o = 0,
which matches the derived diversity order. However, the imperfect CSI effect takes

over the outage performance and results in zero diversity order causing a floor in the
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Figure 5.2: P, for various FSO channel conditions and different RF CSI accuracy
considering the IM-DD input-independent FSO.

outage probability curve at high SNRs. This floor worsen with either the increment
of o (the reduction in the RF CSI accuracy), or the decrement in the number of RF
info streams (d).

On the other hand, Fig. 5.4 validates the derived diversity order (i.e., given s=1,
Gy:br;n/s = min[¢% a,1] and Gy = b:in/s =min[¢? «a, 8]) when the FSO hop domi-
nates the outage performance with perfect RF CSI. Whereas in case of imperfect RF
CSI, the RF hop takes the domination over the outage performance and leads to floor
(zero diversity order) at high SNRs.

In Fig. 5.5 the ergodic channel capacity C.,, is shown for perfect and imperfect

RF CSI accuracy considering the three types of FSO detection. From this figure it can
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Figure 5.3: P, dominated by the RF hop with different DoF (d) and CSI accuracy (o)
considering HD in the FSO hop.

be seen that for IM-DD input independent and IM-DD cost dependent, the ergodic
capacity is dominated/limited at high SNRs by the FSO hop, and changing the CSI
accuracy does not change the system capacity. Alternatively, For the heterodyne
detection, enhancing the RF CSI accuracy (i.e. decreasing p) increases the ergodic
capacity, i.e., in this case the ergodic capacity is limited by the RF CSI accuracy.
Fig. 5.6 and Fig. 5.7 reveal that the system ergodic capacity loss due to the
imperfect RF CSI increases with the increase in the average SNR. This is because the
imperfect CSI leads to a ceil in the capacity curve at high SNRs, while under perfect
CSI the capacity is proportional to the SNR and it has a pre-log (DoF) equals d. Fig.

5.6 also shows that the performance ceiling, in the imperfect CSI case, becomes worse
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Figure 5.4: P, dominated by FSO IM-DD cost-dependent hop with different values
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when the CSI accuracy or the number of RF info streams (d) decreases. Beside that,
Fig. 5.7 elucidates that under perfect CSI the number of interferers does not change
the ergodic rate performance since the interference is perfectly eliminated in this case,
however under imperfect CSI increasing the interferers number deteriorate the ergodic

rate.

5.5 Conclusion

This chapter studied a dual-hop DF mixed (imperfect IA MIMO RF IC)/(FSO) re-
laying scheme in which HD as well as IM-DD were considered in a unified manner in
the FSO hop. It was assumed that the MIMO RF links follow Rayleigh fading, while
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Figure 5.5: C,,, for various values of the RF CSI accuracy () considering all FSO
detection methods.

the FSO link suffers M fading with pointing error. In the MIMO RF IC hop, the TA
technique was utilized however with imperfect CSI which means that the interference
will not be totally eliminated in this case. For this scheme, closed-form expressions
were derived for the outage probability in terms of Whittaker and Meijer functions
and for the ergodic capacity in terms of the bivariate Meijer’'s G-function. In those
expressions the best-known FSO channel capacity results were utilized. Moreover, not
only the IM-DD inputindependent AWGN but also the IM-DD costdependent AWGN
channel was considered in the derivations. It was found that under RF hop domina-
tion, the diversity order equals the square of the number of the interference-eliminated

RF info streams (d?) in case of perfect CSI. Alternatively, under FSO hop domina-
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tion, the diversity order depends on the parameters of the atmospheric turbulences
and pointing errors in case of perfect CSI. However the case of imperfect CSI results
in zero diversity order causing a floor in the outage probability curve at high SNRs.
This floor worsen with either the reduction in the CSI accuracy, or the decrement in
“d”. Also under imperfect CSI, It was found that there is a ceil in the ergodic capacity
at high SNRs, this ceil becomes worse with more interferers or when the CSI accuracy
or the number of RF info streams (d) decreases. Further, we provided Monte-Carlo

simulation results that verify the deduced expressions.
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CHAPTER 6

CONCLUSION AND FUTURE

WORK

6.1 Conclusion

In this dissertation, we studied the performance of dual-hop mixed RF/FSO DF re-
laying, where HD and IM-DD were considered in a unified manner for FSO detection.
Specifically, we derived closed-form expressions for the outage probability, average
BER, and ergodic capacity of this system assuming generalized fading models, i.e.,
Nakagami-m and M fading with pointing error for the RF and FSO channels, respec-
tively.

