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Abstract

Spatial Modulation (SM) and its advanced versions are investigated for various applications in this thesis.
Performance analysis of advanced spatial modulation (ASM) are carried out in terms of bit error rate
(BER) and outage probability (OP). The ASMs considered are enhanced spatial modulation (ESM),
spatial media based modulation (SMBM), optical ESM (OESM), optical generalized spatial modulation
(OGSM), optical improved quadrature spatial modulation (OIQSM), transmit laser selection (TLS)
combined with optical SM (TLS-OSM), hybrid SM (HSM) and transmit source selection (T'SS) combined
with HSM (TSS-HSM).

Firstly, SM along with physical layer network coding (PLNC) is proposed for full-duplex wireless
radio frequency (RF) communication. Closed form expressions of OP of such systems are provided in
this thesis. Cascaded a — p channel model is considered for such communication. It is observed that
such systems can achieve signal-to-noise ratio (SNR) gain of 8 dB over PLNC scheme.

Secondly, ESM and SMBM are proposed for body area network (BAN) communication especially
for sporting activities such as running and cycling. Performance analysis is carried out for both single-
input-single-output (SISO) system as well as multiple-input-multiple-output (MIMO) system employing
the above mentioned ASM schemes in terms of BER and OP. Lognormal-4 (LN-4) channel is considered
for BAN communication. It is observed that SMBM outperforms SM and ESM schemes. Another
observation is that cycling has better BER and OP than running due to less body shadowing effects.

Thirdly, optical SM (OSM) along with PLNC is proposed for full-duplex free-space optical (FSO)
cooperative system. Bounds of OP are calculated for such systems. Further, in order to achieve higher
spectral efficiencies in FSO communication, ASM techniques such as OESM, OGSM and OIQSM are
proposed. BER, cost and power consumption analysis of the above mentioned ASM techniques are
provided in the thesis. Gamma-Gamma (G-G) channel model with pointing error is considered for FSO
communication. It is observed that OESM, OGSM, OIQSM and TLS-OSM gives better BER than the
conventional OSM.

Fourthly, SISO one-way and two-way relay based underwater optical wireless communication (UOWC)
is proposed and performance analysis is carried out in terms of OP. OIQSM and TLS-OSM are proposed
for UOWC cooperative communication. Performance analysis of such schemes are carried out in terms
of OP and average symbol error probability (ASEP). Lognormal channel is assumed for UOWC. It is
observed that OIQSM and TLS-OSM also outperform OSM for UOWC.

Lastly, HSM and TSS are proposed for hybrid FSO/RF cellular communication. In this cellular

system, base station (BS) to access points (APs) are assumed to be connected with FSO links and AP to
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mobile users are connected using RF links. FSO links are modelled as G-G channel whereas RF links are
modelled as Rayleigh fading channel. Performance analysis is carried out in terms of OP. It is observed

that TSS-HSM outperforms HSM and TSS based hybrid FSO/RF systems.
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1.Introduction

The need of the future generation of wireless communications is higher data rates at low cost with good
quality of service (QoS). Therefore, new technologies or devices need to be deployed in order to achieve
high data rates with good efficiency. In normal cellular communication, two mobile devices interact by
means of a base station. However if the devices are located nearby, then it is a complete wastage of
resources, power, time and cost by rerouting the information through base station. Instead the devices
can directly interact with each other by means of radio frequency (RF) waves. This is called device-
to-device (D2D) RF based communication [1], which is a recent topic of research and can be deployed
in wireless communication networks like mobile ad-hoc networks [2]. Direct interaction between devices
forms an integral part of Internet of Things (IoT) and future 5G and 6G communication networks.
Various technologies are available to implement interaction between devices. In the subsequent sections,
a brief overview of some of the available technologies to implement point-to-point communication between

two nodes, will be presented.

1.1 Body Area Network Communication

RF communication between wearable devices attached to the body of persons can take place and
this technology is termed as body area network (BAN) communication. It is a short range wireless
network composed of devices situated in, on and around the body. BAN communication [3, 4] has its
potential in various fields like sports, health, entertainment, military and other applications [5]. Data
transmission takes place from a wearable device on the body of a person to another device fitted on the
body of another person either nearby or separated by some distance. BAN communication can be used
for health monitoring purpose like monitoring patients remotely, cardiovascular disease detection, sleep
monitoring, etc. Real time monitoring of an athlete can also be achieved, thereby preventing any major
injuries. Feedback can also be provided back to an athlete in case of any emergency. It can be also
beneficial in military applications to monitor the status of a soldier in battlefield and to exchange critical
information among soldiers. Exact location and fatigue details can be tracked through such devices

resulting in better management of soldiers on warfront [5].
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1.2. FREE-SPACE OPTICAL COMMUNICATION 2

1.2 Free-Space Optical Communication

Due to limited bandwidths and data rates in RF communication, optical wireless communication has
come to the forefront and has the potential to overcome the limitations of RF communication. Optical
wireless communication can be broadly classified into two categories- outdoor and indoor. The outdoor
systems are conventionally called as free-space optical systems. They are of two types- space/laser links
and terrestrial links. Indoor communication is carried out mostly using light emitting diode (LED)
operating in infrared (IR) wavelength region of 780 nm-950 nm.

In space link optical wireless communication, links can be air-to-ground, air-to-air, aircraft-to-ground
or to other spacecraft or deep space, links between different earth orbits to ground, ground to other
planets links, etc. In all these links, laser is used because of its narrow beamwidth, more bandwidth
than RF devices, smaller size. Free-space optical links can be used as terrestrial links for distances
ranging over several kilometres provided there is good line-of-sight (LOS) between the two devices. In
the current scenario, high bandwidth connections are required between the local area network (LAN)
and metropolitan area network (MAN) or wide area network (WAN). To make sure that end users are
receiving high speed gigabit Ethernet connectivity, high bandwidth connectivity between LAN and WAN
is necessary which can be achieved by using free-space optical (FSO) links. FSO link deployment and
maintenance are cheaper than RF links.

FSO communication offers benefits like ultra-wide bandwidth, inherent security and ease of installa-
tion. It exceeds the data rates of traditional RF communication [6, 7, 8, 9]. However, FSO is affected
by fluctuations in the atmosphere. FSO is mainly used for LOS communication and hence is not a good
option for long distance communication. Cooperative communication is a necessity for effective long
distance FSO communication. The light propagation in FSO communication is different from signal
propagation in RF communication. Hence some new phenomenon needs to be studied to understand
the concepts of FSO communication. The propagation of laser beam in free-space is affected by beam

divergence, atmospheric losses, atmospheric turbulence and ambient light.
1.2.1 Beam Divergence

The diffraction of light around the aperture at the sharp edges of the telescope causes beam divergence.
The amount of useful signal energy to be collected at the receiver is determined by the amount of
divergence. It is independent of the propagation medium. The divergence angle of the beam spread is
given by [10]:

b==. (1.1)

where D is the aperture diameter and ) is the propagating wavelength.
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3 1.2. FREE-SPACE OPTICAL COMMUNICATION

1.2.2 Ambient Light

Sun light and moon light which are natural sources of light also have spectral lines in the visible
and infrared region. Hence noise is induced in the FSO channels due to the presence of light sources.
The peak intensity of noise caused due to solar radiations is generally observed at 480 nm and decreases

gradually with increase in wavelength.
1.2.3 Atmospheric Losses

The optical beam while propagating through the atmosphere undergo losses or attenuation due to
absorption and scattering. Absorption occurs due to the absorption of photons meaning that energy of
photons in the optical beam is transferred to the internal energy of the absorbing particle. Scattering
occurs due to collision of light beam with scatterers or some particles, thereby causing change in direction
of optical signal. Attenuation of light beam propagating through the atmosphere can be described by
Beer Lambert’s Law. It states that at a distance x, the transmission coefficient of laser radiation T'(x)
in the atmosphere is given by [11]:

Iy —Oatt®
= L = o 1.2
2 = o, (12)

T(x)
where I, is the intensity of light at a distance of  whereas Ij is the original light intensity transmitted, o4
is the attenuation coefficient. Attenuation coefficient is the summation of four individual parameters-
molecular and aerosol absorption coefficients denoted by «,, and «, respectively, and molecular and

aerosol scattering coefficients denoted by 3, and S, respectively. These are all functions of wavelengths.

Therefore, attenuation coefficient can be evaluated as:
Oatt = Om + Qg + B + Ba - (13)

1.2.4 Absorption

Absorption particles can be divided into molecular and aerosol absorbers. When the laser beam
interacts with the gaseous molecules in the medium like O (oxygen), Na (nitrogen), Ho (hydrogen),
etc., then molecular absorption occurs. The particles are distinguished by their refractive index. The

imaginary part of refractive index n,, is involved in molecular absorption by the following equation [11]:

41,
Q= 3

= AabsNabs ) (14)

where Agps is the cross-section of absorption area and N, represents the concentration of absorption
particles. Thus molecular absorption is a function of wavelength A. Low absorption losses take place

in the spectral wavelength regions of 850 nm, 1300 nm, and 1550 nm. There are suspended solid or
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1.2. FREE-SPACE OPTICAL COMMUNICATION 4

liquid particles present in the atmosphere in the form of fog, mist, etc. which are called liquid aerosols
while suspended particles in the form of dust, volcanic debris, and dust particles are called solid aerosols.
Aerosols can be formed as a part of industrial waste by man-made conversion of gaseous particles to solid

or liquid particles. The size of the particles varies from 0.01 gm to 10 pm.
1.2.5 Scattering

Scattering can be classified into Rayleigh and Mie scattering depending on the size of the particles.

The size parameter wg,. is given by:
277,

=, (1.5)

Wse =

where the particle radius is given by r, and A is the wavelength. When w;. <<1, the scattering is said to
be of Rayleigh type whereas when wy. is of the order 1, scattering is said to be of Mie type. If ws. >>1,
then scattering is independent of wavelength and is of non-selective type.

When particle size is very small in comparison to the wavelength of the medium, then Rayleigh
scattering dominates. The scattering is inversely proportional to A* meaning shorter wavelengths cause
more scattering. Thus longer wavelength infrared region has less prominent Rayleigh scattering effect.
In case of Mie scattering, the scattering is inversely proportional to A? where ¢ varies from 1.6 to 0. ¢

denotes the size of scattering particle and its value is given as [12]:

1.6 for high visibility (V' > 50Km)

¢ = § 1.3 for average visibility (6 Km <V < 50Km) (1.6)

0.585V1/3 for low visibility (V < 6Km) ,

where V' denotes the visibility in Km. Mie scattering process is mainly caused due to the presence of
aerosols like fog, mist, haze, etc.
1.2.6 Atmospheric turbulence

Atmospheric turbulence is a random phenomenon caused by change in refractive index of air with
time. According to Kolmogorov theory, atmospheric turbulence is characterized by the measure of eddy
size and by the atmospheric structure constant C2. The C? parameter varies with wind velocity and

altitude and can be written with the help of Hufnagel Valley formula as [12]:

A h —h —h

2 -5 10 alt —16 alt alt

=0. 4| — 1 2. 1 e A —_— 1.
C5(hait) = 0.0059 (27> (10™hge)" exp (100) +2.7x 107 P exp ( 1500) + exp( 100 ) , (1.7)

where 9 is the rms wind speed in m/s, hy; denotes the altitude in metres and A is a nominal value

of C2(0) at the ground in m~2/3. For atmospheric channels near the ground (for terrestrial links when
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5 1.3. UNDERWATER OPTICAL WIRELESS COMMUNICATION

hait <18.5m), CEL varies from 10~ 3m=2/3 to 10~ 1"m~2/3 for strong to weak turbulences.

According to Rytov theory, a propagating optical wave at a distance of L from the source, will have
the field equation as:
U(r, L) = Uo(r, L) exp[—4(r, L)] , (1.8)

where Up(r, L) is the optical field in the absence of turbulence, r is the observation point in the trans-
verse plane at a distance of L, 1 (r, L) is the complex phase perturbations resulting due to random
inhomogoneneities along the propagation path. However, this equation is limited to single scattering
phenomenon only as it does not take into account the role of decreasing transverse spatial coherence
radius of the propagating wave. Hence for multiple scattering regime, the modified Rytov theory can be
written as:

U(r,L) = Uy(r, L) exp[tpg(r, L) + ty(r, L)] , (1.9)

where the terms 1, (r, L) and ¢, (r, L) denote complex phase perturbations that are statistically indepen-
dent and are caused due to large scale and small scale fluctuations respectively. Therefore, the modified

irradiance of an optical field can be written as the product of two random processes.

I=11,. (1.10)

Thus the modified Rytov theory states that the large scale turbulence eddies caused by refraction mod-
ulate the small scale turbulence eddies caused by scattering. These turbulence effects can be considered
as random processes which are independent of each other. The multiplicative effect of random processes

to create a new random process should be considered while designing the FSO channel model.

1.3 Underwater Optical Wireless Communication

Another application of optical wireless communication is in underwater environment and is known
as underwater optical wireless communication (UOWC). UOWC offers the best solution for higher data
rates, while RF and acoustic carriers have less bandwidth and lower data rates. UOWC has many sim-
ilarities with atmospheric FSO communication [13], however the environmental conditions are different
due to scattering and absorption phenomenon in aquatic environment. UOWC consists of multiple dis-
tributed nodes such as seabed sensors, relay buoys, remotely operated underwater vehicles (ROV) and
autonomous underwater vehicles (AUV). The ROVs and AUVs perform data exchange with the sensors
located at the oceanic beds by means of acoustic or optical transmission modes. The data from these
ROVs and AUVs are transferred to submarines and ships, which perform data exchange with the data

processing centre located above the marine environment through RF/FSO links. UOWC can be of use
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in military applications, environmental monitoring, offshore exploration and disaster precaution.

1.4 Hybrid FSO/RF Communication

A combined version of FSO and RF communication can be used to enhance the efficiency of future
generation communication networks. FSO communication is affected by fog and atmospheric turbulences
and not by rain, while RF communication is affected by rain but not influenced by atmospheric turbu-
lences [14]. Existing cellular communication systems support only RF communication with no provision
for FSO communication. We can incorporate FSO links along with the existing RF based cellular systems
to form a hybrid FSO/RF network. In this hybrid system model, the mobile user (MU) can communicate
with an access point (AP) through the existing RF links while the APs can exchange data with the base
stations (BS) through FSO links. It is difficult to incorporate FSO communication at the mobile user
side since the mobile devices do not support FSO communication. Hence it is advantageous and less
expensive to incorporate FSO communication at the BS, since BS are few in number. It is also difficult
to maintain LOS links for FSO communication between the MU and AP in a crowded and dense urban
environment. RF communication can take place in dense crowded places without LOS links. Therefore,
the use of RF link is justified for connecting MU with AP. Thus a hybrid FSO/RF system can exploit

the benefits of both FSO and RF communication in cellular systems and achieve high data rates.

1.5 Physical Layer Network Coding

An important technology which will be used in further chapters for enhancing the efficiency of bidi-
rectional communication networks is physical layer network coding (PLNC). Suppose there are 2 nodes
which can exchange data with the help of relay node as depicted in Fig. 1.1. In the first time slot, source
nodes 1 and 2 send its information simultaneously to the relay node (R). In the second time slot, the relay
node performs mapping operation and retransmits the information to the source nodes simultaneously.
It is not required for the relay node to decode the exact bit values. The source nodes are designated by
node i where i € (1,2). Let the real part of the signal transmitted by node i is Re[(a; + jb;)e’“], where w
is the RF signal frequency. Then the real part of the signal received by the relay, which is a superposition
of the signals transmitted by both the source nodes, is yr(t) = (a1 + az) cos(wt) — (b1 + b2) sin(wt). Here
the QPSK modulated bits a; and b; can take the values of -1 and +1 as given by a;e {—1,1}, bje {—1,1}
where -1 symbol is bit mapped to 1 and 1 symbol is bit mapped to 0. Now the coding operation is
simplified according to the mapping table given in Table 1.1. One can observe that if we convert symbol
1 to bit 0 and symbol -1 to bit 1, then the mapping table for ap is giving exactly bit level exclusive OR
of a; and ay. The in-phase (y%) and quadrature phase (yg) components of the signal received by the

relay can be separated as 3/1{2 = a1 + a9, yg = by + by. Now the relay does not have to decode the bit
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7 1.6. SPATIAL MODULATION

values, instead it has to find the values of a; + as and by + by and then find ag and bg using the following

mapping function. ap = aias can be calculated from yé as follows:

~1 if yk =0,
aR =

1 ify{%:—QorQ.

Similarly, bgp = b1bs can be evaluated from yg as follows:

—1 if y2 =0,
br =

1 ifyg:—2or2.

. In the second time slot, relay transmits signal to nodes 1 and 2 as: sg(t) = Re[(ar + jbr)e’™!] =

Table 1.1: Physical layer network coding mapping table

Symbol from node 1,

Symbol from node 2,

Signal received at re-

Mapped symbol to

al as lay, yll% =a; + a9 be transmitted by re-
lay, agr

1 1 2 1

1 -1 0 -1

-1 1 0 -1

-1 -1 -2 1

arcos(wt) — brsin(wt). Thus only the values of ar and bg are required and not the exact values of a;
and b;. Thus for exchange of two packets, one in each direction, PLNC [15] requires 2 time slots. It is
because of the network coding operation automatically performed in the superimposed electromagnetic

waves for RF communication and superimposed optical waves for FSO communication.

Time slot 1, Timeslot 1,
packet S, packet S,
Time slot 2, Time slot 2,
packet Sg packet Sg

Figure 1.1: Physical layer network coding scheme

1.6 Spatial Modulation

Before going into the concept of spatial modulation (SM) let us have a look at multiple-input-multiple-
output (MIMO) technology and the motivation behind proposal of SM technique. MIMO technology
can be used in RF and optical domain to increase the data rate by deploying multiple transmit and

receive sources. But the drawback of MIMO technique is that multiple RF /optical chains are required in

TH-2298_156102008
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1.7. ADVANCED SPATIAL MODULATION 8

RF /optical domain leading to excessive power consumption and escalated cost. Multiple antenna/lasers
operating simultaneously also leads to inter-antenna/inter-optical interference in MIMO. These problems
can be mitigated by a technique called SM which uses only one RF /optical chain. SM can be mixed with
physical layer network coding (PLNC) for better efficiency in RF and FSO systems. Power consumption
and system cost is escalated considerably by the simultaneous usage of multiple transmit RF /optical
chains in PLNC system. Due to the use of multiple antenna/lasers simultaneously, inter-antenna/inter-
optical interference also increases in PLNC. This is the motivation for the proposal of SM in RF and
FSO communication systems. For RF medium, a single antenna is activated in SM thereby eliminating
the inter-antenna interference. From the incoming series of bits, a chunk of bits (logy(NNa) + logy (M)
are taken at a time for spatial modulation, where N4 denotes the number of antenna and M represents
the M-ary modulation scheme. The transmit antenna activation is implemented by log,(/N4) number of
bits starting from LSB part of the information bits, while the remaining log, (M) bits are mapped to a
symbol using a particular constellation scheme. Similarly for optical medium, a single laser is activated
and the technique is known as optical spatial modulation (OSM). From the incoming series of bits, a
chunk of bits (logy(NL) + logy(M)) are taken at a time for OSM, where Nz, denotes the number of
lasers. The transmit laser activation is implemented by logy(/Ny) number of bits starting from LSB part
of the information bits, while the remaining logy (M) bits are mapped to a symbol using a particular
constellation scheme. Power consumption and overall cost in SM and OSM are reduced because of the

presence of single RF and optical chain in SM and OSM respectively.

1.7 Advanced Spatial Modulation

In spatial modulation we have seen that only one source is activated out of the multiple sources. Hence
from the cost perspective, unnecessary money is incurred in buying and deploying the extra sources. To
mitigate this issue, advanced spatial modulation (ASM) techniques are introduced in which more than
one sources are activated to compensate for the extra cost of the other sources. These techniques also have
a capability of achieving higher spectral efficiencies than conventional spatial modulation. These schemes
use multiple RF /optical chains, thereby incurring extra cost of the optical/RF chains. Hence there must
be a compromise between cost and spectral efficiency. Activating too many sources would negate the
benefits of spatial modulation such as less power, less cost and less inter-antenna/laser interference.
Some advanced spatial modulation schemes which are described later in the thesis are enhanced spatial
modulation (ESM), spatial media based modulation (SMBM), optical ESM (OESM), optical generalized
spatial modulation (OGSM), optical improved quadrature spatial modulation (OIQSM), transmit laser
selection (TLS) combined with optical SM (TLS-OSM), hybrid SM (HSM) and transmit source selection
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(TSS) combined with HSM (TSS-HSM). Advanced spatial modulation schemes can be used both in RF

and optical domain.

1.8 Performance Analysis-Main Metrics and Applications

Performance analysis of communication system is done in terms of bit error rate, symbol error rate,
outage probability, channel capacity, etc. Bit error rate (BER) is defined as the ratio of number of
erroneous bits detected at the receiver to the total number of bits transferred during a given time
interval. Symbol error rate (SER) is defined as the ratio of number of erroneous symbols detected
to the total number of symbols transferred during a given time interval. A particular BER or SER
value is defined as the acceptable BER or SER for a particular communication system below which the
system performance is deemed to be unacceptable. Outage probability indicates the probability that the
system can be in outage, i.e., the probability that the system cannot successfully decode the transmitted
symbols. A communication system is in outage as soon as it transmits at a data rate which is higher
than the channel capacity. Channel capacity gives the maximum data rate at which information can
be transferred over a given communication channel with minimal probability of error. In this thesis,
performance analysis of spectrally efficient advanced spatial modulation based systems is carried out in

terms of outage probability, bit error rate and symbol error rate.

1.9 Organization of the Thesis

Chapter 1 gives a brief idea about the various technologies for which SM and ASM schemes can be
applied. The rest of the thesis is organized as follows- Chapter 2 proposes SM along with PLNC for
RF cooperative communication. Performance analysis of such system is investigated and compared with
other techniques available in literature. Chapter 3 investigates performance of BAN communication for
SISO and MIMO scenarios for sporting activities like running and cycling. Advanced techniques for SM
are also proposed for MIMO BAN communication. Chapter 4 deals with the study of OSM based bidi-
rectional FSO cooperative communication. It also proposes advanced techniques for FSO cooperative
communication like transmit laser selection (TLS) and other advanced forms of OSM schemes. Chapter
5 investigates the performance of various types of ASM schemes for UOWC communication. Chapter
6 combines the benefits of RF and FSO communication to propose a hybrid FSO/RF cooperative com-
munication system. Spatial modulation schemes for such a hybrid system are proposed in this chapter.

Chapter 7 concludes the thesis and discusses future scope of the thesis.
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1.10 Contribution of the Thesis

The primary motivation of our work is to achieve higher spectral efficiencies for various applications
at lower error and cost, and also to avoid the inter-optical/inter-antenna interference resulting from
simultaneous data transfer as in case of MIMO. Due to the varying nature of the environments and
applications for which spatial modulation is being applied, different channel models need to be selected
which will be discussed further in the respective chapters. The thesis is broadly classified into five
chapters and propose advanced spatial modulation schemes for RF, BAN, FSO, UOWC and hybrid
FSO/RF systems. Chapter 2 deals with SM for RF cooperative systems which can be implemented in a
D2D scattering environment. The performance analysis of such systems is carried out in terms of lower
and upper bounds of outage probability. The novelty of the work is highlighted by the fact that SM along
with PLNC is proposed for the first time for two-way relay based decode-and-forward RF cooperative
system, over cascaded o — u fading channels. The asymptotic analysis gives valuable insights regarding

coding and diversity gain of the proposed system, which highlights the contribution of our work.

In Chapter 3, performance analysis of BAN communication in RF domain is performed in terms of
outage probability and ASEP. But mixture of lognormal distribution (which is considered as BAN chan-
nel) contains certain intractable integrals, hence the closed form expressions cannot be derived. For this
purpose, mixture of Gamma (MG) distribution is used to estimate the lognormal mixture distribution
[16]. The novelty of this work lies in the fact that MG distribution is applied for performance analysis
of BAN communication systems and achieve closed form expressions of ASEP and outage probability.
BAN communication is first analyzed for SISO scenario and then the analysis is extended to MIMO
scenario, where advanced concepts of SM called enhanced spatial modulation (ESM) and spatial media
based modulation (SMBM) are introduced to improve the efficiency of BAN communication. The closed
form BER expressions using 5-MG distribution are also derived for ESM and SMBM in this chapter and
are novel in nature. The performance analysis of ESM and SMBM are carried out using these novel
expressions. Asymptotic analysis is also carried out for these schemes using tractable closed form expres-
sions. The detailed analysis is carried out for running and cycling activities under different scenarios and
catering to a diverse set of people, highlighting the importance of our work. Some interesting inferences
are deduced which may be helpful in sports industry for monitoring the performance of an athlete and
prevent casualties. Such sensor-based communication is proposed for BAN communication for the first

time, thereby highlighting our novelty.

Optical spatial modulation (OSM) for two-way decode-and-forward relay based FSO systems are

proposed in the next chapter (Chapter 4). The lower and upper bounds of outage probability for full-
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duplex OSM based relay system are evaluated in terms of closed form expressions and compared with
other techniques available in literature. Monte Carlo simulations are performed under different channel
conditions to confirm the correctness of the analytical technique. The effect of varying various parameters
of the channel is studied and the results are reported in this chapter. OSM system performance can be
impacted if the channel link is down. The transmit laser is selected depending on the value of the
message bit, irrespective of the channel conditions. This drawback of OSM can be mitigated by the
proposal of a new technique called transmit laser selection (TLS) described in the later part of Chapter
4. We can either use only TLS or TLS combined with OSM to improve the throughput. TLS is used to
select the best set of laser sources out of the available multiple laser sources depending on the channel
condition. The novelty of our work lies in the fact that TLS and TLS-OSM transmit schemes are
proposed for the first time for FSO cooperative system to increase the error performance and spectral
efficiency of FSO systems. Performance analysis of TLS and TLS-OSM schemes are studied in terms
of closed form expressions of outage probability and ASEP, which highlights the contribution of our
work. Some advanced forms of OSM schemes for FSO communication like optical generalized spatial
modulation (OGSM), optical enhanced spatial modulation (OESM) and optical improved quadrature
spatial modulation (OIQSM) are proposed for the first time. Performance analysis of such schemes are
studied for FSO systems in terms of BER for the first time. Error involved in laser index detection is
also considered, which highlights a major contribution of our work. The detailed analysis of the proposed

schemes in terms of power consumption and cost is also presented in this chapter.

UOWC spatial modulation schemes are analyzed in the next chapter (Chapter 5). Performance
analysis of UOWC cooperative systems with amplify-and-forward (AF) technique at the relay is carried
out in terms of outage probability and ASEP. The concept of OSM and other advanced forms of OSM like
optical improved quadrature spatial modulation (OIQSM) for UOWC cooperative systems are proposed
in this chapter and performance analysis in terms of BER is done. The closed form BER expressions
for such systems are completely novel in nature. Depending on the value of message bits, transmit laser
is selected in OSM, which can impact the system performance if that particular channel link is down.
Therefore, TLS and TLS-OSM for UOWC systems are proposed, similar to TLS in FSO communication.
The novelty of this work lies in the fact that TLS and TLS-OSM schemes are proposed for UOWC
cooperative systems for the first time. The performance analysis of such systems is carried out in terms
of ASEP and the corresponding expressions for UOWC system analysis are provided. TLS for UOWC
systems has not yet been investigated in literature, highlighting the importance of our work. Such
TLS based UOWC systems can be beneficial in military application, offshore sea explorations, disaster

precaution and other related activities.
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In the subsequent chapter (Chapter 6), hybrid FSO/RF systems are proposed for future cellular
communication which exploits both the benefits of FSO and RF communication. The novelty of our
work pertains to the fact that hybrid spatial modulation (HSM) and transmit source selection (TSS)
schemes are proposed and analyzed for the first time in hybrid FSO/RF systems. The performance of
a relay based hybrid FSO/RF system for FSO channel incorporating pointing errors is investigated for
HSM, TSS and a combination of both TSS and HSM, employing DF protocol at the relay. The closed
form outage probability expressions for cooperative HSM and TSS based hybrid FSO/RF systems are
provided. The proposed system model incorporating these technologies can be used in future cellular
systems. Detailed power consumption and cost analysis of the RF and optical components for the
proposed methods are also illustrated in this chapter. Asymptotic analysis provides valuable information

regarding coding and diversity gain of the various methods. The motivation of our work is as follows:

1. Achieving high spectral efficiencies at a reduced cost and power consumption than multiple sources

based hybrid FSO/RF system. This motivates the use of TSS and HSM.

2. Proper channel path may not be selected in HSM unlike T'SS, while T'SS has lesser spectral efficiency
than HSM. This is the motivation for combining both the benefits of HSM and TSS into a single
technique called TSS-HSM.

The overall contribution of the thesis can thus be summarized as:

e Investigating spatial modulation with PLNC for RF cooperative communication with bidirectional

relays in a D2D scattering environment.

e Investigating SISO and MIMO BAN communication for sporting activities, proposing advanced

spatial modulation schemes for BAN RF based communication.
e Investigating various advanced forms of optical spatial modulation schemes for FSO communication.
e Investigating advanced versions of optical spatial modulation schemes for UOWC.

e Investigating hybrid spatial modulation schemes for hybrid FSO/RF communication.
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2.Spatial Modulation for RF Cooperative Com-

munication

In this chapter, spatial modulation along with PLNC is proposed for bidirectional RF cooperative sys-
tems. In this cooperative system, the nodes having low height antennas can interact with each other
individually in a high scattering envrionment, which is similar to a D2D communication environment.
Therefore, the concepts of D2D communication can be used to explore such a RF cooperative system.
D2D communication comprises of low height antennas, almost at the street level, at both the transmit-
ting and receiving ends. Relative motion exists between the transmitter and receiver also. This does not
occur in cellular communication where base station is fixed and its antenna is located at a much higher
elevation, while only the mobile is in motion and has an antenna at a lower height. In D2D communica-
tion, scatterers are located at both ends- transmitter as well as receiver, while in cellular communication,
base station is free from local scatterers due to its greater elevation. Due to the presence of multiple
scattering groups, conventional channel models fail for D2D communication [17]. Therefore, different

channel models are required for D2D communication as explained later in this chapter.

Let us understand some basic concepts related to this chapter first. Mutual information can be
defined as the amount of information obtained about one random variable by observation of the other
random variable. Thus it represents the decrement in uncertainty about a random variable, provided
knowledge of another random variable is given. If mutual information value is high, then it denotes a
large decrement in uncertainty. Whereas if mutual information is low, then it indicates a lesser decrement
in uncertainty. If mutual information is nil, then it means that the variables are independent. Entropy
in communication system refers to the quantity of uncertainty related with one particular outcome or

event of a random variable.

The concepts of SM and PLNC have already been introduced in Chapter 1. By utilizing SM and
PLNC in this chapter, data rate and bandwidth efficiency of RF cooperative system can be enhanced.
Cooperative communication holds the promise for better connectivity, increased coverage area, diversity

and multiplexing gains. In cooperative communication, data is exchanged between two devices with the
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help of an intermediate device called relay. Cooperative relaying can increase the reliability of wireless
communication especially in mobile ad-hoc networks and sensor networks [18], [19]. Amplify-and-forward
(AF), decode-and-forward (DF) and compress-and-forward (CF) relaying are some examples of relaying
protocols. In AF protocol, the received signal at the relay is simply amplified to compensate for the
power loss and then forwarded to the destination nodes. In DF protocol, the relay first decodes the
signal, encodes it again and then sends it to the destination nodes. The relays can be unidirectional or
bidirectional in nature. Again the relays can have fixed or variable gain. Cooperative communication
can be of single hop or multi-hop. Relays can be arranged in parallel or in series. Thus in this chapter,
we are going to include the concept of cooperative communication in RF systems in a D2D scattering
environment to provide enhanced performance. Before going into further details, related literature is

investigated.

The literature survey is presented sequentially starting with a survey of various channel models, then
moving on to survey of SM technique, followed by survey of PLNC technique, and concluded by a survey
of SM combined with PLNC applications for various channel models. Many channel models for mobile-
to-mobile communication are available in the literature ranging from 2D models to 3D models [20, 21, 22,
23, 24, 25, 26]. But a majority of them consider only a single or double scattering group, whereas in reality
multiple scattering groups exist for D2D communication. Cascaded channel models are the products of
multiple channels, each of which can model a scattering group accurately. Hence cascaded model is more
suitable for such D2D communication scenarios. In literature, cascaded Rayleigh fading channel models
[27] and N-Nakagami channel model [28], [18] have been reported. Weibull channel generates much
deeper fades than conventional Rayleigh and Nakagami channels, hence it is more appropriate for D2D
communication. A generalized version of the Weibull and N-Nakagami channel model called cascaded
a — g channel model has been proposed in [29], [30]. In literature, a cascaded o — p model has been
modelled by Fox H function [31]. But for computational simplicity, Meijer G function can be used which is
readily available in software packages like Matlab and Mathematica. To evaluate the probability density
function (PDF) and cumulative distribution function (CDF) for cascaded models, moment generating
function (MGF) has been utilized in literature. But the technique has high computational complexity

due to the nature of expressions and mathematical calculations involved.

Outage probability for spatial modulation (SM) systems with antenna selection for RF communication
has been evaluated in [32]. Using an adaptive mapping scheme, BER for SM in RF communication has
been reported in [33]. SM for a bidirectional network coded channel using space shift keying (SSK) has
been proposed along with BER analysis in [34]. A differential SM scheme using a denoise-and-forward

protocol has been studied for bidirectional relay networks in [35]. A generalized joint 3-D optimized
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constellation diagram has been proposed in [36] which increases the transmission reliability of SM. PLNC
has been used effectively for classical channel models in [37, 38, 39]. In [37], techniques like transmit
and receive beamforming, and transmit and receive antenna selection have been used for relay based
PLNC system. Bounds for outage probability and diversity order have been calculated for independent
but not necessarily identical Nakagami distribution. The authors in [38] have applied PLNC over K
relays with 2 antennas in each relay. Evaluation of outage probability, moment generating function and
symbol error probability have been carried out over iid Nakagami fading channels. Transmit and receive
antenna selection have been reported in [39] with maximization of sum rate and minimization of overall
outage probability being the criteria. PLNC with a fixed gain amplify-and-forward relay over cascaded
Nakagami-m fading channels has been studied for vehicular communications in [40]. Performance analysis
of PLNC over double Nakagami-m [41] and double Rayleigh [42] fading channels have been done in
terms of symbol error rate for cooperative vehicular networks. Full-duplex communication has been
implemented by applying SM along with PLNC in [43]. SM along with PLNC for bidirectional relay
network with transmit antenna selection over Nakagami-m fading channels have been proposed in [44].
A set of antennas are selected depending on the order of statistics of the channel power. SM along
with PLNC has been proposed for a bidirectional cognitive cross network in [45], where optimal power

allocation is proposed for sources and the relay.

To the best of the author’s knowledge, SM along with PLNC has not yet been proposed for bidi-
rectional RF cooperative communication over cascaded o — p channel. Outage probability for such
SM-PLNC based systems has not been evaluated for a D2D scenario where cascaded o — u fading chan-
nel can be used. Coding and diversity gain analysis of such systems are missing in the literature too.
Based on these research gaps, the following contributions of the chapter are proposed. In this chapter,
multiplication of random variables is used to compute the PDF and CDF for cascaded o — i distribution.
The performance of proposed bidirectional RF cooperative system over cascaded a-p fading channels us-
ing SM and PLNC technique is evaluated in the further sections. Closed form tractable expressions
for lower and upper bounds of outage probability are derived for such systems, which highlights the
novelty of our work. Asymptotic expressions are derived in tractable form which helps in the evaluation
of coding and diversity gain of our proposed system. There are some challenges in analyzing SM along
with PLNC over cascaded a — u channel. There is no exact expression available for analyzing outage
probability of such system. The PDF and CDF expressions for the channel model are complicated in
nature and it is quite challenging to solve the summation and product of CDF equation (due to presence
of product of Meijer G function terms) of cascaded a — p model. Moreover, due to PLNC, the source

nodes are transmitting simultaneously leading to a self-interference effect at the relay. Hence instead of
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conventional signal-to-noise ratio (SNR) expressions, signal-to-interference-plus-noise ratio (SINR) must

be considered while doing the performance analysis of our proposed system.

2.1 Cascaded a-p Channel Model

The o — p fading model is a generalized physical fading model comprising of multipath clusters
which propagate in a non-homogeneous environment [18]-[20]. The channel model comprises of two
parameters- « and . The non-linearity factor of the propagation medium is depicted by a whereas the
number of multipath clusters is represented by pu. Gamma, Rayleigh and Nakagami distributions are
some specialized versions of cascaded o — p model. Cascaded a-p model is a cascaded combination of
multiple a-p channel models.

The suitability of using different generalized fading models for such a high scattering environment
is explored. k — pu model comprises of multiple clusters where each cluster comprises of some dominant
components called line-of-sight (LOS) components. Such LOS components are not present in D2D
communication because of the low height of the antennas and the presence of a dense urban environment
causing more obstacles. Therefore x — p model is not valid for such scenarios. 7 — g model can be
used in 2 formats- one where the in-phase and quadrature phase components of the resultant signal in
each cluster are independent and have different powers and another where the in-phase and quadrature
phase components of the resultant signal in each cluster are correlated and have equal powers. Whereas
o — p model is used for scenarios having no dominant LOS components and the in-phase and quadrature
phase components of the resulting signal in each cluster are independent and have equal powers. We are
considering the environment in D2D communication where the scattering clusters have no dominant LOS
component and the in-phase and quadrature phase components of the resulting signal in each cluster are
independent and have equal powers. Hence we are applying cascaded a — g model. 1 — p format I may
also be used for such models if & = 2 is considered for the scattering environment.

Now we will do a brief analysis of cascaded a — p channel model to prove how other channel models
can be deduced. We will consider a o« — p channel model to derive various channel models and the
corresponding cascaded models can be easily obtained by the multiplicative effect of any individual
channel models. In a — p channel model, the fading amplitude can be defined as the a'* root of the

received power in the faded signal. Thus fading amplitude can be written as:

xe =y (B@?) (21)

i=1

where the number of clusters is represented by p and the i** cluster in the received signal has resultant

in-phase and quadrature phase components denoted by I; and @; respectively. The model consists of
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multiple clusters with each cluster having scattered multipath components. I; and @); are the resultant
of multipath components of a particular cluster and can be modelled as Gaussian distribution having

zero mean and equal variances. Now if a single cluster is considered i.e. 4 = 1, then the fading amplitude

X ={/I?+Q?. (2.2)

This equation corresponds to the fading amplitude equation of a Weibull channel model. Further if « =1

can be written as:

for Weibull model, then the fading amplitude can be written as:
X =12 +Q7 . (2.3)

This represents exponential distribution. Thus by putting @« = 1 and ¢ = 1 in @ — p model, we can
derive exponential model. Now by considering o« = 2 and 4 = 1 in @ — p fading amplitude expression,

we can write the new fading amplitude as:

X =\I2+Q2. (2.4)

This corresponds to the fading amplitude expression of a Rayleigh distribution. By considering o = 2
and u = 0.5 in a — p fading amplitude expression, we can obtain a one-sided Gaussian distribution.
Similarly, Nakagami model can be deduced from o — i fading model by putting o = 2 and g = m in the
fading amplitude expression for a — ¢ model. Thus the fading amplitude of Nakagami distribution can

be written as:
m

X= |2+ (2.5)
i=1
Therefore, it can be said that cascaded o — p channel is a generalized cascaded fading model as other

classical fading models can be derived from it.
2.1.1 PDF and CDF of Cascaded o — x Channel

For system performance analysis, PDF and CDF of the channel model are required. To obtain the
PDF and CDF of cascaded a-p fading channels, we have to start from the PDF of a a-u fading channel
and use concepts of probability as shown below in details. Let the random variable (RV), R >0 be the

signal envelope following a-pu distribution. The PDF fr(r) of R can be written as [29], [30]:

Oélu/u'r]"(aiu‘fl)

filr) = e [ (5) | (2.6
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where 7 = ¢/E(R®), E is the expectation operator and exp(-) is the exponential function. Let Ry,
Ry, .., R, be n > 2 statistically independent positive RVs and Z,, = [[;; R; be the product of n RVs.
The objective is to evaluate the PDF fz (z) of Z,. Initially we start with the product of two RVs and
then use a recursive approach to find a generalized formula for the PDF of the product of n RVs. From

probability, we know:

f202) = [ Hzm s 0)dt (27)

where fr  (-) represents the PDF of R,, random variable and fz__,(-) represents the PDF of the partial
product Zn,—1 = [[7' R; in which 2 <m < n. Then the CDF can be computed as Fy, (z) = [§ fz,(2)dz

Beginning with the partial product Zs = Rj Ry and taking help of Eq. (2.7), PDF of Zs can be written

as:
oo z\(a1p1—1) z\ o Hay(azpz—1) s
S -n (&) < el (5) ]
= Z - i e - 3 dt . 2.
fZQ (Z) A n F(/Ll)’r/\ Qi exp %1 7:\1 X F(MQ)TQQQ/,LQ €xp M2 7,;\2 ( 8)
3 %
Now let hy = and hy = 7? Then Eq. (2.8) can be simplified as:
102 _ €9 _ _ hlz Q1
_ B Q22 1/ Qi tazuz—1 [_ <_> — (hot 042} dt . 2.9
fZQ(Z) F(MI)F(M2) 1 2 < . €xXp ¢ ( 2 ) ( )

The variables are defined later in this section. This integral has no exact solution, hence certain assump-
tions are taken. The ratio of % = Z—; is considered where ps > 1 and g2 > 1 are co-prime integers. Some

variable transformations are done like x = t*2. Now Eq. (2.9) can be written as:

0o ap _ _ag 1—-L
() = Ty J T e | = () e | e 1] el %) e
(2.10)
Certain formulae are used for the integration and are given as [46]:
10/ -
exp(—s7) = Gy ( | 57) - (2.11)

& let Cly+e5Ct,Ct4-150-+,Cu
0 di,...,ds,dsy1,..,dv

—u)—1 _—
_ kpgteliu-lg asze—&-lakf—Hs Alk,ar), Akar) Al L—a—dy), . Al L—a—dy),Alkas 1) Akag)
T (2 )b (e (1) kgt kbl | Ak b Ak b Al L=a—er) e Al —a—eu) Ak be 1) e Ak br)

e, f [ 010 f5af11,-- 7ag
O'.’I?)G <b17 7b6ybe+17 7h

,ua:l/k> dx

,U,kkik(g_h)
ol (u—v)

a+1 a+k—1
’ L (RS L .
(2.12)

h
, C§ = e—{—f—%,l and k are co-prime integers, A(k,a) =

where by = s+t— 4 —21_ Y

Enl IS
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m,n [ Ap
Gpg (bq

— qnm( 1-bq
Z) - Gq7p (1704;;

S (2.13)

Therefore PDF of Z5 turns out to be (with help of Eq. (9.31.2) and (9.31.5) in [47]):

«1

1
prtd pteh=d

a2

a1q b - —ai— +4¢2,0 -
fz,(2) = @ )p22+32_2;( T )(hth) T 1G(§3§>2fq2 (A(q27u1+1)7A(p27u2+Z;)
™ pa)l (2

(hthZ)OCIQZ >
Ph gy ’

(2.14)
where G%"(:] 2) is the Meijer G function [47], [48]. An iterative approach is taken to obtain the PDF
for the next random variable Z3 = Z3R3. The results are given in [30]. Thus with the help of Eq. (2.14),

(2.7) and (2.6), we can write the PDF of Z3 as:

ag 1
M1+% Hotgo—3

©1 gy 2p L
fZ3(Z) :/0 p22+q272 2 (hihg)™* (;)

Eom) ™2 T ()0 (n2)
(h1h2z/t>a1¢12> y agﬂlgst(agusfl) ol [ p ( ¢ )as] ” (2.15)
— U3 . .

p2+4q2,0 %
X G07p2+qz (A(Q2,#1+1),A(P2,u2+%)

Py dy’ [ (g )50 £
1
ay
Again we assume hg = “;—1 Consider x = t*3 and %; = Z—g such that p3 > 1 and ¢3 > 1 are co-prime

integers. With the help of reference formulas given in Eq. (2.11), (2.12) and (2.13), we can obtain the
PDF of Z3 (with the help of Eq. (2.24.3.1) in [48]) as [30]:

a q“1+%q“3+%_%p"2+z_§_% “3+Z_§_%q“2+%_% s
1 D B o
fZ3(Z) = g . q2q3+p2q23+p3q273 2 2 3 (h1h2h3) 0612 gL
(2m) 2 T (1)L (p12)T (23)
9243+Pp293+p342,0 - (hihohgz)*12293
X G0.0505-+pags+p3da (A(qus,uﬁl),A(pzqs,er%),A(psqz,uﬁz—;) (©233)2% (p233)7°%® (p3q2)P°® (2.16)

If we follow this recursive approach (like Zy = Z3R,, Zs = Z4R5 and so on), then we obtain the PDF
of Z,,. Certain assumptions are taken to evaluate the integral. The ratio of g—; = Z—j is considered where
pj > 1 and g; > 1 are co-prime integers, j = 2,...,n. From the PDF of Z; and Z3, we can observe a

similar pattern in the final expressions and hence the PDF of Z,, can be written as [29, 49]:

B (2m) S5 up a0 f | (hpz)*
on (Z) - F(M)hg12a1+1 Ows \ B Ve . (217)
The variables are defined as:
1
' - - i (2.18)
hi==——, hy=|]]hi, vn=]la, vj=="v, -

o1
mtg T

n n n n
vy = Zvl , Ve = HUZ” . Uy = Hvl , Iy= HF(M) , (2.19)
=1 =1 =1
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U= V] = eerrrrn. = QUn , (2.20)

)

bO = A(vi, 11 + 22), b= 5D, 53, ... 5™ and Ak, a) =

Q

a+1 a+k—1
: .

2.21
o 2 (221)

ENd S

Here hj, represents the product of h; variables, v1 denotes the product of ¢; variables, v; denotes the ratio
of co-prime integers multiplied with vy, vs denotes the summation of all v; variables, v, represents the
product of power of v; variables raised to itself. T',, denotes the product of I'(y;) variables (y; representing
the fading parameter of each component of the cascaded channel), while u is the product of each o and v
variables. b() represents a triangular function, A which is denoted as A(k,a). The number of cascaded
components should be an integer.

fa=ay=.... = oy = a, resulting in p; = ¢; = 1, where j=2,3,...,n, v, =1, v; =1, v =n, the
above PDF simplifies to:

fz,(2) = ﬁﬁG&?(ul,u;m,un ‘ (hp2)?) - (2.22)

Certain steps for this simplification are:

(hp2)® Jve =1t . (2.23)

G u,v [ atai,...,at+ay,a+ay41,....,a+as
s,t a+b1,...,a+by,a+by41,....,a+bt

_ u,v Q1,30 ,Qy+1,---+,05
Z) =2%Gy; ( b1reobusbrur1eosb

2) . (2.24)

The CDF is obtained by integrating Eq. (2.17) and can be expressed as:

M) , (2.25)

Ve

(QW)n_?vsUp vel (a1

Yoy

FZn(Z) =

where the ratios and the other terms have been defined earlier. Formula used for integration is [46]:

a—1~u,v [ A1,:-,00;Qv41;5..0,0s _ ayuu+l l1-a,a1,...,040,0y+41,-...,0s
/Z Gs,t ( blv-“abu)bqulam,bt Zw) dZ =z GS+1,t+1( b1,...,bu,bu+1,...,bt,4a rw) . (226)
Similarly if oy = ag = .... = oy = @, resulting in p; = q; = 1, where j = 2,3,...,n, v, =1, v1 =1, vs =n,

the CDF can be written in simplified form as (considering Eq. (2.23) and Eq. (2.24)):

1 (0%
F2,(2) = 55 Gt (o | (02)7) (227)

The derivations of these PDF and CDF expressions are necessary to achieve tractable closed form ex-
pressions. These expressions will enable to achieve performance analysis of our proposed system in terms
of closed form expressions. Without these tractable expressions, further analysis of the proposed system
would be difficult. One may argue that numerical analysis can be done for obtaining results but it takes

lot of time in simulation due to high computational complexity. If closed form expressions are used, then
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the nature of the results can be predicted by observing the expressions. For example, on observing the
variations of Meijer G function, one can predict whether the system performance will improve or degrade
with increase in signal-to-noise ratio value. The closed form tractable expressions will also help us in
performing asymptotic analysis and calculating diversity and coding gain. Such concepts will be later
explained in the chapter. Thus closed form expression analysis can be helpful to the wireless networking
engineers for planning and optimizing a communication network without going into the tedious work of

computing exact results for all cases.

2.2 Proposed System Model

Cascaded o — p channel model is used for further analysis. Fig. 2.1 depicts a simple 3 node bidi-
rectional cooperative model, where the two mobile source nodes (MS1 and MS2) exchange information
through a mobile relay node (MR) located in between the two source nodes. This is the proposed system
model [50] for which further analysis is performed. All the nodes are spatially modulated full-duplex
(SMFD) nodes. Let MS1 node has Ng; antennas while MS2 has Ngy antennas. The relay is equipped
with NNg antennas. To combat the effect of self-interference, it is assumed that the nodes have inde-
pendent RF chains for transmission and reception purpose. For this proposed system, data bits are
exchanged among the two source nodes using PLNC at the relay employing DF technique. The relative
gains [51, 52] of the corresponding links are expressed as Gs, r = (%)T, Gs,r = (%)T where the

relative gain of MS1 to MR link is denoted by G's, g while the relative gain of MR to MS2 link is denoted

by Gs,.r, T is the coeflicient of path loss, dsp, dsr and drp are the distances between MS1 and MS2,

Gsy R

o indicates
So,R

MS1 and MR, and MR and MS2 links respectively. Relative geometrical gain factor k., =
the position of MR node as compared to the locations of MS1 and MS2 nodes. k.4, when expressed in
dB, is negative if dgrp < dsr whereas k4 is positive in dB if dgp > dsr and if both distances are equal,

then k.4 is 0 dB.

Let us assume for simplicity that there are 2 antennas at each source node. Thus Ng; = Ngo = Ny =
2. Ny is just a variable used for equal number of antennas at the source nodes. Analysis for different
number of antennas at the nodes can also be done, as illustrated later. The transmit antenna which is

made active for N4 = 2 is chosen as:

2, if cE9Bn) =1
Jk ; (2.28)
1, if B[] =0

where n represents the n** time slot and % indicates the source node which may be 1 or 2 in this case.

ck[n] represents the bits which may be 0 or 1 for BPSK (Binary phase shift keying). The value of j;
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b7 4 Ng,

Ns1
MR
by L by R
R -+

Cascaded o-p \ igg[n] 4 Cascaded o-p
channel channel

Figure 2.1: Proposed system model

basically indicates antenna index of MS1 while the value of j, denotes antenna index of MS2 node. If
N4 > 2, then logy N4 number of bits (from LSB side) will be used for transmit antenna activation and
remaining logy, M message bits will be used for M-ary modulation scheme. Note that N4 = 2™ where n
is any integer and n = 1,2, 3, ..00. It is pertinent to note that if number of antennas are variable at the
source nodes, then the corresponding logs(Ng1) or logy(Ng2) number of bits from LSB side are chosen
for antenna activation. BPSK modulation scheme is considered for our case. Both the sources transmit

data to relay node simultaneously using BPSK as:
5B ) = 2cM5B[n) — 1, (2.29)
where k = 1, 2. At the relay node, the signal received in n*? time slot at the jp antenna is computed as:

2
yg,—iR [n] = Z w/PkGSk,R hjk’ij}gWSB[n] + iRR[n] + wR[n] . (2.30)
k=1

Suppose ji is the selected transmit antenna from which message would be transmitted at the source
node and jg is the selected receive antenna at the relay node. Then hj, ;, represents cascaded a-u
channel coefficients between the selected transmit and receive antenna at the source and relay nodes
respectively. Py indicates the power of transmission at the source nodes, k=1, 2. wg[n| represents

complex Gaussian random noise with variance Ny and a mean of zero at relay node MR. As the relay
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node receives message from both the source nodes simultaneously, hence it suffers from self-interference
indicated by igg[n]. The term is described as Gaussian random variable with zero mean and power
Ip = No[lmloss/lo — 1], Yioss > 0 where the SNR loss factor in dB is denoted by 7.ss [53]. The readers
may note that interference effect at the relay can be mitigated by many interference mitigation techniques

which is out of scope of this thesis, but can be considered in future research works. The parameters ji,

g2, M5B [n], and 23758 [n] are obtained by applying the principle of maximum likelihood (ML) detection
[54], and can be estimated as jy, jo, 2}758[n] and 23758 [n] respectively, as shown below:
, 2
o2 AMSBp,] AMSB[1) _ 2 MSB
(]1’]27'%1 [n]’xz [n]) a (jl,jQ,xysTg[Zﬁ,w%fsB[N])‘yﬁa [n] T2kt Pstk’thk’ijk [n]‘ - (2:31)

The transmit antenna selection is done according to the formula jz = 71 @® 2. For bitwise XOR operation,
the antenna index would be coded, for example in case of N4y = 2, antenna index 1 would be denoted
by 0 and antenna index 2 would be denoted by 1. The encoded symbol forwarded by the relay to the

source nodes is given by:

M5B ] = gMSBn] @ 2058 [n] . (2.32)

The jj, antenna at k** source node receives the signal given by:

yl*[n] = \/PrGs, r hj, jnt 258 [n] + igln] + weln], k=1,2. (2.33)

wy[n] represents complex Gaussian random noise with variance Ny and a mean of zero at source node MS1
or MS2. The value of k determines the source node- if £k = 1 then MS1 node is the source node, whereas
if £ = 2, then MS2 is the source node. The particular source node because of its full-duplex nature
undergoes self-interference which is indicated by igg[n]. This term is described as Gaussian random
variable with zero mean and power I = NO[IOVZOSs/ 10 1], Yioss > 0 where the SNR loss factor in dB is
denoted by 7,55, as described earlier. It is assumed that the source nodes have knowledge about channel
state information (CSI). Perfect channel state information is assumed in the analysis. But in practice,
it may not be true. In general, pilot signals are transmitted to estimate the channels. A discussion on

the channel estimation is out of the scope of the thesis. The parameters jg, x% SB[n] are detected at the

source nodes using ML method and can be estimated as jr and i‘]\éf SB respectively.

el A . j 2
Gy 232P00)) = min, D]yi" 0] = V/PrGs, ihjy w58 0] (2.34)
T n

The source nodes already have the values of j, and xﬂ/f SB[n] as they transmit the respective bits. Hence
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the bits estimated at the k" source node are denoted by i:éVISB and iﬁSB . The estimated bits are

obtained by the following equations:
5Bl =jr@g k=1,2, (2.35)
#MSB ] = gM5Bn] @ M5Bn], k=1,2. (2.36)

2.3 Performance Analysis

The proposed system uses SM along with PLNC making exact outage probability analysis all the
more difficult. The end-to-end PDF and CDF needs to be evaluated for exact analysis which is not
tractable for cascaded o — p channel. Numerically the results can be obtained, but the absence of closed
form expressions defeats the motive of mathematical analysis in understanding the system performance.
This however can be considered as a scope for future work. Hence instead of exact expressions, analytical

expressions of outage probability bounds will be derived in this section.
2.3.1 Lower Bound of Outage Probability

Assume n, = ﬁ—’; (k=1, 2) be the source node SNR while g = %, be the SNR at mobile relay node.
The jr antenna of MR node will possess a signal-to-interference-plus-noise ratio (SINR) which can be

evaluated as:

2
; G, g (Nj, 5
Y = o (P i) , k=1,2. (2.37)
2

The source node Sj, will have a SINR at j; antenna, which can be evaluated as:

2
Je URGSk,R (hjkij)

RS, = % 1 , k=1,2. (2.38)
0

The outage probability of the SM based decode-and-forward two-way relay (DFTWR) system will be

bounded at a lower level for a data rate of Ry bits/s which can be defined as:

Pii"P(Rq) = Pllogy(Ns1) + logy(Ns2)

out

(2.39)
. N N,
+logy (1 + mln(max(’y}gl’R,’yghR, ...,75157;2), max('y}g%R,fygw%R, "'77523,1212))) < Ryl ,

where P(-) represents the probability function. For simplifying the expression, we can assume Ng; =

Ngo = N4. Then the expression can be simplified as:

PcfﬁLB(Rd) > P[2 108;2(NA)+10g2(1+min(max(’¥3ql,3,’Y?@l,m ---ﬁgf‘a)’m‘clx(fqg,m%2%,37 '--7792?3))) < Ry

(2.40)
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The term 2logy(N4) is used because of the capacity generated due to the spatial domain part [55].
Assuming there is no error in estimating the transmitting antenna, log,(/N4) bits are used for activating
the antenna and since the system is bidirectional the term is multiplied by 2. The detailed explanation

for the inclusion of this term is given below.