In doing that, we utilized, for the first time as per our knowledge, a precise IM-DD
channel capacity approximation. Consequently, this work presents precise quantitative
comparison between HD and IM-DD performances, and thus helps the designers in
deciding whether to deploy HD (higher rate) or IM-DD (lower cost/complexity).

Moreover, this was the first time that not only the IM-DD input-independent but
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also the IM-DD cost-dependent AWGN channel is considered in such system analysis.
The difference between those two IM-DD channels resides in the variance of the AWGN
which does not depend on the input signal in the first model, however in the second
model it is proportionate to the cost (constraint) of the input signal (average optical
power). It is important also to state that the input-independent AWGN IM-DD
channel model is only valid where the receiver noises are dominated by thermal noise,
and this is the case in the receivers which employ PIN-photodiode or in case of low
optical powers. On the other hand, the cost-dependent AWGN IM-DD channel model
is useful wherever the receiver noises are dominated by shot noise, and this is the case
in the receivers which employ avalanche photodiode (APD) or in case of high optical
power.

Also, in BER analysis, we assumed that the modulation schemes in the two hops
can be different, as not all modulation schemes are suitable for FSO IM-DD links.
Specifically, in the IM-DD systems we modulate the optical intensity (nonnegative
quantity) which does not have a phase, and hence all kinds of phase modulations are
not applicable there.

Additionally, the system performance was asymptotically investigated at high SNR,
where new non-reported diversity order and coding gain analyses was shown. Inter-
estingly, we found that in the FSO hop, at high transmitted powers, all the optical
detectors result in the same diversity order, whereas their coding gains are different.

Also, for HD and IM-DD input-independent we found that, at high transmitted
powers, their capacities pre-logs are identical and equal twice the one of IM-DD cost-

dependent.
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Moreover, we showed the overestimations which occur in the outage and capacity of
the system when the well-known Shannon’s capacity formula for the power-constrained
AWGN channel is used for IM-DD channel instead of its precise capacity approx.
These overestimations lead to misconception in the comparison between HD and IM-
DD. Furthermore, we offered simulation results that confirm the derived exact and
asymptotic expressions.

One more scheme that its performance was studied, for the first time as per our
knowledge, in this dissertation is the dual-hop DF mixed (IA MIMO RF IC)/(FSO)
relaying scheme in which the HD and IM-DD were considered in a unified manner in
the FSO hop. In this system, it was assumed that each one of the MIMO RF links
follows Rayleigh fading, while the FSO link suffers M fading with pointing error.

Additionally, in the MIMO RF IC hop the TA technique was utilized to eliminate
the interference, and hence this leads to enhance the multiplexing gain in this hop,
and accordingly the overall system performance is improved. The IA precoding and
receiving interference eliminating matrices were designed by using OR-ML algorithm.

For this scheme, exact closed-form expressions were derived for the outage proba-
bility and ergodic capacity, in these expressions the best-known FSO channel capacity
results were utilized. Moreover, both the IM-DD input-independent AWGN and the
IM-DD cost-dependent AWGN channel were considered in this derivation.

In addition, the system performance was asymptotically studied on the high SNRs
region, where the diversity order and coding gain analyses were illustrated. It was
found that under RF hop domination, the diversity order equals the square of the

number of the interference-eliminated RF info streams ( d?). Alternatively, under FSO
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hop domination, the diversity order depends on the parameters of the atmospheric
turbulences and pointing errors. Also, It was observed that the overall system ergodic
capacity enhances by increasing “d” when the RF hop dominates the system. Further,
we provided simulation results that verify the deduced analytical and asymptotic
expressions.

Furthermore, we inspected the performance deterioration in the dual hop mixed
(imperfect IA MIMO RF IC)/(FSO) relaying due to the consideration of the imperfect
CSI. Considering imperfect CSI means that the interference was not totally eliminated
in this case. For this scheme, closed-form expressions were derived for the outage
probability in terms of Whittaker and Meijer functions and for the ergodic capacity
in terms of the bivariate Meijer’s G-function.

For this system it was found that imperfect CSI results in zero diversity order
causing a floor in the outage probability at high SNRs. This floor worsen with either
the reduction in the CSI accuracy, or the decrement in “d”. Also under imperfect
CSI, It was found that there is a ceil in the ergodic capacity at high SNRs, this ceil
becomes worse with more interferers or when the CSI accuracy or the number of RF

info streams (d) decreases.

6.2 Future Work

In future research works, the considered mixed RF/FSO relaying schemes in this
dissertation are proposed to be investigated with the inclusion of the cognitive radio,

parallel relayings, physical layer security and/or buffer-aided relaying concepts.

134



1]

REFERENCES

S. Arnon, J. Barry, G. Karagiannidis, R. Schober, and M. Uysal, Advanced Optical

Wireless Communication Systems. Cambridge University Press, 2012.

M. A. Khalighi and M. Uysal, “Survey on free space optical communications: A
communication theory perspective,” IEEE Commun. Surveys and Tutorials, vol.

16, no. 4, pp. 2231-2258, 4th quarter 2014.

J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in
wireless networks: efficient protocols and outage behavior,” IFEE Trans. Info.

Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity, Part I:

System description,” IEEE Trans. Commun., vol. 51, no. 11, pp. 1927-1938, 2003.

V. Jamali, D. S. Michalopoulos, M. Uysal, and R. Schober, “Mixed RF and hybrid
RF/FSO relaying,” 2015 IEEE Globecom Workshops (GC Wkshps), San Diego,

CA, 2015, pp. 1-6.

J. M. Kahn and J. R. Barry, “Wireless infrared communications,” Proc. IEFE,

vol. 85, no. 2, pp. 265-298, Feb. 1997.

135



[7]

[10]

[11]

[12]

[13]

Plaintree Systems Inc., Free Space Optics, Point-to-Point Wireless Connectivity,

Anprior, ON, Canada. [Online]. Available: http:// freespaceoptics.ca/about.html

O. E. DeLange, “Optical heterodyne detection,” IEEFE Spectrum, vol. 5, no. 10,

pp. 77-85, Oct. 1968.

H. Hemmati, Deep Space Optical Communications. Hoboken, NJ, USA: Wiley-

Interscience, 2006.

B. M. Oliver, “Thermal and quantum noises,” in Proc. of the IEEE, vol. 53, May

1965, pp. 436-454.

S. M. Moser, “Capacity results of an optical intensity channel with input-
dependent Gaussian noise,” IEEFE Trans. Info. Theory, vol. 58, no. 1, pp. 207-223,

Jan. 2012.

A. Lapidoth, S. M. Moser, and M. Wigger, “On the capacity of freespace optical
intensity channels,” IEFEE Trans. Info. Theory, vol. 55, no. 10, pp. 4449-4461,

Oct. 2009.

A. A. Farid and S. Hranilovic, “Capacity bounds for wireless optical intensity
channels with gaussian noise,” IEEE Trans. Info. Theory, vol. 56, no. 12, pp.

6066-6077, Dec. 2010.

A. Chaaban, J. M. Morvan, and M.-S. Alouini, “Free-space optical communica-
tions: Capacity bounds, approximations, and a new sphere-packing Perspective,”

IEEE Trans Commun, vol. 64, no. 3, pp. 1176-1191, Mar. 2016.

136



[15]

[16]

[17]

[18]

[19]

[21]

A. Chaaban, J. M. Morvan, and M.-S. Alouini, “Free-space optical communica-
tions: Capacity bounds, approximations, and a new sphere-packing perspective,”

KAUST, http://hdl.handle.net /10754 /552096, Tech. Rep., Apr. 2015.