We can write the mutual information of the system as [55]:
I(X, Xen; V) = I(X3 Y| Xen) + I1(Xen; V) (2.41)

where I(X;Y|X.,) denotes the mutual information between the modulation domain space and the output
space, and I(X.,;Y) denotes the mutual information between the spatial domain space and the output
space. Here one transmit source is activated which is determined by the source antenna symbol .. x is
the symbol emitted from the transmitted antenna and modulated by a conventional modulation scheme
and y is the output. Thus I(X;Y|X.,) is determined by the channel model and modulation scheme
which is being used. To calculate the mutual information between spatial domain and output space, we

take the help of upper bound as closed form expression is not available.
I(Xen;Y) =H(Y) - HY[Xen) , (2.42)
where the entropy of the received signal, denoted by H(Y), has a tight upper bound as:

1
H(Y) < Vi Z[logZ N4 + logy(meo?)] (2.43)
i=1

and the conditional entropy of the received signal, H(Y'|X.;) can be written as:

LA 1 lyl? ! fl 1 )
H(Y[Xcn) = _]VAZ/() g R0 e 2 log, p L ol B dy = N—AZng[weai] . (2.44)
i=1 i i=1

7 7 %

Putting Eq. (2.43) and Eq. (2.44) in Eq. (2.42), we obtain the upper bound of the spatial domain
mutual information as:

I(Xe;Y) <logyg Ny . (2.45)

Capacity is the maximum amount of mutual information that can be transmitted over a given channel
bandwidth. Thus the maximum value of mutual information (or capacity) is logy N4 as shown in the
equation. This extra term generated from spatial domain capacity calculation has to be added to the
capacity expression. Since our system operates in full-duplex bidirectional mode, twice of logy N4 i.e.

2logy N4 will be added to the capacity expression as the value of spatial domain capacity. The SM
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capacity is computed as the capacity of conventional modulation plus the capacity of the spatial domain
[56, 57, 58]. The max-min criteria is used for selecting the optimum SINR for lower bound in this case
[59, 60]. There are two broad techniques available in literature for selecting the optimum antenna or
SNR for bidirectional multi-antenna relay system. These are transmit beamforming and max-min criteria
[59]. However transmit beamforming requires exact knowledge of CSI to estimate the best beamforming.
On the other hand, max-min technique does not require exact knowledge of CSI. Therefore, max-min

technique is used in our analysis.

Thus for evaluating lower bound of outage probability at relay node, both the source-to-relay links
have to be considered for first stage of transmission. Outage probability will be least when either of the
source-to-relay link fails. Even if one link is working, then relay node will be able to receive information
from one of the source nodes. Any of the link failure can be satisfied by the criteria of minimum of
random variables. Now each source node has multiple antennas. Outage probability will only occur for
a particular source-to-relay link when all the links from the antenna at a source node to the antenna at
relay node fails. Even if one antenna at a source node is working, then message can be transmitted to
the relay node. Hence when all the antennas fail, then outage probability occurs. The all link failure
condition is satisfied by the maximum of multiple random variables criteria. Thus the max-min criteria
is used in this case.

From Eq. (2.39), let us assume ¢ = min(max(’yghR,’yél’R, ...,’yévfll%),max(*yéz’R,’yg%R, ,'yé\gsj%)) and
Yy, = 2Ra—log2(Ns1)—logs(Ns2) _ 1 Hence the lower bound of outage probability at the relay node can

rewritten as:

PEEB(yy,) = Plyr < yun] - (2.46)

The CDF of ¢ is written as:

. N N
Fyp(vin) =P {mln [max(fy}ghR,fy?th, ....,fyslfll%), max(’y}gQ’R,’y?g%R, ....,752%)} < fyth} . (2.47)

Before solving this expression further, let us understand two basic formulas given in Eq. (2.48) and
(2.49). Let Z = min(X,Y) where X and Y are independent random variables. The CDF of random

variable Z needs to be evaluated such that P(Z < z). Thus P(Z < z) is evaluated as:

Pmin{X,Y} <z)=1—-Pmin{X,Y} > 2)
=1—-PHX >z}n{Y > z})

=1-P(X>2)-PY >2)
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—1-(1-P(X <2)(1-P(Y < 2))

— 1 (1- Fx(2))(1 - Fy(2)). (2.48)
Now let Z = max(X,Y’). Then the CDF of Z such that P(Z < z) is calculated as:

Pmax{X,Y} <2) = P(X <Y <z2)+ P(Y < X < 2)
- /_OO y:fY(y)fx(rz:)dydx+/Z_oo /:ny(y)fX(l‘)dxdy
/ L mwn@adys [T [ sy
= Fr(y) </m:_oo fx(x)dzdy +/ fx( )dx) dy

y=—00

— [ ) ([ ixday) ay

Yy=—00 =—0

= Fy(2)Fx(2). (2.49)

The logic behind the minimum case is that Z < z can be true when either X < z and Y < z holds valid.
For maximum case, Z < z holds true when both X < z and Y < z are true. This can be explained by

the following equation:

Froinixy}(2) = P(X <2 U Y <2) = Fx(2) + Fy(2) — Fx(2) - Fy(2)

Frax{x,y)(2) = P(X <2z N Y <2) = Fx(2) - Fy(2) . (2.50)

We can write P(Z < z) = F(z). Now using the relations given in Eq. (2.48) and (2.49), Eq. (2.47) can

be simplified as:

Fy () = 1 — P {min [max(v}, g, 73, gs s 185 k)s m8x(v8, R0 2Ry 00 VR > en )
=1— P(max(v, g,V R a’Ysl L) > k) P(max(vs, .V, ro - 7’732 %) > Yin)
=1- Hl - P(maX(Wél,R,Vgl,R7- ’7S1 R) < ’Yth)} {1 — P(max(’yé%R,y%z’R, ...,yé\g%) < ’Yth)H
=1- [{1 - P(’Yé‘l,R < ’Yth)P(’ygth < ’Yth)...P(’ygi‘?}g < ’Yth)}
{1 - P(’YéQ,R < ’Yth)P(’Y%%R < ’Yth)---P(’quVﬁa < ’Yth)H
=1-(01- FwélyR(%h)F’y?glyR(%h)’ ""vaq:f}g(Vth))(l - F’yéQ’R(fYth)nyg%R(’yth)v vy Fvé\’;%(%h)) .

(2.51)

Considering equal number of antennas at the source nodes, Ng; = Ngo = N4, Eq. (2.51) can be further
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simplified as:
2

FwR(’Yth) =1- kl;[l(l - Fyék’R(%h)Fygk’R(%h)a ooy Fwé\;“f}g(%h)) . (2.52)

By referring to Eq. (2.37), the CDF of SINR can be computed as:

2
< Yth | > jR = 172)"'NR7 k= 172 (253)

_ o | mGs,r(y )
FW{;I:,R(%h) =P Ir +1

(hj..in) follows cascaded a-p distribution, as given in Eq. (2.17). Let y = (hjkij)Q. After taking into

JkyJR
consideration the change of random variable (RV), the PDF of y is evaluated as [61]:

U u/2
pY ) . (2.54)

Ve

) FF)
frly) = BT_Z ”5’0(—

o0 (u)hgty T+ "\

The PDF is integrated to obtain the corresponding CDF which can be written as [61]:

hu u/2
pY ) . (2.55)

Ve

(277)(N;vs )y 1 [ =+
F — ap GU57 v1
v () F(u)hpalyTI Lws+1 ( bk

Using Eq. (2.37), Eq. (2.53) and Eq. (2.55) we can write:

N—v

(27-[-)( Q-S)Up ol (%—H

hg (Vthyabs/(nstk ,R) )u/Z
Ve

Fn () = o1 Lus+1 !
1 ,Us b, —
TsioR (1) hp™ (VenYabs/ (MkGisy,R)) 2 o

) . (2.56)

where gps = 1070s5/19. The values obtained from Eq. (2.56) is put into Eq. (2.51) to compute Fy,(y1n)-
The next step is to evaluate the lower bound of outage probability at the source node for message
transmission in the second time slot. Outage probability is the least when any of the antenna at relay
node fails to transmit to the antenna at the source node. Any one of the link failure is satisfied by the
minimum of random variables condition. Thus the source node Sj (k=1, 2) will have a lower bound of

outage probability that can be computed as [60]:
Ppiy(Ra) > P[21ogy(Ng) + logy (14 min(vi g, Vi sy 1r'5,) < Ral, k=1,2. (2.57)

The 2logy(Npg) term is used due to spatial domain capacity calculation as explained earlier in Eq. (2.40).
It is assumed that there is no error in estimating the transmitting antenna of relay node. Such an as-
sumption is taken to achieve tractable closed form expressions. Assume g, = min(y}i Sy 712%7 Syt vggk ).

Thus the outage probability lower bound at the source node Sy can be expressed as:

P (vn) > Plbs, < vl k=1,2, (2.58)
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where ;, = 2f4=21982 N&  The lower bound of outage probability at the source node is written as (with

the help of the relation given in Eq. (2.48)):

Fwsk (vn) = P {min(’Y}z,Skv’ﬁz,sk: e ’Y}]{%k) < ’Yth}
=1- P{min(’y}%7sk,’y]2%7sk, ...,'ygfgk) > 'yth}
=1- P(’Yzla,sk > ’Yth)P(%Q;ﬁ,sk > ’Vth)---P('Yﬁgk > Yin) (2.59)
=1-[(1=P{rhs <m0 = P{vhs < b (1= P{R <))
— LT (- Fl (). B= 12

Sk

By referring to Eq. (2.38), the CDF of SINR can be computed as:

2
<%n|, k=1,2,j, =0,1,..., Ng1 or Ngz . (260)

rGs;, . R(Nj,
Fi (wn)=P n 2 (Pjrin)
TR,S}, WIE +1

(hj,.jr) follows cascaded a-u distribution, as given in Eq. (2.17). Let y = (hj, j,)°. After taking into

Jk:JR
consideration the change of random variable (RV), the PDF of y, can be written as shown in Eq. (2.54).
Again using Eq. (2.38) and Eq. (2.55) we can write CDF of SINR as:

N—vs
1
(277)( 2 )’Up vs,1 E'ﬁ‘l
Lvs+1| p L
ug

hY abs G u/2
p(’Yth’y b /(nR Sk,R)) ) , (261)

Ve

F,yjk (’Yth) = o a7
.5, (1) hp® (venYabs/ (MRG S, R)) 2

where depending upon the value of k, Gg, g or Gg, g is chosen. The values obtained from Eq. (2.61)
is put into Eq. (2.59) to obtain Fys, (v¢r)- The total system outage probability can be computed by
taking into account, the outage probabilities at the source and relay nodes. The terms obtained from

Eq. (2.51) and Eq. (2.59) are used and the final lower bound of outage probability is expressed as:

S
PLB (i) = PEEEB (vn) + (1 — PEEEB (vn)) Pk (i)

>1- (1 - Fyél’R(Vth)Fy‘%l’R(fYth)v ceey F,yévf}%(’}’th))(l - F7527R<7th)F7§27R(7th)7 ey F,yg;s’%(ﬁyth)) (2 62)
+ (1 - FyéLR(’yth)F'yg,l,R (’Yth)a (XX} Fvgf}%(Vth))(l - F'y}g%R(’yth)nygQ’R(ﬁyth)a ERE) F’Yé\;sj?g(’hh))

<1 - Fy )] -

=1
Jk Sk

Now to simplify the expression for easier analysis, let us assume that Ngy = Ngo = Nr = N4. After

this assumption, the overall lower bound of outage probability can be simplified as:

2 Ny
LB > _ .
PEB () > 1 Lll(l Fvék,Rm)Fvgk,R(m),...,Fvgk%mh))] x Lﬂlu F&Skm))]. (2.63)

The total transmission includes two phases. The source nodes transmit message to the relay in the

TH-2298_136H0499&R 2. SPATIAL MODULATION FOR RF COOPERATIVE COMMUNICATION



2.3. PERFORMANCE ANALYSIS 30

R_LB
P out

first phase, for which the term (V) defines the outage probability of the first phase. The relay
broadcasts the message to both the source nodes in the second phase. The second term in Eq. (2.62)

given by (1 — PEB (yy)) Pok

out out

(vn) yields the outage probability for this phase. The individual outage
probability terms need to be studied to understand the nature of the system.

In Eq. (2.63), we can observe that the term F’Yé’fsk (v¢n) does not vary with SNR if np is kept fixed.
If ng is varied, then the Meijer G term decreases with an increase in g and the resultant term when
subtracted from 1 causes an increment in the value. The outage probability mainly depends on the term
F’Yé’:,R(%h)' This term contains the Meijer G function, as can be seen from Eq. (2.56), which depends
on the SNR ;. As SNR increases, the Meijer G function decreases resulting in a decrease in value of

the overall term ij (v¢r,). Hence the product of such terms also decreases. The subtraction of the
S

R

LR
resulting product term from 1 gives an increase in the result and the overall incremented term is again
subtracted from 1, thereby causing an overall decrease in the outage probability value with increase in

SNR. Thus this variation of outage probability with respect to SNR can be easily studied from the closed

form expressions, which highlights the importance of derivation of closed form expressions.
2.3.2 Upper Bound of Outage Probability

The upper bound of outage probability is also derived in two steps by calculating the upper bounds
of outage probability at the relay and source nodes. Now for the first stage, the SM based DFTWR
system will have its outage probability bounded at an upper level for a data rate of Ry bit/s which can

be defined as:

. N, N,
POIEJEUB(RCI) < P[IOgQ(N51)+10g2(NSZ)+10g2(1+mm(7391,37%2%,1«27 "'775’15:11%’7%2,R77§2,R7 -~-7’Ysgsjz)> < Rq] .

(2.64)

The other steps would remain the same as that of lower bound computation. It is considered that
logy(Ng1) and logy(Ng2) bits are required for activating a particular antenna at the two source nodes.
For upper bound, the error has to be maximum meaning the weakest link has to be chosen. Therefore,
the weakest link and the weakest SINR at each source node is chosen by computing the minimum SINR.
When either of the source-to-relay node link fails or when any one of the links between any antenna
at the source node and an antenna at the relay node fails, outage probability is maximum. Hence this
condition is satisfied by minimum of all random variables. The minimum SINR among all the SINRs of
the available source-to-relay links for both MS1 and MS2 source nodes is selected.

— in(~l 2 N, 1 2 N, _ 9Rgq—logy(Ng1)—logy (N,
Assume g, = min(vg, V5, rs s V8, Ry VS R VS, R '--WS;?%) and ~y, = 2Ma—1082(Ns1)—log(Ns2) _ 1. The
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upper bound of outage probability at the relay node is given by (using the relation in Eq. (2.48)):

Py (in) < Fyg, (in)
=P {min(Vé‘l,R77§‘1,R7 s V8 ks Vo Vo o Vo) < ’Yth}
=1-P {min(VéhRﬁgl,Rv '--aVévls,zlaW}s*z,Ra’Ygz,R> ---’Wgsjf%) > %h}
=1-P(y%, 5> ) P2 & > 0) - POESE > v P(vh, g > vn) P43, 1 > Yen) - P(YES% > ven)
=1- ((1 - P(’Yél,R < ’Yth)) (1 - P(’Ygl,R < ’Yth)) (1 - P('yé\is’}% < ’Yth))
X (1 — P(Y5,r < %h)) (1 —P(v3,r < 'Yth)) (1 — P(ygsy < 'Yth)))
=1- (H;\,Zszlﬂl - FWQ;R(%h)))(H;\,ZSi(l - Fvg’;R(%h))) ’

(2.65)

where F' K (V) is defined earlier. Therefore the total outage probability upper bound, after using the

Vs, R

terms from Eq. (2.65) and Eq. (2.59), can be defined as:

PLE (vn) = Pa”B (yn) + (1 = P75 (vin)) Pk (en)
S1-(LEO-Ey  (u)ILEQ = Ey () (2.66)

+ (20 - Py )T X ~ Py )| [1- T - P (w)]

where the term F JiR (7¢n) has been derived earlier. Again to simplify the above equation, let us assume
R, Sk
Ng1 = Ngg = N4 i.e. equal number of antennas at the source nodes. Thus the simplified equation can

be written as:

2 Ny Ny
PP () < 1= H<H<1—F7ij<%>>>] {H(l—m mh))] - (267)

k=1 jr=1 Sk ir=1

During the first phase, message is transmitted by the source nodes to the relay and the term PZ:UB ()

defines the outage probability for this phase. The second phase is the broadcasting stage from the relay.

The second term in Eq. (2.66) given by (1 — PEUB(y,,)) P2k

out out

(v¢) yields the outage probability for this
phase. In Eq. (2.67), we can observe that the term F iR (~¢n) does not vary with SNR as ng is generally
TR,S),

kept fixed. However if ng is varied, the Meijer G component decreases with increase in SNR resulting

in increment in value when the CDF term is subtracted from 1 and multiplied. The term F e (Ven)
Vs, R

contains the Meijer G function, as can be seen from Eq. (2.56), which depends on the SNR 7. As SNR
increases, the Meijer G function decreases resulting in a decrease in value of the overall term F’ Lk (Veh)-
Sk R

The subtraction of this CDF term from 1 will result in an increment and the product of such (1- CDF)

terms will result in more increment. However, the final product value is subtracted from 1 to give a large
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decrement. Thus it causes an overall decrease in the outage probability value with increase in SNR.
2.3.3 Asymptotic Analysis of Outage Probability Bounds

First we perform asymptotic analysis for lower bounds on outage probability. For this the Meijer G
function terms needs to be analyzed. Considering lower bounds on outage probability, the argument in

Meijer G function in Eq. (2.56) is first inverted using Eq. (6.2.2) in [62] and the expression is written as:

N—vg

(27r)( 2 )Up 1,0s (1_1”1_1}1

Ve

h(VenVabs/ (kG sy )"/

Fasym(’Yth) a1 Gug+1 1 1
( )h al(’yth’)’abs/(nkGSk, ))

) . (2.68)

v1

. ve 's . . .
Let z = FEComvane (G )% Then the Meijer G function at very high values of its argument can be

written (with the help of Eq. (41) in [63]) as

H?:l;l;ﬁk [(ar—ar) H?;l T(1+b—agk)

2% X
) 2k=1 i Drar—ar) [T, Dlax—br)

. Al,..e0,0n
m,n " 3
hmz_>oo+ Gp:q ( b1,.. bnu

where ap —a; # 0,£1,£2,..;(k,l = 1,....on;k #1) and ap, — by # 1,2,3,...5(k=1,...,n;l = 1,.....m).

Thus the overall asymptotic expression for our CDF function can be written as:

N—vs s s 1
Fasym(”}/th) (277)( 2 )Up i: Zcm_l H?:l,l?ém F( —C ) Hl:l F(l + dl - Cm)
ar SF1 ’
F(/J,)h (VthVabs/(nkGSk, )) m=1 H}) vs+1 ( +o - Cm)
(2.70)
where c =[1—-b,1— %] and d = [—%] Next the Meijer G argument in Eq. (2.61) is inverted to obtain:
N—wvs
om)( "z o 1 1-b,1— Ve
FRo™ (v =~ ( L =Gt ( v .(2.7)
e T(h (evass/ (1rCse)) 0\ T | g as/ (1RGis,r))?
Let z = e .7z- Then the Meijer G function at very high values of its argument can be

hg (vinYabs/ (MRG s, R))

written as described in Eq. (41) in [63]. Hence the overall asymptotic expression is written as:

asym (2m) "2, ot i lem — ) T T+ di = em)
FR,Sk () = o z Va1 1
() hp™ (YenYabs/ (MRG S R)) 2 m=1 [0 P +a—cm)

)

(2.72)
where ¢ = [1-b, 1—%] and d = [— vi] The asymptotic CDF values from Eq. (2.70) and (2.72) are inserted
into Eq. (2.62) to obtain the final asymptotic value for lower bound of outage probability. A similar
analysis is conducted for asymptotic analysis of upper bound of outage probability. The asymptotic CDF
values from Eq. (2.70) and (2.72) are inserted into Eq. (2.66) to obtain the final asymptotic value for

upper bound of outage probability.

Now coding gain and diversity gain can be calculated from asymptotic expressions and graphs. In

the graph, coding gain is defined as the horizontal shift between the two curves while diversity gain is
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defined as the slope of the outage probability curve with respect to SNR at very high values of SNR on
a log-log scale. The coding and diversity gain can be analytically calculated as:

: ~ -D
olim  Pou(SNR) ~ (C,SNR) ™ (2.73)

where Cy and D, are the coding and diversity gains respectively. Py, (-) is the outage probability
expression. The calculation of coding and diversity gain of our system is a tricky one because of the
presence of multiple Meijer G functions. This is where the asymptotic expressions in tractable form
comes into play. The outage probability expression of our proposed system is a complex one, hence we
will analyze the diversity and coding gain of a single Meijer G function initially and then expand it for
the entire expression. From Eq. (2.70) and (2.72), the SNR term variation is studied which is basically
variation of 7, and nr. On writing those two equations in the form of Eq. (2.73), diversity gain is
Dy = — (4 (min(c) — 1) + %-). It is pertinent to note that the diversity gain will be determined by the
negative component of the highest exponent of SNR. Hence the minimum value of ¢ vector is considered.
It is interesting to note that the diversity gain depends on the channel parameters. The variables for
channel parameters have already been defined earlier. Let us calculate the diversity gain for a cascaded
a — i channel where only two components are present i.e. N = 2 and the remaining parameter values
are 1 = pi2 = Lay = 2,p1 = p2 = q1 = @@ = LLu = a1v; = 2,¢ = [~1,-1,0],Ns1 = Ns2 = Ng =
2,1 = nr. Then diversity gain will be 1.

The coding gain will be a complex expression also due to the nature of the Meijer G product terms.

Using Eq. (2.70), (2.72) and (2.73), the coding gain of a single Meijer G term can be written as:

N—vg Vs

Cpart_ (27’[’)( 2 )Up Z( Ve >Cm1
I F(u)hﬁf’”(%)a_z1 = \ D (VenYabs/ (Gsy )Y 2

Gsy.r

1

v H;};Ll#m F<Cm - Cl) Hllzl F(l = dl - Cm)) (%(mi“(c)_lHaTl)
H?itsl+1 F(l +c - Cm) .

(2.74)

Due to the product of Meijer G terms in the final lower bound outage probability expression, the corre-
sponding coding gains will be raised to the power equivalent to the number of antennas and the resultant

coding gain can be written as:
Céow — (Cgart)N51 (Cgart)ng (Cgart)NR ) (275)

Please note that both lower and upper bounds of outage probability will have same diversity gains and

coding gains. This is because the maximum exponent of SNR, is considered while calculating the gains.
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The exact expression is irrelevant, the nature of the expressions suggest that both the lower and upper

bounds contain the same number of product of Meijer G terms.
2.3.4 Average Data Rate

The average data rate for this proposed system is computed and compared with other existing models.
Amplify-and-forward two-way relaying (AFTWR), amplify-and-forward one-way relaying (AFOWR) and
PLNC are the methods available in literature. Average data rate of the proposed system deploying DF

relaying technique can be written as:

D . N, N,
R= ]E[log2(N51) + IOgZ(NS2) + 10g2(1 + mln(max(’yéhR, 7,%1,]27 ceey /75153%)’ maX(Wé’Q,R? VE‘Q,R, ceeey 73253%)))] )
(2.76)

where E[-] denotes expectation. All the terms have been explained while deriving lower bound expression.

In AFTWR, the system performance is worse than AFOWR, due to the presence of self-interference
because in AFTWR, the source and relay nodes transmit and receive messages simultaneously, but in
case of AFOWR, only the relay operates in full-duplex mode. The average date rates of the systems are
defined in [64].

2.4 Results and Discussion

In this section, bounds on outage probability are analytically calculated for various system parameters
and the results are validated by Monte Carlo simulations. All the nodes are assumed to have 2 antennas
i.e. Ng1 = Ngos = Ng = N4 = 2. This assumption is just for the sake of easier analysis. All the analysis
holds true for variable number of antennas as well. We will investigate the possibility of variable number
of antennas in the later part of this section as well. The parameters considered are 7,5 = 0 dB, number
of cascaded components (N = 2), ratio of p and ¢ is 1, and k.4 = 0 dB for all cases unless explicitly
specified. Please note that the ratio of p and ¢ integers are part of the channel parameters as defined
earlier while explaining cascaded o — p channel.

The proposed system is investigated according to performance metric of outage probability and
comparison is done with the methods existing in literature by evaluating all the lower bounds. It is
evident from Fig. 2.2 that outage probability value is least for SM based DFTWR (SM-DFTWR)
followed by AFOWR, PLNC and AFTWR. It is clearly evident that the simulation results follow a
tight lower bound for the proposed method, thereby validating our analysis. The parameters used for
comparison are vj,ss = 0 dB and N = 2 while ng = n; (implying SNR at all nodes are equal).

The different SNR, values required to achieve certain target outage probability values for different

methods are tabulated in Table 2.1. Three different target outage probability values are chosen as 0.1,
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Figure 2.2: Outage probability analysis of the proposed and existing systems
(Solid line represents analytical results while x sign indicates simulation results).

0.05 and 0.03. It is evident from the table that least SNR value is required to achieve the target outage
value for our proposed method (SM based DFTWR). For example in case of 0.1 outage value, SM based
DFTWR requires 14 dB of SNR while PLNC requires 23 dB. As the outage value decreases, the gain in
SNR for our proposed method is much more which is beneficial. This is due to the fact that extra bits
are used for activating the transmitting antenna thereby causing only one antenna to be active at a time
which reduces the inter-antenna interference. The SNR gain over PLNC is 8 dB, while it is 3 dB over
AFOWR for outage probability value of 0.03. Another interpretation of the result is that PLNC operates
with simultaneous functioning of all antennas, while SM based DFTWR activates only one antenna. The
operation of multiple antennas in PLNC leads to more inter-antenna interference causing degradation of

system performance.

Table 2.1: Comparison of lower bounds of outage probability of different techniques.

p SNR for various techniques (in dB)

out SM-DFTWR AFOWR PLNC AFTWR
0.1 14 18 23 25
0.05 18 21 26 29
0.03 21 24 29 32

The upper bounds on outage probability of the new method and PLNC are compared in Fig. 2.3

analytically. For both 7;,;s=0 dB and 7;,ss=3 dB, the SM based DFTWR system shows improvement
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Figure 2.3: Upper bound on outage performance comparison between the proposed system and the
existing PLNC system in terms of data rate
(4 sign indicates 7;,5s=0 dB while e sign indicates 7;,ss=3 dB).

in performance. N = 2 and nr = 40 dB are considered for this case. The data rate of PLNC is
exceeded by the data rate of the proposed system by a value of 2. This is attributed to the extra bits
which are required for antenna activation, which in our case is 1. The increment factor will be 2 since
communication is full-duplex in nature. This can be illustrated with an example. For 7;,;s=3 dB and
outage probability value of 0.1, PLNC has a data rate of 3.2 bps while SM based DFTWR has a data

rate of 5.2 bps.