J. G. Proakis, Digital Communications, 5th ed. New York: McGraw-Hill, Inc.,

2007.

M. K. Simon and M.-S. Alouini, Digital communication over fading channels, 2nd

ed. Wiley, 2005.

G. L. Stitber, Principles of Mobile Communications. Norwell, MA: Kluwer Aca-

demic Publishers, 1996.

L. C. Andrews, R. L. Phillips, C. Y. Hopen, and M. A. Al-Habash, “Theory of
optical scintillation,” J. Opt. Soc. Amer. A, Opt. Image Sci., vol. 16, no. 6, pp.

1417-1429, Jun. 1999.

L. C. Andrews and R. L. Phillips, Laser Beam Propagation Through Random

Media, 2nd ed. Bellingham, WA, USA: SPIE, 2005.

J. L. Barrett and P. A. Budni, “Laser beam propagation through strong turbu-

lence,” J. Appl. Phys., vol. 71, no. 3, pp. 1124-1127, Feb. 1992.

E. Jakeman and P. Pusey, “Significance of K distributions in scattering experi-

ments,” Phys. Rev. Lett., vol. 40, no. 9, pp. 546-550, Feb. 1978.

137



[23]

[24]

[25]

[27]

[29]

M. Kashani, M. Uysal, and M. Kavehrad, “A novel statistical channel model for
turbulence-induced fading in free-space optical systems,” IEEE/OSA J. Lightw.

Technol., vol. 33, no. 11, pp. 2303-2312, Jun. 2015.

A. J. Navas, J. M. G. Balsells, J. F. Paris, and A. P. Notario, “A unifying sta-
tistical model for atmospheric optical scintillation,” Numerical Simulations of

Physical and Engineering Processes, J. Awrejcewicz, Ed. Intech, 2011, ch. 8.

A. J. Navas, J. M. G. Balsells, J. F. Paris, M. C. Vazquez, and A. P. Notario,
“Impact of pointing errors on the performance of generalized atmospheric optical

channels,” Opt. Ezpress, vol. 20, no. 11, pp. 12550-12562, May 2012.

A. A. Farid, and S. Hranilovic, “Outage capacity optimization for free-space
optical links with pointing errors,” IEEE/OSA J. Lightw. Technol., vol. 25, no.

7, pp. 1702-1710, Jul. 2007.

A. B. Carleial, “Interference channels,” IEEE Trans. Info. Theory, vol. 24, no. 1,

pp. 60-70, Jan. 1978.

V. R. Cadambe and S. A. Jafar, “Interference alignment and the degrees of free-
dom for the K-user interference channel,” IEEE Trans. Info. Theory, vol. 54, no.

8, pp. 3425-3441, August 2008.

C. Yetis, T. Gou, S. Jafar, and A. Kayran, “On feasibility of interference align-
ment in MIMO interference networks,” IEEE Trans. Signal Process., vol. 58, no.

9, pp. 4771-4782, 2010.

138



[30]

[31]

32]

[34]

[35]

[36]

M. Karimi and M. Nasiri-Kenari, “Outage analysis of relay-assisted free-space
optical,” IET Commun., 2010, Vol. 4, Iss. 12, pp. 1423-1432, doi: 10.1049/iet-

com.2009.0335.

M. A. Kashani, M. M. Rad, M. Safari, and M. Uysal, “All-optical amplify-and-
forward relaying system for atmospheric channels,” IEEE Commun. Lett., vol.

16, no. 10, pp. 1684-1687, Oct. 2012.

C. Abou-Rjeily and A. Slim, “Cooperative diversity for free-space optical commu-
nications: transceiver design and performance analysis,” IEEFE Trans. Commun.,

vol. 59, no. 3, pp. 658-663, Mar. 2011.

M. R. Bhatnagar, “Performance analysis of decode-and-forward relaying in
Gamma-Gamma fading Channels,” IEEE Photon. Technol. Lett., vol. 24, no.

7, pp. 545-547, Apr. 2012.

M.R. Bhatnagar, “Average BER analysis of differential modulation in DF co-
operative communication system over Gamma-Gamma fading FSO links,” IFEE

Commun. Lett., vol. 16, no. 8, pp. 1228-1231, Aug. 2012.

P. V. Trinh, A. T. Pham, H. T. T. Pham, and N. T. Dang, “BER analysis of
all-optical AF dual-hop FSO systems over Gamma-Gamma channels,” IEEE 4th
Int’l Conf. on Photonics (ICP), Melaka, Malaysia, 28 Oct.-30 Oct. 2013, pp.

175-177.

K. P. Peppas, A. N. Stassinakis, H. E. Nistazakis, and G. S. Tombras, “Capacity

analysis of dual amplify-and-forward relayed free-space optical communication

139



[37]

[38]

[41]

systems over turbulence channels with pointing errors,” J. Opt. Commun. Netw.,

vol. 5, no. 9, pp. 1032-1042, Sep. 2013.

P. Puri, P. Garg, and M. Aggarwal, “Outage and error rate analysis of network-
coded coherent TWR-FSO systems,” IEEE Photon. Technol. Lett., vol. 26, no.

18, pp. 1797-1800, Sep. 2014.

Y. Celik and N. Odabasioglu, “On relay selection for cooperative free-space optical
communication,” in Proc. 17th European Conf. on Netw. and Optical Commun.

(NOC), Vilanova i la Geltru, Spain, 20-22 June 2012, pp. 1-5.

B. T. Vu, T. C. Thang, and A. T. Pham, “Selective relay decode-and-forward
QAM/FSO systems over atmospheric turbulence channels,” in Proc. 9th Int’l
Symp. on Commun. Systems, Netw. and Digital Signal Process. (CSNDSP),

Manchester, UK, 23-25 July 2014, pp. 407-410.

J.-Y. Wang, J.-B. Wang, M. Chen, Q.-S. Hut, N. Huang, R. Guan, and L. Jia,
“Free-space optical communications using all-optical relays over weak turbulence
channels with pointing errors,” in Proc. Int’l Conf. on Wireless Commun. and

Sig. Process. (WCSP), Hangzhou, China, 24-26 Oct. 2013, pp.1-6.

S. I. Hussain, M. M. Abdallah, and K. A. Qaraqe, “Power optimization and kth
order selective relaying in free space optical networks,” in Proc. IEEE GCC Conf.

and Ezhibition, Doha, Qatar, 17-20 Nov. 2013, pp. 330-333.

140



[42]

[43]

[44]

[45]

[47]

C. Abou-Rjeily, “All-active and selective FSO relaying: do we need inter-relay
cooperation?,” IEEE/OSA J. Lightw. Technol., vol. 32, no. 10, pp. 1899-1906,

May 2014.

C. Abou-Rjeily, “Performance analysis of selective relaying in cooperative free-
space optical systems,” IEEE/OSA J. Lightw. Technol., vol. 31, no. 18, pp. 2965-

2973, Sep. 2013.

M. Feng, J.-B. Wang, M. Sheng, L.-L. Cao, X.-X. Xie, and M. Chen, “Outage per-
formance for parallel relay-assisted free-space optical communications in strong
turbulence with pointing errors,” in Proc. Int’l Conf. on Wireless Commun. and

Signal Process. (WCSP), Nanjing, China, 9-11 Nov. 2011, pp. 1-5.

N. D. Chatzidiamantis, D. S. Michalopoulos, E. E. Kriezis, G. K. Karagiannidis,
and R. Schober, “Relay selection in relay-assisted free space optical systems,” in

Proc. IEEE Global Commun. Conf. (Globecom), Houston, USA, 5-9 Dec. 2011,

pp- 1-6.

N. D. Chatzidiamantis, D. S. Michalopoulos, E. E. Kriezis, G. K. Karagiannidis,
and R. Schober, “Relay selection protocols for relay-assisted free-space optical

systems,” J. Opt. Commun. Netw., vol. 5, no. 1, pp. 92-103, Jan. 2013.