For different SNR loss factors, 7;0ss=0 dB, Yi0ss=3 dB and 7,55 = 7dB, the lower bounds on outage
probabilities are shown in Fig. 2.4. The target data rate is 3 bps and the SNR at relay node and source
nodes are assumed to be equal. N = 2 is considered for this case. The SNR loss factor increment causes
the system performance to degrade due to the enhancement in inter-antenna interference, as is evident
from the graph. For example, for 7;,ss = 0 dB and outage probability value of 0.01, SNR required is
26 dB while, for v;,ss = 3 dB, SNR required is 27 dB and for ~;,ss = 7 dB, SNR required is 30 dB.
We can notice that outage probability value increases with an increment in SNR loss factor. As SNR
loss factor increases, the relay is unable to decode message properly in the first time slot. Hence in the
second time slot, the relay node is incapable of effective transmission of message to the source nodes. The
performance of relay node in second time slot mainly governs the system performance, hence the overall
performance is affected if relay node is unable to function properly due to presence of high amount of

self-interference.
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Figure 2.4: Lower bound of outage performance of the system with 7;,5s=0 dB, 7;,ss=3 dB and ~;,ss=7

dB
(Solid line represents analytical results while + sign indicates simulation results).

The lower bounds on outage probability are plotted for various channel parameters like N, pu, k.4 and
« where the parameters have been defined earlier. The impact on lower bounds of outage probability by
varying N, p and « is depicted in Fig. 2.5, Fig. 2.6 and Fig. 2.7 respectively. Relative geometrical gain
(krg) also influences the system performance, as is illustrated in Fig. 2.8. All the nodes are assumed
to have same SNR values, while 7;,ss = 0 dB and r=1 values are considered for all the cases. For Fig.
2.5 the parameters are taken as data rate (R4)=3 bps, ay=2, p=1 and k,y=0 dB for all links. For
Fig. 2.6, where variation of fading parameter (u) is analyzed, the values are taken as Ry=3 bps, a1=2,
N=2 and k,4=0 dB. For comparison of x,, values, the remaining parameters are taken as R4=3 bps,
p=1, N=2 and a;=2. In Fig. 2.7, the parameters are R;=3 bps, u=1, k,q=0 dB and N=2. It can
be noticed from Fig. 2.5 that with an increment in the value of number of cascaded components (IV),
there is an increment in lower bound on outage probability value resulting in degradation of system
performance. This is attributed to the fact that increment of N factor results in more fading. The
system performance is improved by an increment in p value as illustrated in Fig. 2.6. Increment in value
of a1 also improves the system performance, as can be visualized in Fig. 2.7. Impact of variation in relay
position is illustrated in Fig. 2.8. From the graph it is evident that k,,=0 dB provides the optimum
performance. K4 is varied between 0 dB to 30 dB with increments of 10 dB i.e. relay is brought much
closer to MS1. Performance gradually worsens with increase in x,4 value. This is because as the relay

node is brought closer to MS1, it is not able to receive message properly from MS2 leading to degradation
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Figure 2.5: The impact of N on lower bound of outage performance
(Solid line represents analytical results while * sign indicates simulation results).

of system performance. From the results, it can be inferred that the system can yield good performance
even when the number of multipath clusters and non-linearity factor are quite high. This validates that
the channel model used is suitable for such communication in a high scattering environment. It is to be
noted that asymptotic analysis has been included in Fig. 2.6 and 2.7. The asymptotic values in both the
figures for different values of u and «; converge to the analytical and simulation results at higher values
of SNR, thereby validating our analysis. The asymptotic analysis can be obtained in a similar manner
for other graphs also, but has not been included to avoid the graphs from getting too clumsy.

The outage probability lower bound is compared for different values of data rates in Fig. 2.9. The
values are taken as a1=2, N=2, k=0 dB, nr = 40 dB, 7j0ss = 0 dB and pu=1 for all links. As the target
data rate value increases, the system performance worsens with the increment in outage probability value.
This is due to the fact that it is difficult to achieve higher target data rates and may cause more errors.

The influence of different number of antennas at source and relay node is explored in Fig. 2.10. It is
to be noted that number of antenna at any node can only be a power of 2 for SM. Five configurations of
antenna are considered in this figure. It is evident that when the equal number of antennas is increased
from 2 to 4 and 8, the system performance degrades. This is due to the fact that more antenna gives rise
to more interference thereby causing poorer performance. It is also noted that when number of antennas
at source node are 4 and only 2 antennas are present at the relay node, then the system performance is
almost similar to that of a system having 2 antennas at all the source nodes. Again it can be observed

that the performance of a system having 4 antennas at the relay node and 2 antennas at each source
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Figure 2.6: The impact of fading factor u on lower bound of outage performance
(Solid line represents analytical results, * sign indicates simulation results and dashed line represents

asymptotic results).
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Figure 2.7: The effect of a; on lower bound of outage performance
(Solid line represents analytical results, * sign indicates simulation results and dashed line represents

asymptotic results).

node, is similar to that of a system having 4 antennas at each of the 3 nodes. From this it can be inferred
that the number of antennas at the relay node basically governs the system performance. This is because

in the second stage of the two stage operation, the relay node transmits message. Therefore relay can
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Figure 2.8: The impact of relative geometrical gain x,, on lower bound of outage performance
(Solid line represents analytical results while * sign indicates simulation results).
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Figure 2.9: The impact of data rate R4 on outage performance
(Solid line represents analytical results while % sign indicates simulation results).

overcome the drawbacks of error or interference caused during transmission from source nodes in the
first stage. The dominant factor in system performance is the amount of interference at the relay node
which is directly influenced by the number of antennas at the relay node.

Comparison of the average data rate of the proposed system is performed with other algorithms. The

Monte Carlo simulation results are plotted in Fig. 2.11. It is deduced from the graph that the proposed
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Figure 2.10: The impact of different number of antennas at source and relay nodes.

model outperforms PLNC. AFOWR performs the worst followed by PLNC. SM based DFTWR has
higher average data rate than AFTWR in case of lower SNR values where our proposed system is able to
suppress the inter-antenna interference. However, on crossing a certain threshold SNR point, the inter-
antenna interference dominates in case of SM based DFTWR and hence AFTWR, gives better average

data rate than our proposed system.
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Figure 2.11: Simulation results for comparison of average data rate of various systems.
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2.5 Conclusion

The derivation of analytical expressions for outage probability of SM based DFTWR system has
been done and the analytical results have been validated by implementing Monte Carlo simulations. The
cascaded a-p channel model has been utilized for this purpose. This system can be implemented for
D2D communication, where two devices located far away from each other can interact through a relay.
The SM based DFTWR system outperforms the systems available in literature. It doubles the efficiency
of a conventional AF/DF system as only two time slots are consumed to perform the SM based DFTWR
operation. The performance improvement in outage probability and data rate compensates the increase
in system complexity for this method. In this research field, future works can be done by exploring the
possibility of applying generalized fading models like k — p and n — p channels for RF cooperative system

in high scattering environment.

TH-2298\ pREIR200&PpATIAT, MODULATION FOR RF COOPERATIVE COMMUNICATION



3.Spatial Modulations for Body Area Network-

Based Communication

3.1 Introduction

In this chapter, body area network (BAN) communication is explored both for SISO and MIMO
scenarios for sporting activities like running and cycling. In sports activities, some critical parameters
like heart rate, breath rate, blood glucose level, position and movement of body parts, etc. need to be
monitored at regular intervals to generate the optimum output. Hence different wearable sensors are
attached to the arms of athletes. Sensors can be accelerometer/gyroscope, blood glucose sensor, blood
pressure sensor, ECG/EEG/EMG sensor, humidity and temperature sensor, etc. Each type of sensor
detects a particular physiological parameter and provides data for further processing. All these data
are transferred in a cooperative manner from each sensor to another sensor till it reaches a fixed central
server for monitoring. If individual sensors on the body of an athlete transfer data directly to the central
server then there will be network congestion and unnecessary wastage of spectral bandwidth. It will also
require more transmit power and costlier equipment. To save bandwidth and make efficient resource
utilization, sensors interact with each other thereby transferring its own data. This data is relayed to the
central server. For this, communication between two sensors needs to be investigated such that effective

BAN can be established in a particular area [65].

Different types of sensors function differently and transmit a particular parameter. In running, some
parameters like gait position, periodic hip movement, amount of strides taken, oscillatory hand movement
are critical to yield optimum performance from the runner. These data can be stored and studied to
rectify the errors and enhance the performance of athletes in future events. Sometimes it has been
seen that many players have died during sporting events due to malfunctioning of heart, lungs, livers or
kidneys [66]. While performing any physical activities, some organs like heart, lungs work at an enhanced
rate thereby increasing the risk of fatalities. If the heart and respiratory rates can be monitored live

during events and if these rates cross a certain threshold, then a warning signal can be sent from the
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monitoring server back to the particular sensor through a relay system of other sensors. This warning
will provide an indication to the athlete that all activities must be stopped immediately to prevent any
fatality. This will help in reducing casualties during sporting events. A block diagram of the proposed

sensor model for sporting activities is illustrated pictorially in Fig. 3.1.

| Power supply

| ESM/SMBM

Bit controller |
Sensorl '|Microcontroller|—’ I and
| mapper antenna |

switch
|

Input

| quantity Receive Antenna l/L J\° °/J~
| processing unit Antenna Antenna
| Antenna 1 A ennao $ 8 niitenna 2 T
R J

Figure 3.1: Block diagram of the proposed sensor for sporting activities.

In BAN, shadowing effects are caused due to body movements and impacts the data transmission at
both ends. Thus both the transmitter and receiver are influenced by the existence of scatterers, thereby
affecting the communication channels. Relative motion exists between the two bodies, thereby resulting
in time varying shadowing effects. BAN channels cannot be modelled by means of a normal indoor
channel because of mobility of human beings and different location of the antenna in different parts of
the body thereby yielding different channel gains. BAN communication differs from device-to-device
(D2D) communication in certain aspects. The body shadowing effects caused due to the movement of
various body parts are not present in D2D communication. The relative height of the different body
parts also plays an important role in time varying shadowing effects. Therefore, a different channel model
is required as discussed in the subsequent sections. Before going into further details, a brief literature

review is presented.

BAN communication has been used for various communication scenarios depending on the nature of
application. BAN based communication can be line-of-sight (LOS) or non-line-of-sight (NLOS) type. In
[67], the authors have shown that x — p channel is more suitable model than other channel models like
Weibull, Rayleigh, Rice, Nakagami and lognormal for indoor BAN communication. The authors in [68]
have stated that lognormal, Gamma and Weibull are suitable for BAN communication irrespective of
environmental conditions. Shadowing effects in BAN communication have been appropriately modelled
by lognormal channel model [69]. Large scale and small scale fading effects have been explored for
various BAN scenarios in [70, 71]. BAN communication has been explored for various scenarios- indoor,

outdoor, healthcare systems, etc. In [70], effect on the BAN communication has been studied by placing
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the antenna in 3 different positions- head, belt and wrist. The BAN communication channel is designed
depending on the large and small scale fading effects for three different locations of the antenna. The
authors in [72] have investigated channel for abnormal gestures of patients suffering from Parkinson’s
disease. The effect of different types/sizes of bodies on BAN channel model has been studied in [73].
S band sensing has been used to study amplitude and phase of channel data for abnormal positions of
patients suffering from dementia [74] and cerebellar abnormalities [75]. In [74], phase and amplitude data
of the channel is classified for 3 different wandering patterns- random, pacing and lapping. Using support
vector machine (SVM) algorithm, the features of the patients suffering from dementia has been classified.
In [75], gait abnormality and hand tremors are used as features for amplitude and phase data classification
for patients suffering from cerebellar abnormalities. An energy efficient BAN communication system has
been proposed in [76] to exchange data between the patients and fixed access points through clouds.
Semantic web technology for data and processing interface between humans and computers has been

discussed in [77].

The shadowing effect is more prominent in sporting activities like running and cycling, hence the
performance analysis of BAN communication needs to be explored. The authors in [3] have claimed that
the histograms of measured data for various sporting activities like running and cycling show mixture and
skewed distribution curves. This justifies the existence of distinct scattering clusters for BAN communi-
cation channels which can be appropriately characterized by a mixture distribution. Thus scattering is
more as compared to normal environmental scattering effect because of body shadowing. Therefore, the
shadowing effects can be modelled by a different channel model. A lognormal mixture shadowing model
has been used in [3] to model the BAN channels for various sporting activities and the mixture model
matches closely with the original data than the unimodal distributions. The weighted related mean
difference (WRMD) parameter has been considered in [3] to compare the fitting of experimental data
with the PDF of a particular distribution. It can be observed that lognormal mixture distribution has
the least WRMD indicating best fitting of data. Hence this channel model is utilized for the performance

analysis of our proposed system.

After doing the literature survey, it is observed that the performance analysis of sporting activities
like running and cycling has not been analyzed for BAN communication. Such an analysis can help
us in developing better sensors which can communicate with better data rates and lower error rate.
Valuable information can be exchanged between such sensors and data can be recorded regarding physical
parameters of the athletes during live events or training which can help in avoiding fatalities. If some
parameter exceeds a certain threshold, then a warning can be raised and the event can be stopped.

For such sensors to work effectively, first we have to understand the intricacies of such communication
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and the effect of environment on BAN communication. Hence both SISO and MIMO methods with
new SM based schemes need to be explored which can increase the spectral efficiency of such BAN
communication and negate the effects of body shadowing and clusters. The contribution of our work
lies in the performance analysis of BAN communication in terms of outage probability and ASEP for
sporting activities like running and cycling under two different scenarios. First the analysis is conducted
for SISO scenario, then it is extended to MIMO scenario. Methods like SM, enhanced spatial modulation
(ESM) and spatial media based modulation (SMBM) are proposed for MIMO based BAN communication
and the performance analysis is studied in terms of BER which is completely novel in nature. However,
performance analysis of these methods is a challenging task as the channel model contains intractable
integrals which prevents us from getting closed form expressions of BER. The error analysis can be
achieved numerically, but valuable insights regarding the system performance cannot be gained without
the availability of closed form expressions. Numerical simulation takes up time and leads to computational
complexities. Asymptotic analysis can also be done if closed form expressions are available, leading to
calculations of coding and diversity gain. Thus closed form expressions need to be derived for error
analysis of BAN communication for all schemes. This challenging task can be solved by introduction of a
new distribution called mixture of Gamma (MG) distribution. The approximation of the channel model
with MG distribution and deriving closed form expressions of BER is carried out in this chapter. Thus

the key contributions of this chapter are as follows:

e An accurate approximation of mixture of lognormal distribution is proposed in terms of mixture

of Gamma distribution for BAN communication.

e Performance analysis in terms of BER for BAN communication, especially sporting activities such

as cycling and running is carried out for both SISO and MIMO systems.

e Closed form expressions of BER for SISO as well as MIMO systems employing ASMs such as ESM
and SMBM are provided.

e All the analytical results are validated by Monte Carlo simulation results and they are found to be

in close agreement with each other.

e It is observed that cycling activities have better BER than running activities because of less body
shadowing effect. It is found out that SMBM outperforms SISO as well as MIMO systems employing

ESM for such sporting activities.
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3.2 System Model

For measuring data, transmitting and receiving nodes (a small strip of Velcro) are used [3]. Two
different situations are considered- running (average speed of 3.3m/s) and cycling (average speed of
5m/s). The experiments were conducted under two different scenarios- one where the test subjects were
behind one another and the other where the test subjects were beside each other. Distance of separation
was maintained as 1 m for all cases. The test subjects considered were adult males of height 1.80 m and
weight 80 Kg, and height 1.85 m and weight 75 Kg, as mentioned by the authors in [3]. All the results
were obtained in an outdoor environment. A programmable radio transceiver (CC2500) from Texas
Instruments was programmed to transmit a packet every 4 ms with constant transmission power of 1
dBm at a carrier frequency of 2.425 GHz [78]. Horizontal polarized Wurth Electronik 7488910245 chip
antenna were used at the nodes and the received information (packet number along with the received
signal strength indicator) were stored on a MicroSD memory card. The experiment was conducted over
an outdoor stretch of 500 m with collection of 25 kilo samples for each scenario. The stretch was bounded
by industrial buildings on one side and a road on the other side. The data sets collected for two scenarios
each for two different activities, were normalized to their corresponding mean values before processing.
The scenarios are illustrated by means of self-explanatory diagrams, Fig. 3.2 and 3.3. In Fig. 3.2, the
test subjects are running and cycling behind one another. In Fig. 3.3, the test subjects are running and

cycling beside one another. Henceforth in the chapter, the two scenarios will be referred as Scenario I

-
&

and Scenario II respectively.
Tx
Tx
&

Figure 3.2: Scenario I where the test subjects are running and cycling behind one another.
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T Rx
T Rx

Figure 3.3: Scenario II where the test subjects are running and cycling beside one another.

The BAN channels vary according to body mass index (BMI) as shown in [73]. BMI value depends
on height and weight of an individual. Depending on the BMI value, classification is done- normal,
overweight and obese as shown in Table 3.1. Since the experimental setup and diverse kinds of test
subjects are not available with us presently to conduct the experiment, thereby we are providing the
analytical results. To perform the analysis, we have taken the help of datasets available in [73]. The test

subjects considered earlier fall under the category of BMIL1.

Table 3.1: Classification of BMI

Category | BMI value | Classification
1 18.5-24.9 Normal
2 25-29.5 Overweight
3 >30 Obese

3.3 Channel Model

In this work, lognormal mixture distribution [16] is used which is a weighted mixture of several
lognormal distributions having different mean and variance values. To achieve performance analysis in
terms of outage probability and ASEP, the CDF and PDF of the channel model are required. Hence
the first objective is to evaluate the PDF and CDF of the lognormal mixture distribution. The PDF of

lognormal mixture distribution (fy (y)) can be expressed as [16]:

P =S wefuh) (3.1)
k=1
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where fr(h)e LN (4, 02) (LN representing lognormal distribution), ¢ and o2 are the mean and variance
parameters of the k" mixture component (k=1,2,...), wy, is the weight factor of the k** component such
that > 72, wg = 1. The mixture distribution is made up of multiple components, thereby making it clear
that the PDF of a single lognormal distribution needs to be evaluated first. The lognormal PDF of the

k™ component can be written as given in Eq. (4) of [16].

—(In h— uﬁf’)Q] (52)

2
20},

fr(h) = ——— exp [

Let v = h?E/Ny where 4 = E/Nj is the source node SNR. Thus by applying the concept of change of
random variable in PDF, we can obtain the PDF of received SNR. Hence the PDF of received SNR, v

for the k™" component can be expressed as [79]:

il lgy2
gl —(In (2) —2)
fy(y) = exp 'é 5 (3.3)
2v4/2mo? Tk
. . . el (In (2)-27)
For derivation of the CDF of lognormal mixture distribution, we can assume ¢t = —2=———. Then

\/8013

the integration of PDF equation will take the form of \/LE e e~t*dt which can be denoted in terms of
error function er f(-). Please note that er fc(-) is the complementary error function denoted by er fe(x) =
1— % Iy e~t*dt. The CDF of the lognormal mixture distribution after integrating the PDF and applying

proper weights, can be expressed as [79]:

0 1 In G) _2%9))
F = E wg |1 ——-erfe| —F=— . 3.4
'Y(FY) 4 k ( 9 ( \/gO'k ( )

The outage probability of lognormal mixture distribution for a threshold data rate of R; bps can be

evaluated as (from CDF equation):

o0 In () — 2,9
Pout(vin) = kz::lwk (1 — %erfc ((z/gakuk)) , (3.5)

where vy, = 2% — 1. In this work, finite number of K Gaussian kernels are utilized to form a mixture
of lognormal distribution and it is evident from the results in [3], that K=4 gives the best estimate of
the actual PDF. This indicates that weighted mixture of 4 lognormal components is the most suitable
distribution to model BAN channels for sporting activities. Therefore, we have used lognormal-4 distri-

bution for further analysis and it is denoted by LN-4 in our work. Thus by considering 4 components of
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lognormal mixture distribution, outage probability of LN-4 can be rewritten as:

4 In (22) —24%
Pout (1) = kz:jlwk (1 — %erfc (W)) : (3.6)

where 7y, = 2% — 1. For M-ary modulation scheme, the average ASEP for BAN communication is

evaluated as [80]:

4 0
P23 [T waQ(/E () (3.7)
k=1

The PDF f,(v) is obtained from Eq. (3.3). The integral is calculated using Mathematica software. In
this work, binary phase shift keying (BPSK) modulation scheme is used. The values of a and e depend
on the constellation scheme deployed and has been chosen from Eq. (7) of [81]. Due to the presence of
intractable integrals, the existence of closed form expressions is impossible. Hence, mixture of gamma
(MG) distribution is used to approximate lognormal distributions and achieve closed form expressions of
ASEP. This will help us in gaining valuable insights regarding performance of BAN system like diversity
gain, coding gain, asymptotic behaviour of the system for high SNR values. The approximation of
lognormal distribution by MG distribution is the next challenging part of this chapter, where the process

of obtaining closed form error expressions is illustrated.

3.4 Mixture of Gamma Distribution

To evaluate error using MG distribution, we need the PDF of MG distribution. So the first step is
to approximate lognormal PDF using the PDF of MG distribution. The PDF of MG distribution [82]

can be written as in Eq. (22) of [79]:

MG aMd
n p@Mf-1) (5ZMG) 5

firale) = 3 P ey

i=1

e=B"C (3.8)

where P; is the mixing coefficient of the i Gamma distribution and the shape and scale parameters of
the " Gamma distribution are af\/l G and ﬁlM G respectively. CDF of MG distribution can be obtained

by integrating the PDF and can be written as in Eq. (23) of [79].

" 1
Fug(z) =) P ( - WG12772()(0,0}11.”G ‘ /61MG$)> : (3.9)
i=1 i

We can observe that the integration of PDF function can be written in terms of Gamma function
(T(aMC pMCGy)). Gamma function can be represented in terms of Meijer G function. After some

algebraic manipulations, the final CDF formula can be derived as in Eq. (3.9). The formula required is

TH-2298:4RpHERUS  SPATIAL MODULATIONS FOR BODY AREA NETWORK-BASED
COMMUNICATION



51 3.4. MIXTURE OF GAMMA DISTRIBUTION

46, 47, 48]:

T(p,z) = Gm(p’ ‘3}) (3.10)

Outage probability of MG distribution can be written after replacing the x term in Eq. (3.9) with
threshold SNR value i.e. 7y [79]. Now in our BAN system, we are considering mixture of lognormal
distribution, hence the approximation by MG distribution has to be extended for multiple components
now. The PDF and CDF equations of MG distribution when summed up over 4 components gives us the
PDF and CDF of LN-4 channel. The outage probability of the BAN system after approximating LN-4

with MG distribution, can be evaluated as:

4 n
1
Pout = § Wk § Pk,i 1- Gl 2 0,04%W B ’Vth ’ (311)
k=1 =1 F( ) ﬂy

ak’L

where G%"(:| 2) denotes the Meijer G function [47, 62], v, =2Ra 1, R, is the target data rate. Number
of mixing coefficients is denoted by n, I' denotes the Gamma function, P, ; is the mixing coefficient of the
i" Gamma distribution and k™ component of LN-4, having properties like P, ; > 0 and Y/ Py; = 1.
The shape and scale parameters of the i*» Gamma distribution and k' component are a G and ﬁ

respectively. The ASEP of the system can be computed as (with the help of Eq. (3.8)):

k=1
L, [y PO R QR
L Z / F(aMG) aQ(a/efy)d'y
k=3 k
aM aMG_q

=) Q%G)\/?T oLy o 5 12 0,1/2
4 n .

aPy vy 21( 1-a1C1| €7
kzzjl 12:31 [(ay sme) /7 2,2 ( 0,1/2 5&0)

Q(x) function denotes the probability that a standard normal random variable takes a value larger than

z. Qx) = \/ﬂ [2° exp(—u?/2)du. For deriving Eq. (3.12), the following formulae are used [46, 47, 48]:

7O let C1yeesCtyCtt15e00yCu
0 dla 7d57d9+17 dv

Q1 yeees @, An g1 e, Op
m,n geeey )
T“’)Gp,q (bl,....,bm,bmﬂ,....,bq

TZ) dr

_ w—aGm+t n+s( ai,.,an,l—a—di,..,.1—a—ds,any1,.,ap

v+p,utq b1,.,bm,1—a—ci,..., l1—a—ct,bm+1,..,bq

) . (3.13)

Qx) = %erfc( )yerfe(v/z) = \}%Gi’zo(()jﬁ ‘ z) . (3.14)
)

Sl

=Goi(olz (3.15)
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The complexity of the expectation maximization (EM) algorithm (comprising of E-step and M-step) for
calculation of MG distribution coefficients is analyzed. In general, the algorithm complexity depends on
the number of iterations, stopping criteria and initial values of model parameters provided. Good initial
values mean the values converge to a local solution in less number of iterations. The complexity for one
particular iteration is analyzed. In E-step, the complexity is given by O(m  k?) where k is the number of
mixing coefficients and m is the number of model parameter points. In M-step, the complexity is given
by O(m x k). If k increases, the complexity of E-step increases by square of that value which tends to be

quite large for higher values of k.

3.5 Asymptotic Analysis of SISO BAN Communication

To analyze the ASEP expression for asymptotic behaviour, the Meijer G component has to be written
in a different form. As stated in the earlier chapter, the Meijer G function at very high values of its
argument can be written as described in Eq. (41) in [63]. Therefore Eq. (3.12) at very high values of

SNR can be written as:

4 n = 1 o cm—1 2
aPk A ey [T (A +di — cx)
pasym o E E e = g , 3.16
- P N (C7 (5 ) [l D1 + ¢ — ) (310)

where ¢ = [1 — o/ MG 1] and d = [0,1/2]. For diversity analysis the highest exponent of SNR is required
only. The exponent will be highest for maximum value of max(ak r @). In this case the highest exponent
of SNR is 1 — 1 — max(« ,]g\/[ &)+ 1=1— max(a ka &). The coding and diversity gain can be analytically
calculated as:

asym . —-D
P (C,SNR)~Ds | (3.17)

where C, and D, are the coding and diversity gains respectively. Hence after taking the negative exponent
of SNR, we can write diversity gain of SISO BAN system as D, = max(a%G) — 1. It is pertinent to
note that the diversity gain is dependent on the parameter of 5-MG distribution. The coding gain can

be written as:

e T2, T(di + gt >) i (3.18)

4 n
Cy = : c
’ (kgzl wk; F(O‘%G)\f (5 > [17-2 T(a +ak,i )

3.6 Results

The parameters (ui:g, a,% and wyg) of LN-4 distribution for running and cycling activities under two
different scenarios of BMI1 category are listed in Table 3.2 and 3.3 [3]. It can be observed from [73]

that the mean and variance parameters of the channel vary for inter BMI categories. The mean varies
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Table 3.2: Scenario 1 parameters for BMI1

Activity | Model Parameters
19 =-0.0769 | 02 =0.0537 | w; =0.3531
Running | LN-4 u;; =-1.3645 | 05 =0.1563 | wy =0.2245
pg =0.6879 |03 =0.092 |ws =0.2921
(9 =-0.6476 | 07 =0.0793 | wy =0.1303
(9 =-0.3353 | 02 =0.0663 | w; =0.3485
Cyeling | LN-4 ui; —-0.6487 | 03 =0.2319 | wy =0.1273
1y = 0.0372 | 62 =0.0300 | w3 =0.3690
(19 = 0.3266 | 03 =0.0350 [ wy =0.1551

Table 3.3: Scenario 2 parameters for BMI1

Activity | Model Parameters

¥ =-1.5353 |02 =0.1391 | w; =0.2063
py =-0.9126 |03 =0.1086 | wy =0.3216
g =0.4865 |02 =0.1337 | w3 =0.1964
pf =-0.1630 |02 =0.1129 | wy =0.2757
1 =0.4655 | o2 =0.0452 | w; =0.1297
iy =-0.8142 |02 =0.118 | wy =0.2189
py = 0.0993 |02 =0.0356 | w3 =0.2914
i = -0.3385 | 0 =0.0552 | wy =0.3600

Running | LN-4

Cycling | LN-4

by around 0.3 dB between BMI1 and BMI2, while it varies by around 0.7 dB between BMI2 and BMI3
categories. Similarly, the standard deviation (o) varies by around 1 dB between each BMI category.
Accordingly, we have also varied our mean and standard deviation parameters for lognormal channels by
the same amount to perform approximate analysis for each BMI category. After the variation of mean
and standard deviation parameters for lognormal channels, we have obtained the ui,g and oy parameters
for LN-4 channel for running and cycling activities under different scenarios by applying EM algorithm.
The parameters for Scenario I and II of BMI2 are listed in Table 3.4 and 3.5 respectively while the

parameters for Scenario I and II of BMI3 are listed in Table 3.6 and 3.7 respectively.

Table 3.4: Scenario 1 parameters for BMI2

Activity | Model Parameters

(159 =-0.0824 | 62 =0.0676 | wy =0.3531
(¥ =-1.4621| 02 =0.1968 | wy =0.2245
1y =0.7371 |02 =0.1158 | w3 =0.2921
il =-0.6939 | 02 =0.0998 | w,y =0.1303
15 =-0.3593 | 02 =0.0835 | wy =0.3485
Cyeling | LN-4 M%Q =-0.6951 | o3 =0.2919 | wy =0.1273
1y = 0.0399 | 02 =0.0378 | w3 =0.3690
pd =035 |02 =0.0441 | wy =0.1551

Running | LN-4

Lognormal distribution can be best approximated by MG distribution as portrayed by simulation
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Table 3.5: Scenario 2 parameters for BMI2

Activity | Model Parameters
P9 =164 |o2=0.1751|w; =0.2063
Running | LN-4 “izj —=-0.9751 | 03 =0.1367 | wy =0.3216
1 =0.5213 | 0% =0.1683 | w3 =0.1964
(i =-0.1747 | 03 =0.1421 | wy =0.2757
19 =0.4988 | 02 =0.0569 | w; =0.1297
1 =-0.8724 | 0% =0.1486 | wy =0.2189
(1 = 0.1064 | 0% =0.0448 | w3 =0.2914

1 =-0.3627 | 62 =0.0695 | w4 =0.3600

Cycling | LN-4

Table 3.6: Scenario 1 parameters for BMI3

Activity | Model Parameters

(1% =-0.0968 | o2 =0.0851 | w; =0.3531
py =-1.7178 | 02 =0.2477 | wy =0.2245
1y =0.8660 |02 =0.1458 | w3 =0.2921
i =-0.8153 | 07 =0.1257 | wy =0.1303
1 =-0.4221 | 62 =0.1051 | wy =0.3485
(1 =-0.8167 | 03 =0.3675 | wy =0.1273
115 = 0.0468 | o3 =0.0475 | w3 =0.3690
pf = 0.4122 | 03 =0.0555 | wy =0.1551

Running | LN-4

Cycling | LN-4

Table 3.7: Scenario 2 parameters for BMI3

Activity | Model Parameters

(19 =-1.9238 |02 =0.2205 | w; =0.2063
p =1.1489 |02 =0.1721 | wy =0.3216
M%’Z =0.6125 agz —=0.2119 | w3 =0.1964
pd =-0.2052 |02 =0.1789 | wy =0.2757
19 =0.586 |02 =0.716 |w; =0.1297
(¥ =1.025 |0? =0.187 |wy =0.2189
1y = 0.1250 | 03 =0.0564 | w3 =0.2914
= -0.4261 | 02 =0.0875 | ws =0.3600

Running | LN-4

Cycling | LN-4

results in Fig. 3.4. The analysis is done for values of ,ui = —0.0769 and 0,% = 0.0537. It is observed in
[79], that higher components of MG distributions closely match with that of lognormal curve but keeping
a trade-off between error and computational complexity, 5-MG distribution shows almost perfect match
with lognormal distribution and hence is considered for further system analysis. For performance analysis,
1 bps is taken as the target data rate (Rq). Values of Py, oszf and B%G for each set of uﬁf , 0’]% and wy
values are obtained using EM algorithm [82].

The outage probability results for the proposed system under Scenario I are evaluated analytically and
verified by means of Monte Carlo simulations. The results obtained using LN-4 distribution are verified

by results which are evaluated using 5-MG distribution, as depicted from Fig. 3.5. The analytical
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—5-MG distribution |
-~ Lognormal distribution
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Figure 3.4: Lognormal distribution approximation for n=5.

results are obtained using Eq. (3.6), while the approximate outage probability is evaluated using 5-MG
distribution by using Eq. (3.11). The results are in close agreement to each other, thereby justifying our
analysis. The analysis is conducted for two different activities-running and cycling. Similar analysis is
conducted for Scenario Il as shown in Fig. 3.6. The results for a particular activity like running does
not vary by a significant amount for different scenarios. Thus the location of the test subjects does not
have significant influence on the system performance. This is because in case of cycling, the arms are
outstretched and are relatively constant. Therefore, a LOS path can exist between the two arms for
side-by-side and back-to-back cycling. In case of running, the arms are in oscillatory motion, but the
body shadowing effect impacts the communication in a similar manner for both the scenarios. This leads

to similar results for running in both scenarios.

The following figures illustrate the outage probability analysis for running and cycling activities
according to different BMI and different scenarios. It is observed from Fig. 3.7 that cycling activity
outperforms running activity for each BMI category in case of Scenario I (where test subjects are situated
behind one another). In Fig. 3.8, cycling activity also outperforms running activity for each BMI category
in case of Scenario II (where test subjects are situated beside one another). Hence it can be deduced from
the analysis that irrespective of height, weight and age of the test subjects, outage probability results for
cycling are better than that of running. It is to be noted that performance degrades due to increment in
BMI category. This is because the body shadowing effect increases with increase in BMI category. As

the body height or weight increases with BMI category, the body hinders signal transmission, thereby
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Figure 3.5: Outage probability results for running and cycling activities under Scenario I of BMI1
category.
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Figure 3.6: Outage probability results for running and cycling activities under Scenario II of BMI1
category.

leading to poorer performance.

The outage probability results for running and cycling activities under Scenario I and II for BMI2
category are evaluated analytically and verified by 5-MG approximation results, as can be seen from Fig.
3.9. Cycling outperforms running for all scenarios in BMI2 category also. The physical interpretation of

the results is done in the later paragraphs of this section. It is evident from all analysis, that for any BMI
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Figure 3.7: Outage probability results for different activities and different BMI under Scenario 1.
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Figure 3.8: Outage probability results for different activities and different BMI under Scenario II.

value and for any ,uigg and 0,% values, the cycling activity performs better than running. The same analysis
would hold true for ASEP analysis also. The expressions of outage probability and ASEP depend only on
ufkg and a,% parameters, thereby the ASEP and outage probability results also shift by a certain amount
according to different BMI categories. But for each BMI category and particular scenario, the nature of
results remains the same as cycling outperforms running.

The ASEP results for the proposed system under Scenario I and Scenario II of BMI1 category
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Figure 3.9: Outage probability results for different activities under different scenarios of BMI2 category.

are similarly shown in Fig. 3.10 and Fig. 3.11 respectively. The analytical results obtained using
LN-4 distribution (by using Eq. (3.7)) are verified by means of Monte Carlo simulations and 5-MG
distribution results (by using Eq. (3.12)). The results are in close agreement to each other, thereby
justifying the use of 5-MG distribution. Asymptotic analysis is also performed for Scenario I and II
results. It can be noticed from the graphs that at high values of SNR, the asymptotic results converge
with the analytical and simulation values, thereby validating our analysis. Let us calculate the diversity
gain for cycling Scenario II BMI1 category. Considering a SNR range of 15-25 dB, the slope is given by
101og;((0.0005/0.00000012) /10 ~ 3.62. This is nearly equal to the theoretical value of 3.5 considering
the maximum value of a%G to be 4.5 (as obtained using EM algorithm for this scenario). The coding
gain of cycling over running can be calculated for a particular scenario by measuring the horizontal shift
between the two curves. It is noticed that cycling activity for Scenario II yields a coding gain of more
than 5 dB over running activity at SNR values of more than 10 dB. The coding gain of cycling over

running for Scenario I is also around 5 dB for SNR values of more than 10 dB.

It is visible both from the outage probability and ASEP results that cycling activities outperforms
the running activities in both scenarios. In running there is oscillatory movement of the arms to which
the devices are attached, while in case of cycling the arms are relatively stationary, and leaning and
tilting of the body takes place [78]. However, the movement due to body tilting in cycling is much less
as compared to the oscillatory arm movement in running. As a consequence, the distinction between

clusters are less pronounced in case of cycling activities, while the scatterers are more distinct in case
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Figure 3.10: ASEP results for different activities under Scenario I of BMI1 category.
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Figure 3.11: ASEP results for different activities under Scenario II of BMI1 category.

of running activities. This is evident from Fig. 3 and Fig. 5 in [3] where the measured PDF curves for
running exhibit mixture and skewed distribution curves. When the test subjects are behind one another
(Scenario I), other factors such as environmental changes and relative locations of the subjects dominate
the scattering effect and outperforms the scattering effect caused by body motion in cycling. This leads
to more scattering effect in cycling Scenario I activity as compared to cycling Scenario II activity. Since

the PDFs are skewed for running activities, the curve deviates from the standard lognormal distribution
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yielding mean which is different from the usual value. Due to the presence of more scattering groups in
running activities, the running scenario gives poor performance as compared to cycling activities. We
can conclude from the results that body shadowing effect dominates in running due to greater movement

of body parts.

3.7 Need for MIMO BAN Communication

To support higher data rates with better reliability, MIMO technology needs to be implemented for
BAN communication. However, there are drawbacks of MIMO systems which leads to the introduction
of SM [83, 84], as already discussed in the first chapter. To achieve more higher spectral efficiencies,
advanced spatial modulation schemes need to be explored for BAN communication. The next few
sections will deal with the challenges of applying ASM schemes in BAN communication. The closed form
expressions of BER need to be derived for these schemes in order to gain valuable insights regarding
asymptotic behaviour of the system. We will also analyze how the running and cycling activities behave
under these new schemes and the reasons for such behaviour. Such analysis is missing in the literature and
will benefit the sports industry in implementing SM based schemes in sensors to monitor the performance
of the players. ESM [85] and SMBM are two such advanced schemes which are proposed for BAN

communication.

3.8 ESM for BAN Communication

In ESM, one primary constellation and two secondary constellations are used. In case of single
transmit antenna activation, a symbol is transmitted from the primary constellation. In case of double
antenna activation, two symbols are transmitted from one of the secondary constellations. If size of
primary constellation is considered to be M, and m = logy(M), then size of each of the secondary
constellations is v/M. M denotes the M-ary modulation scheme and T} denotes the number of transmit
antenna. T2 number of active antenna and modulation combinations in ESM are available [85]. To select
any one combination out of T2 combinations, 2log,(T}) bits are required. log,(M) bits are used for
constellation mapping of symbols. Either one symbol of m bits is transmitted from primary constellation,
or two symbols, each of m /2 bits, are transmitted from a secondary constellation. Thus, spectral efficiency
of ESM is (m + 2logy(T%)) bpcu which is higher than that of SM for a fixed value of m and T.

For example if T, = 4 and M=4, then primary constellation will be quadrature phase shift keying
(QPSK) and secondary constellation will be BPSK. QPSK constellation scheme can take symbols from the
value {£1 £ j}. BPSK( and BPSK, are the secondary constellation schemes given by BPSKy = {£1}
and BPSK; = {£j}. In this version of ESM there are 16 total combinations, where the first 4 combina-

tions are same as that of SM where one antenna is active. There are 6 cases where double antennas are
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activated at a time and symbols are transmitted according to one of the secondary constellation scheme
BPSK, while the next 6 cases correspond to the secondary constellation scheme BPSK;. The detailed
combination is described by means of Table 3.8. Ty, Tb, T3 and T, denote the four antenna and the
different combinations of active antenna are denoted by P, where n = 1,2, ...,T2. Thus this version of

ESM can yield a spectral efficiency of 6 bpcu.

Table 3.8: ESM with T, = 4 and nggy = 6 bpcu

T T T T
P, | QPSK 0 0 0
P 0 QPSK 0 0
P 0 0 QPSK 0
P 0 0 0 QPSK
P |BPSKy | BPSKy| 0 0
Ps |BPSK,| 0 |BPSK,| 0
P. |BPSK,| 0 0 |BPSK,
Ps 0 |BPSK,|BPSK,| 0
Pyl 0 0 |BPSK,| BPSK,
P | BPSK, | BPSK,| 0 0
P, |BPSK,| 0 |BPSK:| 0
P3| BPSK,| 0 0 |BPSK;
P4| 0 |BPSK,|BPSK,| 0
Ps;| 0 |BPSK,| 0 |BPSK;
Pg| 0 0 |BPSK,|BPSK;
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e
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Figure 3.12: Proposed system model for ESM

In ESM, the single RF chain constraint of SM is relaxed because depending on the message bits,

double antenna may be activated. The single antenna activation process is same as that of SM with a
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single RF chain being activated. The RF chain comprises of source encoders and modulators. In case of
double antenna activation, the source data is split and RF signal is modulated by source data according
to the secondary constellation schemes for each antenna. A switch is used to connect the RF chains with
the corresponding antenna to be activated. Similarly at the receiver, the antenna is used for reception
and the receive RF chain comprises of demodulators to retrieve the initial data. Maximum likelihood
(ML) decoding is used at the receiver to estimate the antenna index used for transmission. A MIMO
system operating over BAN channels is considered for analysis in Fig. 3.12. Let there be T, antennas
at the transmitting node, and R, antennas at the receiving node. The received symbol vector may be

written as:

y=+v7Hs+n, (3.19)

where H is the R, x T, channel matrix, v represents SNR at receiver. Elements of H are independent
and identically distributed (i.i.d.) random variables. Envelope of each element follows LN-4 distribution
as in Eq. (3.1). s is the T, x 1 transmit symbol vector having unit energy, i.e., E[s”s] = 1, s = x/VE
and E[x’x] = E. n is the R, x 1 noise vector. E denotes symbol vector energy. E is the expectation
operator. Noise is modelled as additive white Gaussian noise (AWGN) which follows i.i.d. Gaussian
distribution, having zero mean and variance Ny. In ESM, either single or double transmit antennas are

active at a time, which means that x contains 1 or 2 non-zero entries.

3.9 SMBM for BAN Communication

SM can be mixed with other techniques like Media Based Modulation (MBM) [86, 87, 88, 89, 90]
to enhance the spectral efficiency of BAN communication. SMBM is a comparatively new technique
which involves changing of RF properties near the transmitting antenna for creating different channel
perturbations. These perturbations can be achieved by changing extrinsic properties such as permeability,
resistivity or permittivity near the transmitting antenna. RF mirrors [87] are used to create distinct
channel perturbations called Mirror Activation Patterns (MAP). However, the number of RF mirrors
that can be used for single antenna is limited because of the excess use of pilot signals for training which

requires excessive use of resources and system becomes prone to channel time variation [91].

SMBM system model as shown in Fig. 3.13 has m; RF mirrors at each transmit antenna. T}, x
R, MIMO system is analysed for M-ary Quadrature Amplitude Modulation (M-QAM) scheme. The
information bits in SMBM are divided into bit-stream of size nsarpy where ney gy = loge MT, + my.
The information is divided into three units i.e. my, T, and M. my bits are used for mth MAP,
m € [1 : My] where My = 2™/, logy T, bits are used for antenna activation with index j where

j €[1:T,]. logy M bits are used for selection of a symbol z; from signal constellation where [ € [1 : M].
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Figure 3.13: Proposed system model for SMBM

The SMBM system’s channel matrix H has elements which are i.i.d. random variable (RV), where
the envelope of each element follows LN-4 mixture distribution. The received signal vector (R, x 1),
]T

y=1[y1vy2... yr,|" is given as [86]:

y = ViHjzl e+, (3.20)

where :c{ is {*" symbol of M-QAM constellation to be transmitted by j** transmit antenna, e, is an
My x 1 vector whose only mt" element is 1. Vector n is an R, x 1 AWGN vector with entries as i.i.d.
Gaussian RV with zero mean and variance Ng.

In SMBM, only one RF chain is used at the transmitter which saves the cost of multiple RF chains
being used simultaneously as in other MIMO techniques. The RF chain comprises of modulators, source
encoders, etc. The RF signal is modulated with source data which is transmitted into free space by the
antenna. A RF switch is used to connect the single RF chain to the particular antenna according to
the message bit. The mirror activation pattern activated helps in creating a distinct channel scatterer
resulting in transmission of signal through that particular channel. At the receiver, ML algorithm is used
to decode the index of the MAP and antenna used. The signal is demodulated to retrieve the initial

data. The ML decoding at the receiver is done according to the following equation:

[ ,j,m] = argmin (Hy — \ﬁHjxljemH%) , (3.21)
le[1:M],j€[1:Tx]
me([1:My]

where Z, 7,10 are the estimated indices of the transmitted symbol, transmit antenna and activated MAP
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respectively. ||||% is the Frobenius norm.

MAP, created by RF mirrors, is the status of RF mirrors (ON or OFF) placed near the transmit
antenna. These MAPs increase spectral efficiency of MBM linearly against the logarithmic increase in
SM as ngypr= logy MT,. This is one of the key advantages of using RF mirrors. Implementation of a
MBM transmit unit consisting of m; = 14 RF mirrors placed in a compact cylindrical structure having
dipole transmit antenna placed at centre of the cylindrical structure has been reported in [91]. A single-
input multiple-output (SIMO) with RF mirrors was simulated in [88]. The results show SIMO-MBM
gives better result compared to that of traditional SIMO system. An example of output pattern of
SMBM switch controller is illustrated in Table 3.9 where T}, = 4, m; = 2, M = 4. Depending on the
message bit value, the particular mirror surrounding the particular antenna is activated and the symbol

is transmitted using M-ary modulation scheme.

Table 3.9: Output of SMBM switch controller

Message bits | Symbol (z;) | Antenna (j) | MAP (m)
000101 -1-i 2 2
010010 -1+ 1 3
101000 1-i 3 1
111111 141 4 4

3.10 Performance Analysis of MIMO BAN Communication using LN-

4 Distribution

The LN-4 channel model is used for SM, ESM and SMBM BAN communication. Channel model,
measurement procedure and BMI categories are same as defined earlier. The challenging task in the error
analysis of MIMO based communication is the channel matrix which is not a scalar quantity anymore
like it was in SISO. The BER needs to be evaluated by using the concept of pairwise error probability.
The readers may note that achieving closed form expressions for the same is a difficult task due to the
nature of LN-4 distribution and the difficulty in finding expectation over the channel PDF (the channel
being a matrix now). Let us start the error analysis with pairwise error probability concept first.

At the receiver for SM, ESM and SMBM, an estimate of the transmit symbol vector is computed by

using maximum likelihood (ML) detection as follows:
§ = argmin||y — Hs||%, (3.22)
seS

where S is the set of normalized transmit symbol vectors. Each scheme - SM, ESM and SMBM - has

its own predefined set S, containing all the symbol vectors for that particular scheme. Pairwise error
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probability (PEP) is the probability of symbol vector s being decoded as s’. The union bound for average
BER (ABER) is given by [85] :

! Z n(s — s')PEP(s — ¢). (3.23)

ABEFR< ————
’S“OgQ(‘S‘) %S/GS

where n(s — s’) is the number of bit errors that occur when s is decoded as s'. |S|= T, M for SM,
T2M for ESM and T,,M My for SMBM. Therefore to calculate BER of any scheme, the PEP needs to be
calculated first. The set of symbol vectors for a particular scheme needs to be known. The challenging
aspect of this equation is that it can only be solved when the symbol vector set is known and for that
one has to know the working of the particular scheme in order to generate the symbol vector according

to a particular modulation scheme. PEP is calculated as:

0 ( HHSQ—NI;Is’H?)]
-eala(y5)

4 o
Vs—s’
= _g/ d —g/
E ka Q( 2N, ) f'ys_sl(’)/s s) Vs—s

PEP(s > s') =Eg

k=1
4 o 1
20( 1 | Ys=s
= w —Gy ( ) L (Vs—sr )dys—_gr . 3.24
kzz:l kA 2\/77_ 1,2 | 0,1/2 4N, f'ys_s (Vs—s)dVs—s ( )

where v,_y = ||[Hs — Hs'||?, Gj1"(:| z) denotes the Meijer G function [47]. In the above expression Q
function is expressed in terms of Meijer G function as shown earlier. f, ,(7s—s) is the PDF following LN-
4 distribution. The above expression contains intractable integrals and deriving closed form expressions

is not possible. Hence, MG distribution is used to approximate the PDF of the random variable v,_.

3.11 Performance Analysis of MIMO BAN Communication using MG

Distribution

Our goal is to achieve closed form expressions of PEP which will make the expression tractable and
make it easier for further analysis. For this purpose, LN-4 distribution can be approximated by MG
distribution as described earlier. The parameters (M2g7 0% and wy) of LN-4 distribution for running and
cycling activities under two different scenarios in case of BMI1 category are listed in Table 3.2 and 3.3.
The terms of MG distribution and LN-4 distribution have been defined earlier. The PDF f, _,(vs_s) can
be approximated by MG distribution. First the lognormal distribution is approximated with Eq. (3.8)

and then summed up over the 4 components of LN-4 distribution. The PEP, after this approximation,
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is written in closed form as:

PEP(s — ¢)
MG _q MG
iw /OO 1 20( 1 755/> " p (7578,)0%,1 (B%G)ak’l exp(_ﬁljc\/[zG'Ys s)d’y
k 120 01/2| A ki YT _— gl
= o PlANy ) S D (oG (s — o2) Is =P

MG
42 P (M) (|ls — s[[2) "

:Icglwkizl er(akz )

o0 aMG 6k;@ Vs—s'
<, et G 50( P >G120<011/2

24: sz(HS—S/Hz)G 1<1 a1
2
o5 2v/Alb(e) PR\ 0af

ZENS )d% s

2
ANoBME

Some steps should be followed while deriving the above formula. The exponential function needs to
be written in terms of Meijer G function. Then on rearranging the terms, and with some algebraic
manipulations, the equation can be expressed as the integration of the product of two Meijer G functions

and a variable. The following formulae are used [46, 47, 48]:

G ( |2) . (3.26)

Q1 4y Oy Qg1 5eee,0p
m,n 9oy )
7"UJ) Gpvq (bl,....,bm,bm+1,....,bq

a 1vs,t [ ClyessCtsCtt1seee05Cu
/0 Guv( dyyerds,dss . dy TZ)dT

=w

—aymttnts ai,.,an,l—a—di,.,1—a—ds,an+t1,.,ap
v+p,utq b1,.,.bm,l—a—ci,...,l—a—ct,bm+1,..,bq

Z) . (3.27)

Average bit error rate (ABER) is calculated by Eq. (3.23). Thus PEP and ABER can be written in

closed form in terms of Meijer G function which was not possible using LN-4 distribution.

3.12 Asymptotic Analysis of MIMO BAN Communication

To calculate the diversity and coding gain of MIMO BAN systems, asymptotic analysis is required.
For this purpose, the argument in Meijer G function can be expressed in a different form for high SNR

values, as given in Eq. (41) of [63]. Hence the PEP is written as:

1 2\ cm—1 =9
Pasym,\, Z ZPIC’L ||S_S/H ) Z <‘|S_i\/4“c;> Hé:l F(l—i—dl—Ck) ’ (328)
2¢/mI( 0% i ) m—=1 4N018k,i [[eT(1+ca —cm)
where ¢ = [1 — Q%G, 1] and d = [0,1/2]. In this case let SNR 7 be equal to (||s — s’[|?). The maximum
value of SNR will only be obtained when the highest component of SNR is calculated for maximum value

of ay MG Thus the highest component of SNR is again given as 1 — max(ak 'G). Now using Eq. (3.17),
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diversity gain is given by D, = max(a%c) — 1. For coding gain, highest exponent of SNR is considered.

The overall coding gain for ABER is given by:

1
_aMG oL MT
1 n P, p 1 ki Hl2:1 F(dl + aMG) 1 ]kL,IZG
Cy = ai—ran(s = 8) Zwkz Ma 2 e :
IS[logy([S]) 2/l (o) i ) 4NoBy; [l=2 T+ o)

k=1 i=1
(3.29)

3.13 Results

In this section, we will analyze the performance of our proposed methods for BAN communication
and highlight how it is influenced by the behaviour of body movements under different situations. The
system performance of SM, ESM and SMBM methods for BAN communication is illustrated by means
by Fig. 3.14. Running and cycling results are compared for Scenario I BMI1 category in Fig. 3.14. It
is evident that ESM performs better than SM while SMBM performs the best irrespective of activity
and scenario. Similarly for Scenario II, all the methods- SM, ESM and SMBM are compared in Fig.
3.15 for running and cycling activities in BMI1 category. ESM performs better than SM while SMBM
outperforms the other two methods. For SM running and cycling case, the values considered are T, =
4, R, = 4,16 — QAM,nsg = 6. Here ngg denotes spectral efficiency in bpcu (bits per channel use). For
ESM running and cycling case, the parameters considered are T, = 4, R, = 4,4 — QAM,nsg = 6 while
for SMBM running and cycling case, the parameters considered are T, = 4, R, = 4,4 — QAM,m; =
2,nsg = 6. These parameters are valid for all figures unless mentioned explicitly. All the analysis is for

BMI1 category unless stated explicitly.

It can be observed from both the graphs (Fig. 3.14 and 3.15) that SMBM performs better than
SM and ESM. It can be noted that ESM and SMBM require only 4-QAM to achieve the same spectral
efficiency as that of SM which uses 16-QAM. Higher modulation schemes mean the symbol vectors are
closely packed, hence due to less distance between symbol vectors, probability of error is more. Thus
SM performs the worst among the three methods. It can be noted that SMBM uses RF mirrors which
creates more channel perturbations, thereby increasing the channel diversity. Another key point is that
ESM has 2 RF chains and can activate one or two antennas depending on the message bits. On the
other hand, SMBM has only one RF chain. Hence chances of inter-antenna interference is more in ESM,

thereby resulting in poorer performance of ESM in comparison to SMBM.

The diversity gain can be calculated from BER vs SNR curve of Fig. 3.17. Assuming the case
of ESM cycling in Scenario IT and a range of 10 dB SNR (10-20 dB SNR), we get the BER value of
7 x 1076 at 20 dB SNR and a BER value of 0.01 at 10 dB of SNR. Hence diversity gain is given as
log;((0.01/(7 x 107%)) = 3.15. Similarly for SMBM cycling and considering SNR range of 8-18 dB,
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Figure 3.14: Performance analysis of various methods for Scenario I activities in BMI1 category.
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Figure 3.15: Performance analysis of various methods for Scenario II activities in BMI1 category.

diversity gain can be calculated as log;;(0.012/(4 x 107%)) = 3.44. This can be theoretically validated

MG

also. The maximum «; ;" parameter obtained for generating these results is 4.5 (as generated using

EM algorithm). Thus theoretical diversity gain is given by aﬂ{ Gl —1=4.5—-1 = 3.5. Theoretical and

practical diversity gain values are almost same. Now if we observe the horizontal shift between ESM and

SMBM cycling curves, we can observe that SMBM has a 2 dB of coding gain over ESM at SNR values

of more than 10 dB, which indicates that SMBM has a SNR gain of at least 2 dB over ESM. Similarly
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for running activities, if we compare the horizontal shift between ESM and SMBM curves, then we can
observe that SMBM has a 2 dB of coding gain over ESM. The asymptotic results for Scenario II activities
and different methods like ESM and SMBM, converge with the analytical and simulation results at high

SNR values, thereby validating our asymptotic analysis.

Coding gain can be observed for Scenario I activities in Fig. 3.16. In this figure, the asymptotic
results for Scenario I activities and different methods like ESM and SMBM, are plotted. It can be
noticed that the asymptotic results converge with the analytical and simulation results at high SNR
values, thereby justifying our asymptotic analysis. Coding gain of running SMBM over running ESM is
computed by considering the horizontal shift between the two curves. The shift is at least 2 dB for any
SNR values of more than 10 dB. Similarly cycling SMBM achieves a coding gain of at least 2 dB over
cycling ESM at high SNR, values of more than 10 dB.
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Figure 3.16: Analysis of ESM and SMBM results for Scenario I in BMI1 category.