J.-Y. Wang, J.-B. Wang, M. Chen, X. Song, “Performance analysis for free-
space optical communications using parallel all-optical relays over composite
channels,” IET Commun., 2014, Vol. 8, Iss. 9, pp. 1437-1446, doi: 10.1049/iet-

com.2013.0754.

141



[48]

[49]

[50]

[52]

[53]

T. A. Tsiftsis, H. G. Sandalidis, G. K. Karagiannidis, and N. C. Sagias, “Multi-
hop free-space optical communications over strong turbulence channels,” in Proc.
IEEE Int’l Conf. on Commun. (ICC), Istanbul, Turkey, 11-15 June 2006, pp.

2755-2759.

C. K. Datsikas, K. P. Peppas, N. C. Sagias, and G. S. Tombras, “Serial free-space
optical relaying communications over Gamma-Gamma atmospheric turbulence

channels,” J. Opt. Commun. Netw., vol. 2, no. 8, pp. 576-586, Aug. 2010.

M. Safari and M. Uysal, “Relay-assisted free-space optical communication,” IEFEE

Trans. Wireless Commun., vol. 7, no. 12, pp. 5441-5449, Dec. 2008.

E. Bayaki, D. S. Michalopoulos, and R. Schober, “EDFA-based all-optical relaying
in free-space optical systems,” IEEE Trans. Commun., vol. 60, no. 12, pp. 3797-

3807, Dec. 2012.

M. A. Kashani, M. Safari, and M. Uysal, “Optimal relay placement and diver-
sity analysis of relay-assisted free-space optical communication systems,” J. Opt.

Commun. Netw., vol. 5, no. 1, pp. 37-47, Jan. 2013.

H. T. T. Pham, N. T. Dang, and A. T. Pham, “Effects of atmospheric turbulence
and misalignment fading on performance of serial-relaying M-ary pulse-position

modulation free-space optical systems with partially coherent Gaussian beam,”

IET Commun., Vol. 8, Iss. 10, pp. 1762-1768, 2014.

142



[54]

[55]

[56]

[57]

[58]

[59]

Abou-Rjeily, “Inter-relay cooperation: A new paradigm for enhanced relay-
assisted FSO communications,” IEEE Trans. Commun., vol. 62, no. 6, pp. 1970-

1982, June 2014.

X. Tang, Z. Wang, 7. Xu, and Z. Ghassemlooy, “Multihop free-space optical
communications over turbulence channels with pointing errors using heterodyne
detection,” IEEE/OSA J. Lightw. Technol., vol. 32, no. 15, pp. 2597-2604, Aug.

2014.

J.-Y. Wang, J.-B. Wang, M. Chen, Y. Tang, and Y. Zhang, “Outage analysis
for relay-aided free-space optical communications over turbulence channels with
nonzero boresight pointing errors,” IEEE Photon. J., vol. 6, no. 4, Aug. 2014,

DOI: 10.1109/ JPHOT.2014. 2332554.

S. Zhalehpour and M. Uysal, “Outage performance analysis of mth best path
selection protocol in FSO communications,” 16th Int’l Conf. on Transparent Opt.

Netw. (ICTON), Graz, Austria, 6-10 July 2014, pp. 1-4.

E. Lee, J. Park, D. Han, and G. Yoon, “Performance analysis of the asymmetric
dual-hop relay transmission with mixed RF/FSO links,” IEEE Photon. Technol.

Lett., vol. 23, no. 21, pp. 1642-1644, Nov. 2011.

J. Park, G. Park, B. Roh, E. Lee, and G. Yoon, “Performance analysis of asym-
metric RF/FSO dual-hop relaying systems for UAV applications,” in Proc. IEEE

Mil. Commun. Conf., San Diego, CA, USA, Nov. 2013, pp. 1651-1656.

143



[60]

[61]

[62]

[65]

I. S. Ansari, Fe. Yilmaz, and M.-S. Alouini, “On the performance of mixed
RF/FSO variable gain dual-hop transmission systems with pointing errors,” in
Proc. IEEE Veh. Tech. Conf. (VTC’13-Fall), Las Vegas, USA, 2-5 Sep. 2013, pp.