2 14 16 18 20

Since it is evident from BMI1 analysis that Scenario II yields distinct results between running and
cycling, hence we have provided figures only for Scenario II activities for other BMI categories. For BMI2
and BMI3 category, running and cycling activities for Scenario II are compared for ESM and SMBM
methods. The analytical upper bounds are verified by simulation results in Fig. 3.18 for BMI2 and in Fig.
3.19 for BMI3 [92]. It is observed that SMBM method yields superior results as compared to ESM for
any BMI category considering a value of 6 bpcu spectral efficiency with 4 transmit and receive antennas
each. This is due to the fact that SMBM uses RF mirrors to create more channel perturbations. To

generate the same number of channel perturbations as that of SMBM, ESM will require more number of
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Figure 3.17: Analysis of ESM and SMBM results for Scenario IT in BMI1 category.
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transmit antennas or higher modulation scheme which will lead to degradation of performance in ESM.
Due to presence of more RF chains in ESM as explained earlier, ESM will suffer from more inter-antenna
interference than SMBM. SMBM can select the best link out of the multiple channels available depending

on value of message bits. All these facts point out to the inference that SMBM can perform better than

ESM for any activities under any scenario.
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Figure 3.18: BER results of ESM and SMBM for Scenario II BMI2 category.

Now let us analyze the results obtained till now in a physical aspect. The results differ for various
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Figure 3.19: BER results of ESM and SMBM for Scenario II BMI3 category.

scenarios and various activities due to different body postures and body movements. As seen in the
case of SISO BAN communication, the upper body remains relatively constant for cycling while in case
of running, both the upper and lower body parts are in oscillatory motion. Running activity has more
body shadowing effect since more scattering clusters are present in running, as a result of which running
generates inferior performance than cycling irrespective of BMI category. Out of the two scenarios,
Scenario II running performs the worst because in case of side-by-side running, the body comes in the
way of signal transmission which results in more body shadowing effect. While in case of Scenario I
running, there is no body obstruction for signal transmission as the test subjects are behind one another
and the devices are attached to the arms. For cycling Scenario I and II, the upper body remains
relatively constant, thereby the body shadowing effect is relatively same for both cases. Since the arms
of the test subjects are outstretched in case of cycling for both scenarios, hence the body shadowing effect
is same for both scenarios as signal transmission is not hindered by body obstruction. Consequently, the
BMI variation does not influence the results in cycling, hence the cycling results across BMI categories
are relatively close. This is attributed to the fact that body obstruction does not hinder the signal
transmission in case of cycling. Since all cases are MIMO transmission, hence receiver diversity nullifies
the channel condition to yield relatively same results for cycling activities across all BMI categories and
scenarios. Receiver diversity was absent in SISO case, thereby resulting in distinct results for different
BMI categories in cycling. Meanwhile in running Scenario 11, body shadowing plays a key role in effective

signal transmission. Thus with an increase in BMI value the performance deteriorates. The BMI value
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increase means the body is either heavier or larger due to more weight or higher height values. This
causes more body shadowing effect, thereby hindering signal propagation. Due to the absence of receiver
and transmit diversity in SISO case, the results of running and cycling were distinct across different BMI
categories [93]. The overall conclusion from all the results is that SMBM performs the best across all
BMI categories, activities and scenarios.

To understand the performance improvement of SMBM over ESM and SM, let us tabulate the results
for a particular scenario and BMI category. It is evident from Table 3.10 that SMBM outperforms SM
and ESM for running and cycling activities in Scenario II BMI1 case. The SNR values needed to achieve
different target BER values are compared for different methods for Scenario II BMI1 case. It can be
observed that SMBM has a SNR gain of at least 2.5 dB over ESM and 3.5 dB over SM for running

activities, while for cycling activities SMBM has a SNR gain of around 2 dB over ESM and 4 dB over

SM.
Table 3.10: Comparison of BER for Scenario II BMI1 activities.
BER SNR for various methods (in dB)
SM running | SM cycling | ESM running | ESM cycling | SMBM running | SMBM cycling
0.001 18 15 17 13 14 11
0.0001 | 21 18 20 16 17.5 14
0.00001 | 24.5 21 23 19 20 16

The results of SM, ESM and SMBM are compared with the results of SISO case for BAN com-
munication [93] of Scenario II BMI1 category, using the same LN-4 channel. It can be observed from
Fig. 3.20 that our proposed methods ESM and SMBM outperform the SISO results (using BPSK) for
running and cycling cases. For SISO, BPSK modulation can offer the best performance. For 4-QAM or
16-QAM, SISO will offer worse BER, hence it is justified that ESM and SMBM convincingly outperform
SISO results at higher SNR values. At lower values of SNR, SISO is giving better results than ESM
and SMBM in some cases because we are comparing BPSK SISO with 4-QAM ESM and SMBM. From
a physical point of view, the reasoning behind SISO BAN communication yielding poorer performance
has been explained earlier. An interesting fact to note is that SISO can yield better results than MIMO
based BAN communication for lower SNR values. This is because for lower SNR values (where noise
power is less), SISO communication is able to perform better as the signal propagation can take place
despite the body hindrance while doing side-by-side running and cycling. However as the SNR increases
(noise power becomes more), the body hindrance causes performance in SISO communication to become
poorer. While in case of MIMO techniques, the receiver diversity is able to continue the communication

in a reliable manner, resulting in better results for SM, ESM and SMBM as compared to SISO results.
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Figure 3.20: BER comparison with existing methods

The variation of various parameters for system performance implementing SMBM is explored in
Fig. 3.21. The analysis is conducted for Scenario II cycling as that particular case yields the best
results for any BMI category. Parameters like T, m¢, QAM and spectral efficiency (nsg) are varied to
explore their impact on system performance. The cases are mentioned in the figure only. In the figures,
(Tyy Ry, M, my,msg) and (T, Ry, M,nsE) conventions are used to denote the values of parameters for
SMBM and ESM respectively. It is observed that as the number of transmit antenna increases, the system
performance degrades. This is due to the fact that as the number of antenna increases, there is higher
chance of inter-antenna interference resulting in poorer performance. It can be seen that as the number
of mirrors increases, the performance degrades as the scattering environment increases with increase
in number of RF mirrors. The effect of constellation scheme on system performance is investigated by
considering 4-QAM and 16-QAM. With increase in constellation size, system performance degrades. This
is due to the fact that the symbol points become closer as constellation size increases leading to more
chances of error. All the analytical upper bounds are plotted using 5-MG approximation (Eq. (3.25)).
The upper bounds are validated by means of Monte Carlo simulations. The simulation results are in
close agreement to the upper bounds at high values of SNR thereby justifying our analysis. All these

analyses are conducted for Scenario II cycling for BMI1 category.

Similarly, variation of parameters for system performance implementing ESM is investigated in Fig.
3.22. It is observed that system performance similarly improves with decrease in number of transmit

antennas, number of RF mirrors and constellation size. As the constellation size decreases, then symbol
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Figure 3.21: Effect of parameters on SMBM performance for cycling Scenario II.

spacing increases leading to lesser chances of error. Lesser number of antenna and RF mirrors means
lesser interference, thereby giving better performance. It is also observed that as the spectral efficiency
value increases, the system performance degrades. This is attributed to the fact that more bits are
required to achieve higher spectral efficiencies. The simulation results are in close agreement to the
upper bounds at high values of SNR thereby justifying our analysis. This analysis is conducted for

Scenario II cycling for BMI1 category.
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Figure 3.22: Effect of parameters on ESM performance for cycling Scenario II.
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3.14 Conclusion

To enhance the spectral efficiency of MIMO based BAN communication, two new methods- ESM
and SMBM have been proposed in this chapter. These methods can achieve a higher spectral efficiency
than SM by using less number of transmit sources and lower modulation scheme. ESM and SMBM also
yield better performance than SISO BAN communication. In this chapter, the performance analysis of
SISO and MIMO BAN communication have been analysed for running and cycling activities in various
scenarios for different BMI categories of individuals. Cycling performs better than running because of
less body shadowing effect. In future, this work can be extended to BAN cooperative communication

along with advanced versions of SM.
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4.0ptical Spatial Modulation for Free-Space Op-

tical Communication

In the last few chapters, we have seen the implementation of SM in RF communication. In this chapter,
the concept of spatial modulation in FSO communication is investigated to overcome the limitations
of RF communication. The basic concepts of FSO communication have been provided in Chapter 1.
Considering the phenomenon occurring in FSO communication, the modulation schemes and channel
models in FSO communication are described in Section 4.1 and 4.2 respectively. The remainder of the
chapter is broadly divided into three major categories. The first major contribution (Section 4.3) deals
with derivation of closed form expressions of outage probability bounds for the system, where OSM along
with PLNC is applied for bidirectional FSO cooperative communication. The next part (Section 4.4)
tries to resolve the drawbacks of conventional OSM technique by proposing new schemes like transmit
laser selection (TLS), and a mixture of TLS and OSM for FSO cooperative communication. Outage
probability and ASEP closed form expressions are derived for such ASM schemes. Subsequently, Section
4.5 deals with BER, cost and power consumption analysis of advanced OSM schemes like OGSM, OESM
and OIQSM, which aims to increase the spectral efficiency of OSM based FSO systems. It is shown
through results that the proposed ASM schemes offer better BER, performance than conventional OSM.
The chapter ends with a conclusion in Section 4.6, where the key contributions of the chapter along with

future work are highlighted.

4.1 Modulation Schemes in FSO Communication

In this section, we will justify the choice of modulation scheme for FSO communication. On-off keying
(OOK), generally deployed as the modulation scheme in FSO systems, requires adaptive threshold to
adapt to the atmospheric turbulence. Therefore, BPSK is preferred as the modulation scheme in our
work for the following reasons [94]. After applying BPSK, the signal distribution remains similar for
bits 1 and 0, irrespective of the presence or absence of turbulence. Bit 0 is modulated as -1 and bit 1
is modulated as +1 in BPSK, thereby source is transmitting data for both 0 and 1, whereas in OOK

source is switched off in case of 0 bit and switched on for 1 bit. While decoding of bits, a threshold
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mark has to be fixed for the signal power, above which the signal will be decoded as 1 and below which
the signal will be decoded as 0. Since the signal shape in BPSK is similar for both bits 0 and 1, and
are spaced equally on either side of the zero mark, hence the threshold position can be fixed at the
zero mark for BPSK based system irrespective of the amount of turbulence. In FSO communication,
the data is modulated onto a high frequency RF subcarrier signal by using BPSK modulation scheme,
thereby shifting the frequency domain of the signal from the low frequency region to a much higher
subcarrier frequency region. Due to the high frequency modulated signal, turbulence effect cannot have
much impact, as a small shift in the high frequency regime would not change the signal centre frequency
by a huge amount. While in case of OOK, the signal distribution is not distinctly spaced on either side
of the zero mark and the signal pattern for both bits 0 and 1 are different. Depending on the nature
of turbulence the signal pattern varies. Due to variable and unpredictable signal pattern, the threshold
mark has to be decided depending on the value of signal power and the amount of turbulence. Also
the signal power in case of OOK is concentrated at lower frequencies which makes it susceptible to be
affected by turbulence. In BPSK the distance between the constellation points is also maximum among
other M-ary modulation schemes, leading to least chances of error. Therefore, BPSK is more suitable

than other M-ary modulation schemes.

4.2 Channel Models for FSO Communication

The channel is the primary obstacle in FSO communication systems. The outdoor environment is
dynamic due to the presence of strong atmospheric turbulence (AT) [95]. Negative exponential, lognor-
mal, K distribution, Gamma-Gamma (G-G), etc, are some of the channel models present in literature
which consider the AT effect. Negative exponential can appropriately model high turbulence effects while
lognormal distribution can model low turbulence effects accurately. Lognormal distribution is mainly
valid for single scattering events which are predominantly prevalent in weak turbulence conditions. In
strong turbulence conditions, multiple scattering occurs and hence lognormal distribution is not a good
option for such conditions. When distance of propagation is less than few kilometers, amplitude vari-
ation of lognormal distribution is very small in comparison the phase variations. However over larger
distances, when turbulences become more prominent, the amplitude variations can become comparable
to the phase variations. FSO communication deals with large distances over several kilometers, thereby
rendering lognormal distribution unsuitable. On the other hand, negative exponential fails for low tur-
bulence conditions. G-G channel model on the other hand can model both weak and strong turbulence

effects accurately [7].

According to the modified Rytov theory explained earlier in Chapter 1, the multiplicative effect of

TH-229¢:4RpHERU?  OPTICAL SPATIAL MODULATION FOR FREE-SPACE OPTICAL
COMMUNICATION



79 4.2. CHANNEL MODELS FOR FSO COMMUNICATION

two independent random processes can describe the irradiance process [96]. G-G channel model which
is formed by the multiplicative effect of two Gamma functions satisfies this condition. Gamma function
can suitably model both small-scale and large-scale fluctuations in the atmosphere, hence the product of
two Gamma functions can accurately model the optical irradiance process. Generalized Malaga channel
model [97] exists in literature, but fails to model all types of turbulence conditions accurately. However,
the G-G model can satisfy all the atmospheric turbulence conditions. AT induced fading affects the
optical signals, resulting in irradiance fluctuations in the received optical intensity. This phenomenon,
known as scintillation is caused due to variations in atmospheric temperature, pressure and humidity,
thereby resulting in fluctuations of refractive index. Such fading effects can be effectively modelled by
a G-G channel model [98]. Hence G-G channel model is considered as the channel model for further

analysis.

4.2.1 G-G Channel Model

To evaluate outage probability or BER, we require the PDF and CDF of the received SNR of the
channel. Let the random variable ¢ > 0 be the signal envelope following G-G distribution as in Eq. (3)
of [99], in Eq. (6) of [100] and in Eq. (6) of [101], then the PDF can be written as:

)(26509) (2aFEE 1)

['(ag)T'(Ba)

(acBa 2,0 -
folp) = Gy (ea-ta pa—ee |acha p) | (4.1)
where ag and Sg are the effective number of large scale cells and effective number of small scale cells of
the scattering process respectively. I' denotes Gamma function. Meijer G function has been described in
[47, 48]. Assuming planar wave propagation, the values of ag and ¢ can be adjusted from experimental

data and written as in Eq. (4) of [99].

2 -1
(14 1.116,2/°)7/6

-1
_ 0.5107
Ba = exp ((1 06901758 1) . (4.3)

Rytov variance o can be expressed as in Eq. (4) [99)].

0% =1.23C2KT/6L1/6 (4.4)

where L=2, 6, 8 Km, KZQT”, A=1550 nm, C? varies from 10713 to 10717 m~—2/3. Greater values of c?

mean stronger turbulence, whereas lower values of C2 mean weaker turbulence. Thus this parameter

denotes the amount of turbulence. L represents link distance and A is the wavelength. The CDF can be
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written as:

ag+Bag (QG;L»BG)

(OZGBG)( > p 2.1 1-2ctle
Fg(p) = F(aG)F(ﬁG) X G173 ( aGgBG7ﬁGga27_aG;ﬁG OZG/BG p> : (45)
The following formula is used [46], (Eq. (26) of [102]):
*° — sA2500ey B 1 1- ST yenny
/0 z“ 1G£"f1’”(%11;;“?g: zw) = zaGﬁfj;H( bf_l_z;_g” zw) (4.6)

Our objective is to find PDF and CDF of received SNR. Hence assume vy = p?. Taking into account

change in random variables, PDF of received SNR (7) is calculated which is integrated to calculate the

CDF: +8 +8,
oG G oG G «
E (/Y) — (OZGBG)( 2 )’y( & ) % G2,1< =2 erﬁ aGﬂG71/2> . (47)
! ['(ag)'(Ba) R Co o e

Table 4.1 presents the value of turbulence parameters under different atmospheric conditions while Table
4.2 lists the value of the turbulence parameters for different link distances.

Table 4.1: Turbulence parameters for various atmospheric conditions

Turbulence region | ag | Ba 012
Strong 42 | 14 | 3.5
Moderate 4.0 | 1.9 | 1.6
Weak 11.6 | 10.1 | 0.2

Table 4.2: Turbulence parameters for various link distances

Link distance (Km) | ag | S of
2 4.2 1.4 3.5
6 8.24 | 1.03 | 26.57
8 10.19 | 1.01 | 45.02

4.3 Optical Spatial Modulation for FSO Cooperative Communication

In Chapter 2, we have seen how SM along with PLNC can increase the efficiency of RF cooperative
communication. On a similar vein, optical spatial modulation (OSM) for two way relaying in FSO
cooperative systems can also enhance the system performance. OSM, the optical version of SM, has
been explained earlier along with the benefits of OSM over MIMO and PLNC techniques in Chapter
1. FSO is primarily a LOS communication. Thus cooperative FSO communication is a necessity for
long distance communication. Bidirectional relays increase the efficiency of the system as simultaneous
data transfer can take place between the nodes. In the next few subsections, OSM along with PLNC
[103, 104] is proposed for full-duplex communication in FSO systems. This will result in higher data rate

and bandwidth efficiency.
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In literature, error rate performance of FSO links over G-G channels has been analyzed in [105].
BER analysis has also been reported for MIMO based FSO systems over G-G channels in [106]. User
cooperation diversity has been proposed in [107] for FSO cooperative systems and BER analysis has been
done. A relay based FSO system has been studied for AF and DF protocol in terms of outage probability
in [108]. A single relay cooperative model has been analyzed for non-coherent FSO communication in
[109] by deriving semi-analytical and closed form expressions of bit error rate. Optical preamplification
and diversity reception techniques have been proposed for FSO systems in [110] to counter the effects
of atmospheric turbulence. MIMO terrestrial FSO system has been investigated in terms of symbol
error probability for Q-ary PPM modulation over Rayleigh and lognormal channels in [111]. A partial
dual relay selection technique has been studied for two-way relay based FSO communication over G-G
channel with pointing error [112]. Parallel relaying in FSO communication with multiple half-duplex
AF based relays have been proposed in [113]. The notion of OSM has been proposed for FSO links
[84, 114]. In indoor environments, OSM has been investigated for BER performance in [115, 116, 117,
118, 119]. The indoor channel fading is deterministic which makes the analysis a lot easier. However
in outdoor FSO communication, the BER analysis becomes all the more difficult due to the varying
channel fading. There are some limited works regarding OSM in outdoor FSO communication. In [120],
OSM has been implemented for outdoor FSO networks, with a mixture of pulse position and pulse
amplitude modulation techniques. This technique has been shown to offer improved power, spectral and
performance efficiencies than conventional modulation techniques. OSM for coherent FSO systems has
been studied using homodyned-K fading distribution in [121]. MIMO based optical space shift keying
known as MIMO-OSSK has been proposed in [122] where only the laser index conveys the information.
MIMO-OSSK has been studied over lognormal and negative exponential channels in [122]. MIMO-OSSK
has also been studied for Gamma-Gamma channel in terms of BER in [100, 101]. PLNC for two-way relay
based FSO system has been analyzed over strong turbulence channels in [103] and Bayesian estimate for
bit detection has been used in absence of CSI. Network coding for optical networks has been proposed
in [104]. Outage probability and bit error rate for such systems have been evaluated [123, 124, 125].
In [123], outage probability and symbol error rate have been evaluated for PLNC two-way relay FSO
systems over G-G channel. In [124], outage probability and BER have been evaluated for PLNC two-way
relay system over weak turbulence region. PLNC for two-way relay FSO systems has been studied in

terms of BER in [125].

To sum it up, previous works have used OSM and PLNC separately for FSO communication. Optical
SSK, which is a special case of OSM, has also been implemented. FSO communication without OSM

and PLNC has also been analyzed for SISO and MIMO case both for conventional and cooperative
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communication. However, there is a significant research gap in analyzing the combined effect of OSM
and PLNC for bidirectional FSO cooperative communication which can increase the efficiency of normal
OSM or PLNC coded relay networks. Such study has not yet been performed over any type of channel
or turbulence effect. This motivates us to propose a OSM and PLNC based decode-and-forward two-
way relaying (DFTWR) system which enables bidirectional FSO cooperative communication with high
spectral efficiency.

The novelty of our work lies in the fact that outage probability lower and upper bounds are evaluated
for OSM-PLNC based bidirectional FSO cooperative systems for the first time. Closed form expressions
for the same are derived which makes the expressions more tractable and the analysis becomes more
easier. Coding gain and diversity gain are evaluated to gain more insights about asymptotic behaviour of
the system. The influence of various channel parameters on the system performance is studied and key
inferences are made about the behaviour of the system. In case of satellite based FSO communication,
laser misalignment can cause pointing errors. But in our work, we consider FSO cooperative commu-
nication for terrestrial purpose where link distance is less. Therefore, pointing error can be ignored for
LOS cooperative FSO communication [96].

In the subsequent sections, the system model will be studied which is similar to that of the RF
cooperative system that we studied earlier in Chapter 2. However, in optical domain there are many
differences. Firstly, the atmospheric turbulence behaves differently than RF fading. The intensity mod-
ulation and direct detection processes are carried out in optical domain. Another issue is the tackling
of self-interference at the relay node which occurs due to simultaneous message transfer from both the
source nodes. Similar to RF counterparts, SINR analysis needs to be done for outage probability anal-
ysis. Closed form expressions are useful to gain valuable insights about the system performance like
coding gain, diversity gain. Deriving closed form expressions are challenging because of the complex
nature of expressions involving product and summation of multiple Meijer G terms. One may point out
that numerical methods may be used to analyze the performance, but such methods take up a lot of
time and has high computational complexity. It is cumbersome and time consuming to do numerical
analysis everytime to understand the effect of parameters on the system performance. It is convenient

for network design engineers to design networks using tractable closed form expressions.
4.3.1 Proposed System Model

The simplest form of 3 node bidirectional cooperation model, comprising of 2 source nodes- Source
1 (S1) and Source 2 (S2), and relay node (RN), is considered, as depicted in Fig. 4.1. There is no
direct link between S1 and S2. All the nodes are spatially modulated full-duplex (SMFD) nodes with

Ny, lasers and Ny, photodetectors. It is assumed that the nodes have independent transmit and receive
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chains to mitigate self-interference. Source nodes exchange data bits among each other using PLNC at
the relay employing DF technique. For transmitting purpose, Ny, lasers are used and for receiving side,
Ny, photodetectors of responsivity R, are used. The relative gains of the links as described in Section II
of [51] and Eq. 3 of [52] are given as: Gg, r = (%)7, Gs,r = (%)T where Gs, r and Gg, r are the
relative gain of the S1 to RN link and RN to S2 links respectively, 7 is the path loss coefficient, dgp, dspr
and drp are the distances between S1 and S2, S1 and RN, and RN and S2 links respectively. Relative

. . G
geometrical gain factor kg = Gl

less than 1 if distance between relay node and S2 is lesser whereas x4 is more than 1 if distance between

relay node and S1 is lesser and if both distances are equal then x4 is 1.

Such a model can be considered for long distance FSO communication. FSO is primarily a LOS
based communication. Therefore too many obstacles like high buildings can cause a hindrance in FSO
communication. In urban areas specially, the density of obstacles is a matter of huge concern. If two
nodes in FSO communication want to exchange information over long distances (like several kilometers),
then effective communication may not take place due to blockage in light path. This problem can be
resolved if cooperative FSO communication is considered where relay can be placed at short intervals.
It is easier to create a LOS link between two short distance nodes rather than creating a LOS link
over large distances. Hence our bidirectional cooperative model is designed taking into consideration
that data transfer can take place between two long distance nodes with the help of a relay. Such a
model can be considered trivial in RF domain because RF signal propagation is not a LOS propagation.
It can pass through obstacles and RF signals propagate through reflection, scattering and multipath
propagation. Meanwhile optical signals undergo changes in direction and energy due to turbulence
effect. This fundamental difference in behaviour of signal propagation in optical domain justifies the

reason for choosing such a model for our proposed method.
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Figure 4.1: System model for OSM based DFTWR.
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Optical chain comprises of source encoders, RF modulators, DC bias adders, etc. In OSM, according
to the message bit, laser along with aperture is selected and the corresponding laser is connected to
the single transmit optical chain through a switch. Thus in case of OSM, only laser with its aperture is
present in multiple numbers, while the transmit optical chain requirement is 1 only. Intensity modulation
principle is used at the transmitting end where the optical power output is varied according to some
characteristic of the modulating signal. Direct detection principle is used at the receiver where the
electrical signal is generated by the photodetector according to the intensity of the received optical
signal. This process does not require any carrier information at the receiver. In all the nodes, a RF
subcarrier signal is modulated by source data and the modulated signal is then used to modulate the
intensity of optical source like laser. The sinusoidal nature of the modulated signal in RF domain causes
a necessity of addition of DC bias to make the signal positive in order to drive the optical source. The
negative part of the BPSK modulated signal is removed by adding a DC bias signal. A chunk of message
bits of length log, (N7 ) is used for selecting the laser index from which the optical signal would be sent. An
optical switch (made of silicon waveguide with embedded phase change material) is used for creating the
connection between the single transmit chain and the selected laser. The receive chain converts optical
signal into electrical signal. Direct detection by a photodetector is performed at the receiver without
any local oscillator, to retrieve the electrical signal. The signal subsequently undergoes demodulation
by a RF coherent BPSK demodulation scheme to obtain the original data [96]. Semiconductor optical
amplifier (SOA) based Mach-Zehnder interferometer (MZI) [126] is used to design an all optical XOR
gate. A symmetrical MZI is used with one SOA in each arm located at the same relative position. The
input logic signals A and B, are taken as inputs into the two arms of the MZI via two multiplexers.
They act as control signals. A clock signal is split into two parts using a coupler, thus forming the probe
signals. If both the control signals are identical, output is zero as the SOA-MZI is balanced. But if one
is zero and the other is not, then due to the cross phase modulation effect in the SOAs, a differential

phase shift is introduced and the output is one.

For N; = 2, the transmit laser source which is made active is chosen as:

2, if 9B [n) =
Jktz = (4.8)
1, ifc*Bn]=0,

where n represents the n'® time slot and k indicates the source node which may be 1 or 2 in this case.
If Ni, > 2, then log, Ni, number of bits (from LSB side) will be used for transmit laser source activation

and log, M message bit will be used for M-ary modulation scheme. We will consider BPSK modulation
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scheme for our case. The table of laser source activation depending upon the message bits is listed in
Table 4.3 and Table 4.4 for N;=4 and N;=8 respectively.

Table 4.3: Optical spatial modulation for N;=4

Input bits Laser index BPSK symbol
000 1 -1
001 2 -1
010 3 -1
011 4 -1
100 1 1
101 2 1
110 3 1
111 4 1

Table 4.4: Optical spatial modulation for N;=8

Input bits Laser index BPSK symbol
0000 1 -1
0001 2 -1
0010 3 -1
0011 4 -1
0100 5 -1
0101 6 -1
0110 7 -1
0111 8 -1
1000 1 1
1001 2 1
1010 3 1
1011 4 1
1100 B 1
1101 6 1
1110 7 1
1111 8 1

ck[n] represents the bits which may be 0 or 1 in this case. Both the sources transmit data using BPSK
to relay node simultaneously. The received signal obtained at the jgr,, photodetector of relay node in

n'" time slot is expressed as:

2
yi 0] = 3 \/RePiGis 1 jseineo kP[] + inln] + wrln] (4.9)
k=1

h represents G-G channels between the selected laser jis,. of S source node and photodetector jg,:

jktmajR'rz
of the relay node. jg¢, denotes the laser index at relay node, while jg,, denotes the photodetector index at
relay node. Similarly jg:, denotes the laser index at Sy source node, while jg,, denotes the photodetector

index at Sy node. Py indicates the transmit power at the source node Sk, k=1, 2. wg[n] represents the

shot noise from ambient light at the relay node. Shot noise from ambient light is independent of the
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signal and can be represented as white Gaussian random noise with zero mean and variance Ny. The
self-interference at the relay node is indicated by iggr[n]. It is described as Gaussian random variable
with zero mean and power Ip = Ng[lOWoss/lO — 1], Yioss > 0 where 7;,55 denotes the SNR loss factor in
dB. Hence the received signal at the relay node can be modelled as a complex Gaussian random variable.

o} SB[p] represents the message bit from the MSB side which is used for M-ary modulation scheme.