1-5.

I. S. Ansari, F. Yilmaz, and M.-S. Alouini, “Impact of pointing errors on the
performance of mixed RF/FSO dual-hop transmission systems,” IEEE Wireless

Commun. Lett., vol. 2, no. 3, pp. 351-354, June 2013.

I. S. Ansari, M.-S. Alouini, and Fe. Yilmaz, “On the performance of hybrid RF
and RF /FSO fixed gain dual-hop transmission systems,” in Proc. 2013 Saudi Int’l
FElectronics, Commun. and Photon. Conf. (SIECPC), Riyadh, Saudi Arabia, 27-

30 Apr. 2013, pp. 1-6.

N. I. Miridakis, M. Matthaiou, and G. K. Karagiannidis, “Multiuser relaying over
mixed RF/FSO links,” IEEE Trans. Commun., vol. 62, no. 5, pp. 1634-1645, May

2014.

E. Zedini, I. S. Ansari, and M.-S. Alouini, “Performance analysis of mixed
Nakagami-m and Gamma-Gamma dual-hop FSO transmission systems,” [FEE

Photon. J., vol. 7, no. 1, pp. 1-20, Feb. 2015.

E. Zedini, I. Ansari, and M.-S. Alouini, “On the performance of hybrid line of
sight RF and RF-FSO fixed gain dual-hop transmission systems,” in Proc. [EEE

Global Commun. Conf., Dec. 2014, pp. 2119-2124.

144



[66]

[67]

[68]

[71]

I. S. Ansari, F. Yilmaz, and M.-S. Alouini, “On the performance of hybrid RF and
RF/FSO dual-hop transmission systems,” in Proc. Int’l. Workshop Opt. Wireless

Commun., Newcastle Upon Tyne, U.K., Oct. 2013, pp. 45— 59.

H. Samimi and M. Uysal, “End-to-end performance of mixed RF/FSO transmis-
sion systems,” IEEE/OSA J. Opt. Commun. Netw., vol. 5, no. 11, pp. 1139-1144,

Nov. 2013.

M. Bhatnagar and M. Arti, “Performance analysis of hybrid satelliteterrestrial
FSO cooperative system,” IEEE Photon. Technol. Lett., vol. 25, no. 22, pp. 2197-

2200, Nov. 2013.

S. Anees and M. Bhatnagar, “Performance of an amplify-and-forward dual-hop
asymmetric RF/FSO communication system,” IEEE/OSA J. Opt. Commun.

Netw., vol. 7, no. 2, pp. 124-135, Feb. 2015.

S. Anees and M. R. Bhatnagar, “Performance evaluation of decode-and-forward
dualhop asymmetric RF-FSO system,” IET Optoelect., vol. 9, no. 5, pp. 232-240,

2015, doi: 10.1049/iet-opt.2014.0118.

A. M. Salhab, F. S. Al-Qahtani, R. M. Radaydeh, S. A. Zummo, and H. Alnuweiri,
“Power allocation and performance of multiuser mixed RF/FSO relay networks
with opportunistic scheduling and outdated channel information,” IEEE/OSA

J. Lightw. Technol., vol. 34, no. 13, pp. 3259-3272, July 2016.

145



[72]

[73]

[74]

[75]

[76]

[78]

E. S.-Nasab and M. Uysal, “Generalized Performance Analysis of Mixed RF/FSO
Cooperative Systems,” IEFEE Trans. Wireless Commun., vol. 15, no. 1, pp. 714-

727, Jan. 2016.

C. E. Shannon, “A mathematical theory of communication,” The Bell System

Technical Journal, vol. 27, pp. 379-423, 623-656, 1948.

I. S. Gradshteyn and I. M. Ryzhik, Tables of Integrals, Series and Products, 6th

ed., San Diago: Acadamic Press, 2000.

M. R. McKay, A. L. Grant, and I. B. Collings, “Performance analysis of MIMO-
MRC in double-correlated Rayleigh environments,” IEEE Trans. Commun., vol.