MSB [n]

The parameters ji, j2, ] 5158 n)

, and x are obtained using maximum likelihood (ML) detection

method [54] as shown below:
. 2
o A A S A S o . T 2 S
(‘71’]2’${W B[n],xy B[n]) B (lez’le\/[STllgL[Zn’l}%’ngSB[nD‘y%%R [n] — Xk % RGPkGSk,thkm,ijxQJ B[n]‘

(4.10)

Here fl is the estimated transmit laser index of 57, ]{\2 is the estimated transmit laser index of Sa. The
laser source selection at the relay for the next time slot is done according to the formula jp = 71 ® Jo.

The encoded symbol x¥5B[n], forwarded by the relay to the source nodes is given by:

z *P[n] = 21"9F[n] @ 25" [n] | (4.11)

where the estimated values of the message bits coming from the two sources, at the relay are 258 n]

and 3158 [n]

and @ is the bitwise XOR, operator. The source nodes receive the signals in the next time

slot, which is given by:

Yl [n+1) = | RePrGS R Mjgpjnea®it - 10] + ikuln] +wiln], k=12, (4.12)

where ji., denotes the photodetector of the Sy source node. wg[n] is the noise at source node S
which can be represented by zero mean white Gaussian random variable having variance Ny. igi[n] is
the self-interference at the source node Sy due to full-duplex nature of operation of the source nodes.
Pr is the transmission power of relay node. An assumption is considered that perfect channel state
information (CSI) is available at the source nodes. However considering CSI to be updated at regular
intervals, performance analysis for outdated and imperfect CSI can be considered for future work. The
channels in FSO communication exhibit a quasi-static nature resulting in a very slowly varying channel,
thereby making reliable feedback a possibility. Power adjustment can be done based on CSI to improve
the performance. Power imbalance technique along with adaptive optical source labelling in OSSK has
been considered in [127], where channel gain ordering has been sent though the feedback link instead of

the exact channel gain values, thereby saving valuable feedback overhead bits. Future research can be
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conducted in extending a similar type of analysis for outdoor OSM and PLNC based FSO cooperative
systems also. Thus considering CSI is available at the source nodes, the parameters jg, :L‘%[ SB[n] are
detected using ML method. The estimated symbols at the source node are jr and ﬁ:% SB_ Using the
known bit values, the message bits are calculated at the Sj source node and are denoted by a?é\/[ SB and

~LSB
Ty .

2P =jr@g k=12, (4.13)

M5B ] = gM5Bn] @ aM5Bn], k=1,2. (4.14)

4.3.2 Performance Analysis

Evaluation of exact outage probability expression is difficult for OSM and PLNC based bidirectional
cooperative communication. For exact expressions, the end-to-end SNR, PDF and CDF need to be
evaluated. This is a challenging task due to the complex intractable nature of the expressions for such a
system model. Hence we are opting for lower and upper bound evaluation of outage probability. Future
research work may focus on deriving end-to-end SNR, PDF, CDF and outage probability expressions
for such a system model. Analytical expressions for lower and upper bounds of outage probability are

derived and verified in this section.
4.3.2.1 Lower Bound of Outage Probability

Assume np = JI\J,—’B, NR = Z—’;, k=1, 2 be the SNR at source nodes and relay node respectively. Thus
and np are the average electrical SNRs at the corresponding nodes. The SINR at relay node and source
JRra Jkra

node S; are denoted by Vs R and YRS, respectively. The SINR at a particular photodetector (whose

index is given by jr,.) located at relay node, is given by:

. R.G hi )2
’Y]S]:TII{ _— nk (S Sk[v_g( jktwv]R'r‘x) . k: — 17 2 ' (415)
No +1

The SINR at photodetector (whose index is given by ji,.) located at source node Sk, is given by:

2
Jkre nRReGskvR (h]k'rz 7tha:)

R7Sk» - ]R

. k=1,2. (4.16)

The outage probability lower bound of OSM-DFTWR for a data rate of R, bits/s can be defined as:

PR,LB ( Rd) >

out
. N N
P[2logy(Nyp) + logy(1 + mln(max(q/él’R, 7%'1,1%’ s Vs R)s max(vé%R, V%Q,Rv e Vsy R))) < Ra -

(4.17)
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It is assumed that there is no error in laser selection. This assumption is taken because if laser selection
error is considered, then it will be difficult to achieve closed form expressions. Numerical analysis has to
be done which defeats our initial motive of obtaining closed form expressions. The PDF of the random
variable obtained from the difference of two G-G random variable is unknown. Without the difference
PDF, the pairwise error probability, BER and outage probability cannot be evaluated. Research is going
on to solve the nature of the difference PDF and this can be a scope for future work. The addition with
the 2logy(Nr) term is due to the fact that log, Ny, bits are used for activating a particular laser and
since it is full-duplex communication, therefore 2log,(Ny) bits will be used. The detailed analysis of this
term is provided in Appendix of [128] and already provided earlier in Chapter 2 for RF communication.
The max-min criteria has been used for selecting the optimum SINR for lower bound in this case [59, 60].
This criteria is used for RF domain also and the logic behind the selection of this criteria has already
been explained in Chapter 2. One has to remember that outage probability occurs when either of the
two links (relay-to-source 1 or relay-to-source 2) fails. This condition is only satisfied when minimum of
random variables is considered as explained in minimum criteria of Eq. (2.50). Again there are multiple
lasers at each of the source nodes. Hence for a particular source node-to-relay link, the minimum chance
of outage probability is when all the lasers fail to transmit for that particular link. Even when a single
laser can transmit the signal properly, then that source-to-relay link can be maintained. Therefore
minimum outage probability is possible when maximum of random variables at each source node (all
link failure condition) is considered as explained in maximum condition of Eq. (2.50). Hence the laser
photodetector link generating the maximum SINR for a particular source-to-relay node is selected, and
out of the maximum SINR of each source-to-relay node path, the minimum one is chosen such that
lowest outage is generated. Assume ¥ = min(max(yéhR,%%hR, ....,'yggL’R), max(*yébR,'yk%Q’R, ....,'yéVQfR))
and ry,, = 2fa—21og2(NL) _ 1 The outage probability lower bound at relay node after solving Eq. (4.17)

is written as:

Poig™® () = Fyp(yn) = 1= Il (U= By (u)Fyz | (vn)- vy () (4.18)

SR

The above equation is derived in a similar manner as explained in Chapter 2. Using Eq. (2.48), (2.49)
and (2.52), Eq. (4.18) can be obtained. For variable number of lasers at each source node, the same
analysis can be done in the manner as shown in Chapter 2. To evaluate the above expression, the

individual CDF terms need to be evaluated. The channel coefficient h follows G-G distribution.

JktxJRra

Let y = (hjy,. jne)?- The final CDF of SINR, following CDF given in Eq. (4.7), can be written using
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Eq. (4.15):
+B8a
agt+Bg (aGﬁ)
(acBc) ™ 2 )(% 1—(2ctba) 1
F ( )_ el B G2’1 2 e B YthYabs 2 )
Yire Tth) = ()T (Ba) L3\ ea—fa fa—ec —eg—ba | “GPG \iReGs, x

(4.19)

where Y455 = 1(07oss/10, Depending upon the value of &k, Gs, r or G, r, and 11 or 12 are chosen. jr,
denotes the selected laser source of Si node and jg,, denotes the selected photodetector at the relay
node. The terms Fygkﬂ(%h), FV}gk,R(%h) etc. are obtained using Eq. (4.19). These values are put into
Eq. (4.18) to obtain the final CDF of )r. Eq. (4.18) basically denotes the outage probability in the
first stage when the source nodes send message to te relay. Now our next task is to calculate the outage
probability for the second stage. Second stage outage probability can be calculated when we consider
that message is received successfully in the first stage. Then the outage probability at the source node

Sk, k=1, 2 can be computed as [60]:

Pris(Ra) = P[21ogy(NL) +1ogs (1 + min(vh 5,57 g+ TR 5,)) < Ralsk = 1,2 (4.20)

The 2logy(Nz) term is used due to the same reason as explained earlier in (4.17). For second stage,
during relay to a particular source node transmission, outage probability can occur when any of the
available links between the lasers at relay node and a photodetector at source node fails. Hence the
minimum criteria can satisfy this condition. In this case, out of all the available links, the weakest link
is chosen.

Assume 95, = min('y}q’sk, ’712?7Sk’ ,’yg’Lsk) The CDF of 1g, is written as:

, N N,
Fyg (vin) =P {mln(v}a,skavzza,sk, s VRg,) < %h} =1 -1 (A= F o, (vn), k=12 (4.21)
k R,

Sk

The above equation is written using the probability equation of minimum of random variables as explained

earlier in Eq. (2.48). h follows G-G distribution. Let y = (hj,,, jn.)°- We can write F 5, (yn)

R,S},

JkrasJ Rtz

(following CDF given in Eq. (4.7)) by using Eq. (4.16) as:

(2atfa,

YthYabs
—Ithlabs +
ﬂRREGS]C’R G2’1 17(%)

1,3\ ag—B8¢ Bg—ag —eg—Ba
2 2 2

(acBc)' ™ 2
F,yjk'rz (fyth) = F(O‘G)F(ﬁc)

R,S},

agtBa )(

1
YthYabs 2
acha (nRReGSk,R) >

(4.22)

where depending upon the value of k, Gg, g or Gg, g is chosen. Here jj,, denotes the photodetector of

the source node Si. The term Fyg (vi) is computed in Eq. (4.21) using Eq. (4.22). The overall outage
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probability of the system can be computed by combining the outage probabilities at the source and relay

nodes. It is defined as:

S
PLB(yin) = PEEB (vin) + (1 — PEEEB (vin)) Pk (ven)

>1- Hz=1(1 - Fygk R(’Yth>Fygk R(’Yth)v ---7F7NL (”Yth))} X {H%Zﬂl - F,y;%k'rsz (ven))

S R

(4.23)

The total transmission consists of two phases. In the first phase, when the source nodes transmit

R_LB
Pout

message to the relay, the outage probability can be defined by the term , obtained from Eq.
(4.18). The second phase is the broadcasting stage from the relay. The second term in Eq. (4.23) i.e.
(1 — PR.LB (%h))PS’}(%h) gives the outage probability for this phase. Pift(%h) is obtained by solving

out ou

Eq. (4.22). In Eq. (4.23), we can observe that the term FV;'“,EZ (vn) decreases with increase in SNR nr
(since Meijer G term decreases with increase in SNR value). The subtraction of this term from 1 results
in an incremental value. The term Fvé g (V) contains the Meijer G function, as can be seen from Eq.
(4.19), which depends on the SNR 7;. As SNR increases, the Meijer G function decreases resulting in
a decrease in value of the overall term Fvé’:,rﬁ (ven). Hence the product of such terms also decreases.
The subtraction of the resulting product term from 1 gives an increase in the result and the product
of two incremented terms is again subtracted from 1, thereby causing an overall decrease in the outage

probability value with increase in SNR.
4.3.2.2 Upper Bound of Outage Probability

Our next objective is to find the upper bound of outage probability. The total upper bound has to
be evaluated in two stages. For the first stage, outage probability can occur when any of the links fails
(either source 1-to-relay or source 2-to-relay link). Maximum outage can occur for each source-to-relay
link when any of the available lasers at a particular source node fail to transmit the signal to be received
at the relay node. This is in contrast to the lower bound criteria when all the lasers for a particular
source-to-relay link had to fail. Thus to fulfil the criteria of failure of any link, minimum of random
variables concept has to be used as explained in minimum criteria of Eq. (2.50). Therefore the minimum
SINR of all the source nodes and relay links will be computed for upper bound evaluation. Such an

upper bound for the first stage can be derived for a data rate of Ry bps as:

Pﬁ;UB(Rd) < P[2logy(Np) + logy(1 + min('yéhR,'ygvhR, ~-~»75]}1L,R’7§2,R77§2,R7 ...,'ygng)) < Ryl . (4.24)

The other steps would remain the same as that of lower bound computation.

— min(~l 2 N 1 2 N _ 9Rg—2logy (N :
Assume g, = mln(fyShR,'yShR, ~--7751L,Ra752,R7’YSQ,R7 -w'YSQL,R) and 7y, = 28a—210g2(NL) _ 1. Using Eq.

(2.48) and (2.65), the following equation can be derived. The upper bound on outage probability at the

TH-229¢:4RpHERU?  OPTICAL SPATIAL MODULATION FOR FREE-SPACE OPTICAL
COMMUNICATION



91 4.3. OPTICAL SPATIAL MODULATION FOR FSO COOPERATIVE COMMUNICATION

relay is given by:

PP (vin) < Fyg, (in)

. N N,
= P {mln(r)é’hR) 7%17]—27 teey 751L7R7 ’Y,%'Q,R’ 7,%’2,]{5 RS ’YSQI;R) S ’Yth} (425)

N,
=1- Hi:l(HjRI;I:l(]‘ - F,ngr]g (vn))), k=1,2,
kR

where F,Yij (v¢) is defined in Eq. (4.19). Thus the overall upper bound of outage probability of the
SR

system (after inserting the values of the corresponding terms) can be defined as:

S
PUB(ven) = PEFVB (vn) + (1 = PEVB () Pk (ven)

(4.26)
Sk, R R,Sk

In the first phase, when the source nodes transmit message to the relay, the outage probability can be

defined by the term PZ-UB. The second phase is the broadcasting stage from the relay. The second

out

term in Eq. (4.26) i.c. (1— PEUB(y,,)) Pk

out out

Sk

() gives the outage probability for this phase. Pk () is
obtained by solving Eq. (4.22). In Eq. (4.26), we can observe that the term kakrszk () decreases with
an increase in nr value. This term when subtracted from 1 will give an incremented value. Meanwhile,
the term Fﬁffﬁ (vn) contains the Meijer G function, as can be seen from Eq. (4.19), which depends
on the SNR 7. As SNR increases, the Meijer G function decreases resulting in a decrease in value of
the overall term F“on;}:,rﬁ (vn). Hence the product of such terms also decreases. The subtraction of the

resulting product term from 1 gives an increase in the result. The product of two incremented terms

when subtracted from 1 results in an overall decrease in outage probability value with increment in SNR.
4.3.2.3 Outage Probability Analysis for Direct System

A bidirectional system without relay (DFSO) is considered and its outage probability is derived for
G-G channel. A laser and a photodetector are present in each of the two devices S7 and Sy, such that
they can exchange data with each other. The SINR at any of the nodes is given by:

. Nk Re (h51,52>2

Vs ,S2 = ’ k = ]-;2 ) (427)
1,02 % +1

where hg, s, denotes the channel coefficient between the two devices S1 and 52, following G-G distribu-

tion. Therefore outage probability for DFSO system is given by:

Pout =P {751,52 < Vth} = FVSl,SQ (’Yth)

agtBag
ag+Ba (Gi) 428
(agBc) ™ 7 ) ( Uhlabs ! 1_(ectBa 1 (4.28)
— Mk Tte G271 (=%=) acB YthYabs \ 2
T(ag)T(Be) 13\ ec_fa fe_oc —ag—ia GPG \ "1 Re J
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where vy, = 2f% — 1 and CDF can be written using Eq. (4.7) and Eq. (4.27). The distance of separation
was 2 Km between the nodes in OSM-DFTWR. For this analysis, distance of separation between the
nodes will be 4 Km as no relay is used. Accordingly values of ag and g are calculated for DFSO
system. From the expression, it is clear that with an increase in SNR value, the Meijer G term decreases,

resulting in an overall decrease of outage probability.
4.3.2.4 Asymptotic Analysis

The asymptotic analysis can be carried out for lower and upper bounds of outage probability. First
let us focus on the final lower bound outage probability expression as given in Eq. (4.23). The expression
is a product of CDF terms and each CDF term has a Meijer G component. As shown earlier in Chapter
2, the Meijer G function needs to be expressed in terms of basic mathematical functions. For this, the
argument in Meijer G function is first inverted using Eq. (6.2.2) in [62]. Hence at very high SNR values,
CDF of SINR in Eq. (4.21) can be written as:

ag+8 Tehdle]
F ~ (ocBe)" “ G)(% ( ) 2 ap—
~Jkta (ven) = NCTINED) dk=1%

SR

1y Hl2:1;l;£k I(ay—ar) Hzlz1 P(A+bi—a) (4.29)
H?:;’, F(1+al—ak)

1/2
where z = (M) / ,a=[1-— (%), 1-— (BG_%), 1+ (%)], b= [%;—’BG—] Similarly CDF

YthYabs

of SINR for source node in Eq. (4.18) is also expressed in terms of elementary function for performing

asymptotic analysis. For diversity gain, the highest exponent of SNR is selected. In our case, nx or ng is

the SNR and its highest exponent will be —O‘GZﬁG - O‘GZ'BG = —ag/2if ag > g or —fg/2 if ag < Ba-.
Hence the diversity gain D, is dependent on the channel condition and is given by negative exponent
of SNR ie. ag/2 if ag > Pg or Bg/2 if ag < Pfg. Referring to Eq. (2.73), the final diversity gain is
thus given by D, = min(ag/2, 8g/2). The overall coding gain for lower bound on outage probability

(considering multiplication of CDF terms) is given by:

QGJ"ﬂG M)
o (agBa) ™2 )(%EE’;) i 2 ( ReGskyR)l/%akl)
! I'(ag)l'(Ba) =\ VihYabs

3N
y Ttk Dok — ar) [Ty T(1+ b — ak)) ~Pg (4.30)
H?:?) F(l +a; — ak)

Thus we can observe that the slope of the outage probability curve is dependent on the atmospheric
turbulence parameter. Weaker turbulence results in higher values of fg (with S < «g), thereby

providing more diversity gain.
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4.3.3 Results and Discussion

In this section, analytical results of bounds on outage probability are plotted for various system
parameters and validated by means of Monte Carlo simulations. Strong AT, N;=2 and L (distance
between source nodes and relay)=2 Km are considered unless explicitly stated. The influence of different
system parameters on the system performance is also studied and valuable insights regarding the system
are noted.

The outage performance of OSM based DFTWR system is compared with PLNC evaluating all the
lower and upper bounds. It is evident from Fig. 4.2 that outage probability value is least for OSM based
DFTWR (OSM-DFTWR). It can be clearly seen that the simulation results follow a tight lower bound
for the proposed method, thereby validating our analysis. The simple direct FSO (DFSO) model without
relay performs the worst which justifies the use of relay. The PLNC results have been modelled using Eq.
(7) in [123]. The parameters used are same as the parameters used for generating outage probability of
OSM based DFTWR. Our proposed results are compared with the results in [124] also where the authors
have used lognormal channels. The outage probability for PLNC with lognormal channel are calculated
using Eq. (14) of [124], and subsequently the results are plotted in Fig. 4.2 of our chapter with the
labelling as PLNC-LOG. The outage probability for direct FSO are calculated for our parameters using
Eq. (15) of [124] and the results are labelled as DFSO-LOG in Fig. 4.2 of our chapter. Thus we have
compared our proposed results with two methods available in literature and we can observe that our
proposed methods perform better with the same parameters.

Our proposed system performs better than PLNC because in PLNC multiple lasers operate leading
to more inter-optical interference. While in case of OSM-DFTWR, OSM is applied along with PLNC
causing a single laser to be activated at a time. This reduces the inter-optical interference leading to
better performance. The performance improvement can be studied analytically also from the lower bound
and upper bound expressions. The threshold SNR contains a term (R4 — 2logy (N )) for our proposed
method while it is only R4 for PLNC. The effective data rate is reduced for OSM-DFTWR method. Our
proposed system also performs better than DFSO system. This can be explained from a physical point
of view also. In DFSO, the relay is absent, hence the effective distance of separation is 4 Km, while it is
only 2 Km for OSM-DFTWR. Due to larger distance of separation in DFSO, the light rays have to travel
a larger distance and encounter more turbulence effect. This hampers the light propagation, leading
to more chances of error, thereby giving poor performance of DFSO in comparison to OSM-DFTWR.
Another interesting fact to note from the graph of Fig. 4.2 is that the DFSO and PLNC methods using
lognormal channels behave in a different way. The lognormal channel based systems give poor results

at lower SNR values but can match the results of our proposed system (using G-G channel) for higher
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SNR values. This is due to the fact that lognormal channels are suitable for weak turbulence conditions.
We have done our analysis for strong turbulence conditions for which G-G channel is appropriate and
hence our proposed system is giving good results at low SNR values (even when signal power is weak).
Now when SNR is very high meaning that signal power is very high (keeping noise power constant), then
lognormal channels can give better performance as indicated by the nature of the curve. But optical
signal power cannot be raised beyond a threshold limit as it may be hazardous to our eyes. Therefore, the
signal power needs to be limited and hence we have to design methods which are capable of yielding better
results at low SNR values (even with limited signal power). This justifies the fact that our proposed
method is appropriate for FSO communication as it can yield superior performance even at low SNR
values under strong turbulence conditions.

The different SNR values required to achieve certain target outage probability values for different
methods are tabulated in Table 4.5. Three different target outage probability values are chosen as 0.1,
0.08, and 0.05. The SNR gain of OSM based DFTWR, over PLNC is 6 dB or more which justifies the
fact that the proposed system is beneficial. The SNR gain of OSM based DFTWR over conventional
DFSO is more than 10 dB for all cases. As the outage value decreases, the gain in SNR for our proposed
method is much more which is beneficial. This is due to the fact that extra bits are used for activating the
transmitting optical source, causing one laser to be active at a time, thereby reducing the inter-optical
interference.

Table 4.5: Comparison of lower bounds on outage probability

P SNR for various techniques (in dB)
out | OSM-DFTWR | PLNC | DFSO | PLNC-LOG | DFSO-LOG
0.1 19 26 30 33 35
0.08 21 28 32 35 37
0.05 25 31 36 36 38

The upper bounds on outage performance of the proposed method is compared with that of PLNC
in Fig. 4.3 analytically and by means of Monte Carlo simulations. The bounds show improvement
in performance for OSM based DFTWR, for both 7;,5s=0 dB and ~;,ss=3 dB. It is observed that the
proposed system has 2 bps data rate more than that of PLNC. This is due to the bits which are required
for laser selection which in our case is 1. Since the communication is full-duplex, hence the increment
factor in data rate will be 2. This can be explained with an example. For 7;,,:,=3 dB and outage
probability value of 0.15, PLNC has a data rate of 3 bps while OSM based DFTWR has a data rate of 5
bps. It is also observed that with an increment in data rate, there is an increment in outage probability
also, leading to inferior system performance. Higher data rates are difficult to achieve, hence chances of

error are more. Therefore, we can conclude that lower target data rates are suitable for better system
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Figure 4.2: Comparison of outage probability between different systems
(Solid line represents lower bound of analytical results while * sign indicates simulation results).

performance.
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Figure 4.3: Comparison of upper bound on outage performance with respect to data rate
(Solid line represents 7;,,ss = 0 dB analytical results, o sign indicates 7,ss = 0 dB simulation results,
dashed line indicates 7;,5s = 3 dB analytical results and x sign indicates v;,ss = 3 dB simulation results).

For different SNR, loss factors, v;0ss=0 dB, 70ss=3 dB and ;,5s=6 dB, the lower bounds on outage
probabilities are shown in Fig. 4.4. The target data rate is 3 bps and the SNR at relay node is equal

to the SNR at the source nodes. It can be observed from the graphs that increase in SNR loss factor
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degrades the system performance due to increase in inter-laser optical interference. The analytical and
simulation results are validated by asymptotic results also and it is observed that the asymptotic results
merge with the analytical and simulation results for high SNR values, thereby justifying our analysis.
The increase in self-interference causes an increase in outage probability. For example, for SNR=20 dB,
the outage probability value for ~;,5,=0 dB is 0.08, outage probability value for 7;,5s=3 dB is 0.09, while
for ;,ss=60 dB, the value is 0.13. Thus we can observe that the outage probability value increases with
increase in SNR loss factor. The analysis can be interpreted in a different manner. As the SNR loss
factor increases, it means there is more interference at the relay node due to simultaneous transmission
from the source nodes. Hence reception of message by the relay node in the first time slot is not correctly
done. The relay is incapable of transmitting the message correctly in the second time slot in presence of
interference, leading to more chances of error. Thus the outage probability performance becomes worse

with increase in SNR loss factor.

Outage probability
[a—y
<
(5]

[—
<=
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Figure 4.4: Comparison of outage performance of the system with different SNR loss factors
(Solid line represents analytical results, * sign indicates simulation results and dashed line represents

[an—y
=
=
—

asymptotic results).

In Fig. 4.5, the performance of OSM based DFTWR is analyzed in terms of link distance. It is
evident from the graph that there is an increment in outage probability value with an increment in link
distance (as distance between source nodes and relay is increased), thereby leading to inferior system
performance. Atmospheric turbulence causes fading which increases with an increase in distance. As
the distance increases, the LOS path is blocked due to presence of more obstacles. The optical signal

also has to travel through more turbulences. The light rays undergo more scattering and refraction as
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the turbulence increases, thereby resulting in reception of poor signal at the receiver located far away.
This is the reason for poor performance of the system at large link distances. The analytical results
are justified by means of simulation results. The asymptotic results converge with the analytical and

simulation results for high SNR values, thereby justifying our analysis.
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Figure 4.5: Effect of link distance on the lower bound of outage performance of the system
(Solid line represents analytical results, * sign indicates simulation results and dashed line represents
asymptotic results).
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The performance of OSM-DEFTWR is verified by Monte Carlo simulations for different atmospheric
conditions in Fig. 4.6. The simulation results are in close accordance with the analytical results. The
asymptotic results also show close match with the analytical and simulation results at high SNR values,
thereby justifying our analysis. This system gives reasonably good performance even under strong
and moderate atmospheric turbulences where fluctuations in atmosphere are much more. The outage
probability is maximum for strong atmospheric turbulence while it is least for weak condition. Hence it
is concluded that G-G channel yields optimum performance even in harsh atmospheric conditions. It is
pertinent to note that as the atmospheric turbulence increases, the Rytov variance value increases due
to increase in value of the constant C2. Accordingly, the value of ag and Bg changes to denote the
presence of more scattering effects. This hampers the optical signal propagation, leading to more error
for higher degrees of turbulence. During daytime when the air gets heated up and the hot air being
lighter rises up, more turbulence effect is created leading to increase in C2 value. This also degrades
the performance of our proposed system. Again during night, the value of C? is the least leading to

weak turbulence effect, thereby improving our system performance. Fog and snow also influence the
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turbulence conditions, thereby changing the system performance accordingly. Thus it can be inferred
that the amount of turbulence plays a key role in determining the system performance. We have broadly
categorized the varying turbulence conditions into three categories, however for other conditions, values

of ag and Bg can be calculated and accordingly the system performance can be compared.
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Figure 4.6: Lower bound of outage performance of the system under different atmospheric conditions
(Solid line represents analytical results, * sign indicates simulation results and dashed line represents
asymptotic results).

The number of transmitting laser is varied and its effect on outage probability for OSM based DFTWR
is studied analytically in Fig. 4.7 and verified by means of Monte Carlo simulations also. The results are
validated by asymptotic results also. SNR of both the nodes and the relay is varied while Ny, is varied
as 2, 4, and 8. We know that increase in number of transmit lasers leads to increase in spectral efficiency
and outage probability. There will be an increase in bit rate by a factor of 2 if we use Ny=4 system
rather than a Np=2 system, but it also requires an additional 4 dB of SNR to maintain the same outage
value as that of Nyp=2 system. Similarly to increase the bit rate by a factor of 3 for N;=8 system, it
requires additional 4 + 4 = 8 dB of SNR as compared to Nyp=2 system. Thus a compromise between
spectral efficiency and error rate is required. The increase in transmit lasers will lead to more inter-laser

optical interference, thereby leading to a decrease in performance.

4.4 Transmit Laser Selection for FSO Communication
In the last section, we have seen that OSM can improve system performance for FSO cooperative
communication. However, it has some drawbacks which we are going to resolve by some new methods

in the subsequent sections. We will also incorporate the effect of pointing error to our channel model
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Figure 4.7: Effect of variation in number of transmit lasers on the lower bound of outage performance

of the system
(Solid line represents analytical results, * sign indicates simulation results and dashed line represents

asymptotic results).
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to demonstrate its effect on the performance of FSO systems. Pointing errors generally occur due to
misalignment of laser sources due to wind speed, building sways, etc. In practical FSO communication,
these type of errors can occur due to wind, building vibrations, etc. Path loss can also occur as the signal
on propagating through the atmosphere undergoes an attenuation effect. These effects are incorporated

in the G-G channel model for further analysis.