55, no. 3, pp. 497-507, Mar. 2007.

M. K. Simon and M.-S. Alouini, Digital Communication over Fading Channels,

2nd ed., Wiley, 2005.

A. Chaaban and M.-S. Alouini, “Optical intensity modulation direct detection
versus heterodyne detection: A high-SNR capacity comparison,” in 5th Int’l Conf.

on Commun.and Networking (COMNET), Tunis, Nov. 2015, pp. 1-5.

A. Farid and S. Hranilovic, “Outage capacity optimization for free-space optical
links with pointing errors,” IEEE/OSA J. Lightw. Technol., vol. 25, no. 7, pp.

1702-1710, Jul. 2007.

W. Gappmair, “Further results on the capacity of free-space optical channels in

turbulent atmosphere,” IET Commun., vol. 5, no. 9, pp. 1262-1267, Jun. 2011.

146



[80]

[81]

[82]

[83]

[84]

I. S. Ansari, F. Yilmaz, and M.-S. Alouini, “Performance analysis of FSO links
over unified Gamma-Gamma turbulence channels,” in Proc. IEEE 81st Veh. Tech.

Conf. (VTC Spring), Glasgow, 2015, pp. 1-5.

D. Tse and P. Viswanath, Fundamentals of Wireless Communications. Cambridge

University Press, 2005.

S. Anees and M. R. Bhatnagar, “On the capacity of decode-and-forward dual-hop
free space optical communication systems,” in Proc. IEEE Wireless Commun. and

Netw. Conf. (WCNC), Istanbul, Apr. 2014, pp. 18-23.

A. Papoulis and S. U. Pillai, Probability, Random Variables, and Stochastic Pro-

cesses. New York: McGraw-Hill, 2002.

Wolfram, “The Wolfram functions site,” Available:

http://functions.wolfram.com, 2013.

I. S. Ansari, F. Yilmaz, and M.-S. Alouini, “Performance analysis of free-space
optical links over méalaga (M) turbulence channels with pointing errors,” IEEE

Trans. Wireless Commun., vol. 15, no. 1, pp. 91-102, Jan. 2016.

147



VITAE

Name: Omer Mahmoud Salih Elhag

Nationality: Sudanese

Permenant Address: Al-Mouradah, Omdurman 11111, Sudan
Current Address: KFUPM, Dhahran 31261, Saudi Arabia

Email:  omermahmoud@qgmail.com

Academic Background:
— B.Sc. in Electrical & Electronic Engineering (Communication) from Uni-
versity of Khartoum, Khartoum, Sudan in 2004.

— M.Sec. in Electrical Engineering (Communication & Signal Processing) from

Blekinge Institute of Technology, Karlskrona, Sweden in 2012.

— Ph.D. in Electrical Engineering (Communications & Signal Processing)
from King Fahd University of Petroleum and Minerals, Dhahran, Saudi

Arabia in 2019.

148



e Publications:

— O. M. S. Al-Ebraheemy, A. M. Salhab, A. Chaaban, S. A. Zummo and M.
Alouini, “Precise Performance Analysis of Dual-Hop Mixed RF/Unified-
FSO DF Relaying With Heterodyne Detection and Two IM-DD Channel

Models,” in IEEE Photonics Journal, vol. 11, no. 1, pp. 1-22, Feb. 2019.

— O. M. S. Al-Ebraheemy, A. Salhab, A. Chaaban, S. Zummo and M. Alouini,
“Precise outage analysis of mixed RF /unified-FSO DF relaying with HD
and 2 IM-DD channel models,” IEEE 13th Int’l Wireless Communications

and Mobile Computing Conf. (IWCMC), Valencia, 2017, pp. 1184-1189.

— A. Chaaban, O. M. S. Al-Ebraheemy, T. Y. Al-Naffouri and M. Alouini,
“Capacity Bounds for the Gaussian IM-DD Optical Multiple-Access Chan-
nel,” in IEEE Transactions on Wireless Communications, vol. 16, no. 5,

pp- 3328-3340, May 2017.

149