In case of OSM if the chosen link is down or blocked, then the message would not be transmitted and
the system performance suffers. This leads to the necessity for transmit laser selection (TLS) depending
upon the channel condition. We can either use only TLS or TLS combined with OSM to improve the
throughput [129]. TLS is used to select the best set of transmit laser sources out of the available multiple
laser sources depending on the channel condition. As light passes through the atmosphere, it undergoes
changes in direction and energy due to changes in refractive index. Laser alignment technique cannot
yield the optimum performance in such scenarios and TLS can be used to improve the performance.
OSM is combined along with TLS to further improve the spectral efficiency. At the receiver, light rays
may not be received properly due to attenuation and scattering of the signal. But if we have a set of
laser sources to choose from, then we can select the best transmit laser depending on the received SNR.
This compensates for the increase in cost due to the use of multiple laser sources, else performance may

degrade if a certain optical link is down or blocked. Thus in this work, we have explored the possibility
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of laser source selection by selecting one or multiple sources out of the available set of laser sources
for cooperative FSO communication. The received SNR at the destination node in both the hops can
be maximized by applying TLS. The destination node performs maximal-ratio combining (MRC) to

maximize the received SNR.

In Section 4.3, literature related to MIMO FSO communication and OSM have already been presented
in detail. Hence literature related to OSM with pointing errors and TLS techniques are presented in
this section. Performance analysis for FSO links has been done in terms of outage probability in [130]
and the study includes pointing errors, but they have not considered OSM or transmit source selection.
Outage probability for cooperative FSO communication including pointing errors has been evaluated in
[131]. Symbol error rate for spatial modulation in visible light communication has been computed in [132]
using adaptive scheme where modulation order has been varied. The authors in [133] have calculated
lower bound of mutual information using channel adaptive scheme for optical spatial modulation. In
the literature, authors have performed error analysis over k-u [134] and 7-p fading channels [135] for
cooperative RF communication. OSSK over G-G channel with pointing error has been analyzed by
evaluating BER, coding gain and diversity gain in [136]. OSSK has also been investigated in terms
of BER in [137]. Both the works in [136] and [137] consider pointing error for FSO communication.
The performance of a coherent FSO system has been analyzed in [138] considering pointing error and

geometric spread in addition to atmospheric turbulence effect and path loss.

Outage probability for SM systems with antenna selection for RF communication has also been
evaluated in [32]. Previous works have considered transmit antenna selection in conventional RF com-
munication over Rayleigh [139] and Nakagami [140] channels. There are few works related to TLS in
FSO communication also. A TLS method for multiple-input-single-output (MISO) FSO communication
system has been explored over strong turbulence channel using K distribution in [141]. In this work,
the authors have assumed CSI at the transmitter and receiver and depending on the largest scintillation
value of the optical path, transmit laser is chosen. TLS scheme has also been studied for FSO commu-
nication using K distribution in [142]. Transmit laser selection and receive diversity has been reported
in [143] for mobile FSO nodes and the analysis has been conducted over weak lognormal channels. For
underwater visible light communication, TLS has been proposed for diver-to-diver MISO system in [144].
Asymptotic error analysis has been performed for TLS based FSO communication over G-G channels
with pointing errors in [145]. However this work has not achieved any closed form expressions for error or
outage probability. TLS has been combined with space-time trellis code for MISO FSO systems to select
two out of available laser sources in [146]. The authors have considered strong turbulence conditions

and modelled the channel using negative exponential and K distribution in this work. Another work has
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been reported in [147] related to TLS combined with space-time trellis code for MISO FSO systems.

After studying the literature, it is found that a significant research gap exists in the combined ap-
plication of TLS and OSM for FSO cooperative communication over G-G channels with pointing error
and path loss effect. Another gap exists in deriving closed form error expressions for both TLS and
TLS-OSM systems over G-G channels with pointing and path loss error. In the literature, TLS has
mostly been analyzed for strong turbulence conditions and has not been analyzed for cooperative FSO
communication to the best of the author’s knowledge. The complexity analysis of TLS and TLS-OSM
schemes in terms of power consumption, cost, decoding complexity and overhead bits are not available
in the literature also. All these factors motivate us to propose TLS and TLS-OSM schemes for FSO

cooperative communication over G-G channel incorporating pointing error and path loss effect.

The contribution of our work is in deriving closed form expressions of outage probability and ASEP
for TLS and TLS-OSM schemes in a FSO cooperative system. The performance of such systems are also
compared with a system devoid of TLS. Asymptotic analysis is also performed for the proposed schemes
and coding and diversity gains are calculated. The power consumption, cost, decoding complexity and
overhead feedback bits required are analyzed for TLS and TLS-OSM. G-G channel incorporating pointing
error and path loss effect is considered, thereby representing a practical scenario. The importance of our
work is highlighted by the fact that closed form expressions are necessary for system analysis. Without
closed form expressions, it is difficult to gain proper insight into the system performance. Closed form
expressions can be used to understand the nature of system performance by varying certain system
parameters. Asymptotic analysis is also possible from the closed form expressions. FSO is basically
a LOS communication. Hence to transmit data over large distances (generally of the order of several
kilometers), relays are required as it is easier to maintain LOS links between two short distant nodes.
Presence of obstacles in urban environment also blocks the LOS path, making cooperative communication
all the more necessary. Therefore, we consider performance analysis of TLS and TLS-OSM in cooperative

FSO system in the subsequent sections.
4.4.1 Channel Model with Pointing Error

G-G channel model with pointing error is used for this analysis. The turbulence parameters for
various atmospheric conditions have been defined in the previous sections. The detailed explanation of
pointing error along with the CDF and PDF of channel model after including pointing and path loss
error are derived in this section. Misalignment of laser sources causes pointing errors for which certain
factors like aperture size of the detector, beam width and jitter variance have to be considered [130]. A

circular aperture of radius ¢ and a Gaussian beam profile at the receiver is assumed for this work. Let

TH-2298_I5618Z00BTER 4. OPTICAL SPATIAL MODULATION FOR FREE-SPACE OPTICAL
COMMUNICATION



4.4. TRANSMIT LASER SELECTION FOR FSO COMMUNICATION 102

detector accumulate h,, fraction of the power. The PDF of h,, is defined as:
Py (hp) = =S (4.31)

where h;, can take any value in the interval [0, Ao] and ¢ = w.,,/20s. ¢ can be expressed as the ratio
between equivalent beam radius at the receiver (w.,,) and twice the pointing error displacement standard
deviation at the receiver denoted by o,. (2 is the coefficient which mainly denotes the effect of pointing

error on the system performance. The above mentioned terms are defined as:

Ao = lerf P, =2 YISV (132

where w, is the beam waist of a Gaussian beam propagating in atmospheric turbulence and its value
is given in [130]. erf is the error function encountered while integrating the normal distribution. The
laser beam while propagating through the atmosphere also causes attenuation of laser power which can

be calculated by using Beer Lambert Law:

hi(z) = = exp(—0att?) , (4.33)

where attenuation coefficient is denoted by o4, hi(z) is the power loss which occurs due to laser beam
propagation over a distance z, and P(z) is the laser power measured at a distance z. For a long
observation period, the term h; is considered to be a fixed scaling factor. Thus this term accounts for the
path loss error. h is the turbulence induced fading coefficient. The total error in FSO communication is
the combined effect of pointing, attenuation and turbulence fading induced error. Therefore, the overall

PDF of hey = hihyh after considering attenuation and pointing error can be written as [130]:

STy e
Fios (heg) = —— B¢ / W< f(h)dh 4.34
ha = et [ (430

For strong turbulence when G-G channels are used, then the overall PDF can be modified as [130]:

2§2(aG50)(ac+ﬂc)/2) s o [© L
heg) = h¢ 1/ ploctBe)/2=1-C g . (9,/ h)dh . 4.35
fheq( q) (AOh[)éQF(OZG)P(BG) eq heq/A()hl G BG( aGﬁG ) ( )

The modified Bessel function of second kind and order ag — g (Ku,—g,) can be expressed in terms of

Meijer G function and the final equation can be rewritten as [130, 148]:

B CZ(QGQG)(aG%c)/?) 1

heg) = h$ /Oo plac+Ba)/2=1-¢2 2.0 [ hl——— | dn
Trealhea) = RPN ™ I o2\ *0%6" | 2ofe Foaz
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_ GlacBe) " G3,o< ¢2
I(aq)L(Ba)Aghy ~ 13\ ¢ -Lac-1,6-1

O‘G/ﬁG heq )
) (4.36)

Let received SNR y = hgq. Considering change in random variables, the PDF of received SNR is given

by:
C(acBe) 30 2
(Aoh))T(e@)T(Ba)2y' /2~ 12 \ - Lag-1pe-1

fr(y) = (4.37)

Aphy

OéGﬁGy1/2>

The overall CDF, after considering pointing and path loss error can be evaluated by integrating Eq.

(4.36) and can be computed as:

¢? 31( 1,241 O‘GﬁGhW)
I S =eth al ; ; A A 4.
heq (Deq) I'(ac)T'(Ba) X Gai ¢CiacBe 0| Aghy (439)
The CDF of received SNR after integrating Eq. (4.37) can be written as:
¢? s 11 | acBoy'?
F - > a3 ’ el ides W B 4.
v(y) ['(ag)T'(Ba) G2 | g e Aohy (439

4.4.2 Proposed System Model for TLS and TLS-OSM

The conventional 3 node one-way relay model, composed of source node (SN), relay node (RN) and
destination node (DN) is considered, as displayed in Figure 4.8. SN and DN are directly interconnected
also. The nodes are half-duplex in nature with Ny, lasers at SN and RN and Np photodetectors at RN
and DN nodes. In this model, the nodes exchange data bits by means of DF technique at the relay.
For transmission, N LED/lasers are utilized while Np photodetectors of responsivity R, are used for
reception. The relative gains of the links as illustrated in Section II of [51] and Eq. 3 of [52] are written
as: Ggp = (%)T, Grp = (%)T where Gg r and G p are the relative gain of the SN to RN link
and RN to DN links respectively, dsgr, dsp and dgrp are the distances between SN and RN, SN and DN,
and RN and DN links respectively. The path loss coefficient is denoted by 7. Relative geometrical gain

factor k,q = g}i”; indicates the relative position of RN node. When RN is located closer to DN, &4 is

less than 1, whereas k4 is greater than 1 if RN is located closer to SN and if RN is equidistant from SN
and DN then k4 is 1.

In the source and relay nodes, source data modulates a RF subcarrier signal and the resulting
modulated signal modulates the intensity of optical source like laser. In TLS, among all transmit laser
sources, a single laser source is activated which give the maximum receive SNR. This laser source is used
for transmission of messages using M-ary modulation scheme such as BPSK in the TLS encoder. For
example, in Fig. 4.8 (a), TLI is chosen as 2 at the SN, hence laser 2 will be used for sending optical

signals, all other laser sources remain idle. Similarly, TLI is chosen as Ny, for RN, therefore only laser
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Figure 4.8: Proposed system model for (a) TLS and (b) TLS-OSM (TLI: Transmitter Laser In-
dex/Indices, PD: Photodetector).

Ny, will be sending optical signals. For illustration purpose, we have taken TLI=2 and TLI=Nj, for SN
and RN respectively. In actual scenario, TLI can be estimated before sending a chunk of data and TLI
can be sent from the receiver to the transmitter through a low rate partial feedback link [149, 150] using
log,(Ng) bits. Since RN has Ny, laser sources, any of these lasers could be used for sending TLI. In DN,
we have intentionally added a laser source for executing this low-rate feedback channel.

In TLS-OSM, among all the transmit laser sources, a set of T laser sources are selected which give
the maximum receive SNR at the receiver. On these T laser sources, OSM is applied. In other words,
transmit laser source activation and mapping of M-ary modulation scheme such BPSK are performed
depending on the incoming message bits. For example, in Fig. 4.8 (b), at SN, second laser is activated
for incoming message bit 0001 for T=8. In this case, BPSK symbol will be sent from Laser 2 of SN.
OSM decoder will decode the transmit laser index as well as the message bit sent from the transmitter.
Thus in TLS-OSM, TLI is sent using 7" logy(/N1,) bits through a low rate partial feedback link. TLS-OSM
detection process carries information for both TLI and symbol, unlike TLS where the detection is done

only for the symbol transmitted.
4.4.3 Complexity Analysis of TLS and TLS-OSM

For power consumption analysis, it is assumed that power consumption of each optical chain and
optical switch are P, and Pj, respectively [151]. oy, is the load dependent slope factor while Py, is the
The number of optical switches

optical transmit power. Each optical switch can connect two lasers.

required is denoted by Ng,. For spatial multiplexing optical MIMO techniques, N optical chains
are required, which is the same as the number of lasers required. For TLS and TLS-OSM, only 1
optical chain is required. To achieve a spectral efficiency of ngg bits per channel use (bpcu) for M-ary

modulation scheme, switch requirement for TLS is NJX% = N7, /2 while for TLS-OSM, switch requirement

TH-229¢:4RpHERU?  OPTICAL SPATIAL MODULATION FOR FREE-SPACE OPTICAL
COMMUNICATION



105 4.4. TRANSMIT LASER SELECTION FOR FSO COMMUNICATION

is NILS—OSM 2(nse—log2(M)=1) " Total power consumption of TLS and TLS-OSM scheme is computed

by Eq. (4.40) and (4.41) respectively.

PLFS = Py + agp Py + Peu NI (4.40)

PEFSTOSM = Pyt a4y Py + Py NEFSOSM (4.41)

Power consumption of optical MIMO techniques is given by:

Pgi"™M© = P,NL, + gy Piy . (4.42)

Though there is switch requirement for TLS and TLS-OSM scheme, but the number of switches required
to achieve a high spectral efficiency is less. Hence the total power consumption of Ny, optical chains in
optical MIMO is more than the power consumed by the switches and single optical chain in TLS and
TLS-OSM. Similarly from cost perspective, it is assumed that cost of each optical chain and optical
switch are C, and Cy,, respectively. A S/P converter is also required for TLS and TLS-OSM whose cost
is denoted by Cg/p. Total cost of TLS and TLS-OSM scheme is evaluated as Eq. (4.43) and (4.44)

respectively.
Ctj;tLS =Co+ CS/P + Cszg;ULS . (4.43)
Cti;f,S—OSM —N@ . CS/P 4 Cszg;ULS—OSM ) (444)
Cost of optical MIMO techniques is evaluated as CpA!M O = C,Np,. The cost of an optical switch is much

lower than that of an optical chain and number of switches required in TLS and TLS-OSM is much lesser
than the optical chain requirement in optical MIMO. An example is considered where nggp = 8 bpcu,
Np, = 64 and M = 4. The number of switches required for OSM is NSOwSM = 32, while TLS requires
NILS = 32 switches and TLS-OSM also requires NLES—OSM — 39 switches. The parameters considered
are P, = 53W, oy, = 3.1, Py, = 6.3W, Py, = 0.2W, C, = 10008, Cs/p = 23, Csy = 2208. Please note that
these are typical values obtained through quotations and websites [152, 153, 154, 155, 156]. The cost
may vary according to location, however the proportion of the values with respect to each other will be
similar. An optical chain comprises of intensity modulator, RF modulator, DC bias adder, pulse shaping
and I/Q modulator blocks. Hence the cost is calculated accordingly. The power consumption of OSM,
TLS and TLS-OSM are thus calculated as POPM = PLLS = Pt:gtLS*OS M — 78.9 W while optical MIMO
has power consumption of PM/MO = 3411 W. Similarly, the cost is calculated for OSM, TLS and TLS-

OSM as CO5M — CTLS — oTLS-OSM _ 804 9§ while the cost of optical MIMO is CMIMO — 640028.
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Hence it is conclusive that TLS and TLS-OSM perform better than optical MIMO in terms of power
consumption and cost. Decoding complexity of optical MIMO is given by MY (as ML decoding is
applied), whereas decoding complexity of TLS and TLS-OSM is given by M since single optical chain is

used. The complexity comparison table is shown in Table 6.1.

Table 4.6: Complexity comparison of the proposed methods.

Power Decoding TLI
Schemes . Cost .
consumption complexity | overhead
Optical _
MI}M o | PoNe+auPy C,N1. MNe Nil
P, + oy Py + Co+CS/P+
TLS ° " M log, (N,
P, + oy, Py + Co+Cg/p+
TLS-0SM | 5° “rl's osar | o - nTLososM M Tloga(Ni
Pszsw Csw Nsw

4.4.4 Performance Analysis of TLS and TLS-OSM

Outage probabilities and end-to-end ASEP of the the system are evaluated in this section. First we
have analyzed system performance in selecting one optical source and then we have incorporated OSM
along with TLS to select a set of optical sources. Assume ng = ]I\DI—SO, NR = %, be the SNR at source node
and relay node respectively. Ps indicates the source node transmission power and Pp indicates the relay
node transmission power.

4.4.4.1 Owutage Probability of TLS system

In the first time slot, the message is broadcasted by the source node to the relay node and destination
node. The message is decoded at the relay and on successful decoding, the message is encoded by the
relay and retransmitted to the destination node in the second time slot. The process is unidirectional in
nature.

The jr photodetector of RN receives the signal in n' time slot which is given by:

yg;f [n] = /RePsGs.r hi’iR:E[n] + wg(n] , (4.45)

where jr € {1,2,....., Np}. At the relay node, the noise is represented by the term wg[n]. R, is the
responsivity of the photodetector. x[n] is the message bit modulated by BPSK scheme in the n'”
time slot. hi’iR is the channel coefficient between the i*" transmitting laser of node SN and j** receiving
photodetector of node RN. The signal received at RN is decoded by using ML algorithm and the decoded
message bit is denoted by zg[n].

The received signal emitted from the relay and obtained at the jp photodetector of destination node
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in nt" time slot is expressed as:

yio[n] = \/RePrGr.p hf;DxR[n] + wg[n] . (4.46)

hf{D is the channel coefficient between the i** transmitting laser of node RN and j** receiving photode-
tector of node DN. At the destination node, the overall noise is denoted by wg[n].

The received signal emitted from the source node, obtained at the jp photodetector of destination

node in n'" time slot is expressed as:

yfq%[n] = +/R.Pg hi’iD:L‘[n] +wp[n] . (4.47)

hi’iD is the channel coefficient between the i transmitting laser of node SN and j** receiving photode-
tector of node DN. For broadcasting phase, the overall noise is represented by wp[n]. MRC is applied
at the destination node to maximize the received SNR at DN in both the time slots.

In case of photodetectors, the major sources of noise are thermal noise, shot noise and dark current

4kBTeBan)

7 generated due to a load resistance (Ry) of

noise. We have considered thermal noise (oy =
50 © at a temperature (T¢) of 300 K. kp is the Boltzmann’s constant, F), is the noise figure and B,, is
the bandwidth. Shot noise arises due to the random arrival of photons and is given by o, = 2¢.R. Ps B,
where g, is the electron charge. Dark current noise is given by o4 = 2¢.Ipc By where Ipc is the dark
current generated in photodetector in absence of light [157]. Hence overall noise variance at the nodes is

given by 02 = 0?7 4+ 02 + o3.

A single transmit optical source is selected according to the following criteria:

ND
I* = arg max {CZ- = i!hi’iDP} , (4.48)
1<i<NE j=1
where k € {S, R}, I* denotes the transmit laser index of node k which maximizes the received SNR at
the destination node, hi’iD is the channel coefficient between the i** transmitting laser of node k and
4t receiving photodetector of node DN, N g is the count of photodetectors at DN and N IE denotes
the number of lasers at k' node. Each C; for i € (1,2,...N¥) for node SN and RN are arranged in
ascending order such that Cy < Cy < ... < C NE- At SN and RN, the transmit laser index is chosen which
gives the highest value of C NE- Assumption is taken that all channel coefficients hf”iD are independent
and identically distributed. The CDF of the received SNR after applying TLS, (F,(y)) follows square
of G-G distribution with pointing errors. Our next objective is to find the outage probability of the

TLS system. The total transmission occurs in two stages. Hence the outage probability has to be
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computed in two steps. For the first step, outage probability occurs independently in both the source-
to-relay link and source-to-destination link. Thus the first stage outage probability will be the product
of outage probability of source-to-relay transmission and the outage probability of source-to-destination
transmission. If the relay is able to decode the message successfully in the first stage, then the second
stage transmission occurs and the outage probability is computed for relay-to-destination link. Hence
the second stage outage probability can be computed as the product of outage probability of relay-to-
destination transmission and the complement of outage probability of source-to-relay transmission. Now
for TLS, outage probability occurs when all the paths from lasers at one node to photodetector at the
other node fails. Due to the presence of diversity, even if one laser is able to transmit successfully, then
outage does not occur. This means all links for source-to-destination have to fail for outage condition,
meaning maximum of random variables criteria holds true. Therefore, outage probability for a particular
link in TLS is given by the product of individual outage probabilities of a particular laser to photodetector
link. The outage probability for source-to-relay link is given by F.YSR(%), while the outage probability
of the overall source-to-destination link (when all link failure occurs for source-to-destination) is given

S

N
by [FWS D(%)} Y. The outage probability for the overall relay-to-destination link (provided relay can

NP +NE
successfully decode the message in the first phase) is given by [Fws RD (%Jﬁ)] ® . Therefore, the
end-to-end outage probability of TLS system can be evaluated as [134], [158]:
Yth Yth S Yth Yth NE;NE
out (Vth) ’YSR(,YSR) YsD (’YSD) ’YSR(,YSR) YSRD ~sD + VRD ( )

where v, = 2771 and Ry is the threshold data rate in bps. For analyzing outage probability considering

pointing errors, the CDFs follow distribution as given in Eq. (4.39). The CDFs can be expressed as:

2 Yth 1/2
2 ( Veh ) # ¢ a3l 1+ acha (WTR) (4.50)
TS\ Ysr T(aq)l(Bg) 2* | ¢*acBc.0 Aghy ’ '
/
th_
5 (’Yth > _ ¢ a3l e acha (isﬁp) (4.51)
50 \Fsp)  T(ag)T(Bg) 24| ¢tac.be0 Aohy ’
1/2
en
F ( Yth ) _ C2 G3,1 1,241 acha (’713%) (4 52)
YRD ’?RD F(CYG’)F(,BG) 2.4 Cg,acyﬂcﬂ AOhl 5 .

where average SNR of SN-to-RN link (Ysr) = nsR.Gs g, average SNR of SN-to-DN link (ysp) = nsR.
and average SNR of RN-to-DN link (Ygp) = nrR.Gr,p. ns and the nr are the source and relay
node SNR. The CDF terms contain the Meijer G function which depends on the SNR value. The
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Meijer G function decreases with an increment in SNR value resulting in decrement of the overall CDF

term. Hence there is a reduction in product of such terms. The CDF term F

Nor (FE) is subtracted

VSR

from 1 thereby increasing the result which is again compensated by a greater decrease of the term

S R
NpHNE L . . e .
2, hence resulting in an overall decrement in outage probability with increment in

Fysnp (’VSRW-:-}%RD )

SNR value. The outage probability of the system without considering TLS is evaluated as:

Yeh Yth Yth Yeh
Pout 1) v seection = Prsn( 225) [ Brs ()] + 1= P Q)] (Brao (570 )) - (433)
YSR YSD YSR YsD + YRD

4.4.4.2 Analysis of TLS-OSM System

To select a set of T laser sources which produce the maximum received power, all the C;s obtained
from Eq. (4.48) are arranged in ascending order. The set of T laser sources corresponding to the
maximum values of C;s are chosen. Following the order statistics, the PDF of C; such that C; < Cy <

L <0 < "'CNE is given by [32]:

1

BN i DOF T A= Ba) A (4.54)

fCi (7) =

where i = NF — T + 1, k € {S, R}, beta function is represented by By(.,.). Now our next objective is to
find the PDF of received SNR where T sources are selected. The set of T sources will correspond to the
best set of SNR values arranged in ascending order. After choosing a particular SNR value C;, the next
T set of SNR values need to be chosen. The PDF of the SNR for selection of these T sources needs to
be evaluated. For this purpose, the PDF of C; needs to be calculated for the range NV ch —T+1to N }j

and divided by the range i.e. T. Therfore the SNR received at RN or DN node, follows a PDF which is

given by:
Nk
) _ 1 L 1 i—1 LY NE*
A0 = e R BN D PO AR A0 e

where f,(y) and F,(v) are PDF and CDF of square of G-G distribution with pointing error calculated
using Eq. (4.37) and (4.39) respectively. PDF of the received SNR for all the three links SN-RN, SN-DN

and RN-DN are calculated individually for error analysis.

For T' = 2, (where T is the number of selected laser sources) the transmit laser source which is

activated is chosen as:

2, if zk5B[n) = (.56

Jk
1, ifzk9Bn) =0,

where the n'? time slot is represented by n and k denotes the node which may be SN or RN for this model.
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If T > 2, then the transmit laser source is activated by using log, 7' number of bits (from LSB side)
and logy M message bit will be applied for symbol constellation mapping. BPSK modulation scheme is
utilized for our analysis. Depending on the message bits, laser source is activated and the corresponding
mapping has been tabulated in Table 3 and Table 4 of [128] for T=4 and T=8 respectively. OSM is
combined with TLS to obtain greater spectral efficiency. The proposed TLS-OSM system can transmit

logy (M) + logy(T) bits per channel use (bpcu) while a normal TLS system can transmit logy(7') bpcu.
4.4.4.3 Error Analysis of TLS and TLS-OSM

Our objective is to calculate the end-to-end error probability of TLS and TLS-OSM systems. For
error analysis, PDF is required. We start with the end-to-end CDF of TLS system which is obtained

from outage probability equation (Eq. 4.49) and is given by:

S, wR
Np+Np

NS
v 2] L Y % 2
2 (1) = Frsn Ysr/ I P \Asp TSR\ Ysr TSED\ ¥sp + YRD

(4.57)

where vgop is the end-to-end SNR. It is observed from the end-to-end CDF equation that the CDF is
calculated in two phases. The CDF of the first stage transmission is given by the product of the CDF
of source-to-relay transmission and CDF of source-to-destination transmission. Both these transmission
processes are independent, hence the product of two CDF terms gives the CDF of the first stage. In
the next stage, the CDF is calculated by the product of CDF of relay-to-destination transmission and
the complement of CDF of source-to-relay transmission. The complement of CDF of source-to-relay
transmission signifies that if the message bits are decoded successfully by the relay in the first stage,
then only the second stage transmission can occur. The end-to-end PDF of the system obtained by
differentiating Eq. (4.57) is given by:

d
f'YEQE (7) = EF'YEQE (7)

1 NS NS NS—1
= —7f’YSR (:Y) [F’YSD (—7)} ’ + F’YSR (_'Y) —7L |:F’VSD (—7)] - f'YSD (_'7)
VSR VSR YSD YSR/ YSD YSD YSD

NEANT S . nR
1 ~ ~ ¥ N7 + Ny 1
— fVSR — F’YSRD — — +|1- F"/SR — — —
VSR VSR ¥sp + YRD VSR 2 ¥sp + YRrD

Nf+N§ o
X (F’YSRD (_’Y_)) : f"/SRD (_’Y_> . (4-58)
YsD + YRD YsD + YRD
For M-ary modulation, overall ASEP is written as [61]:
o0
Pe= /0 aQ(ve) frpar (V)Y (4.59)

TH-229¢:4RpHERU?  OPTICAL SPATIAL MODULATION FOR FREE-SPACE OPTICAL
COMMUNICATION



111 4.4. TRANSMIT LASER SELECTION FOR FSO COMMUNICATION

where f,,,.(7) is given by Eq. (4.58). The constellation scheme determines the values of a and e
which have been obtained from Eq. 7 of [81]. For BPSK, a = 1,e = 2. The integral can be solved in

Mathematica.

The error analysis for TLS-OSM scheme is also performed. The PDFs obtained using Eq. (4.55) are
used to perform error analysis. The total transmission is a two stage process. Hence the error has to be
computed in two steps. For the first step, error can occur both during source-to-relay transmission and
source-to-destination transmission. Thus the first stage error probability will be the product of error
probability of source-to-relay transmission and the error probability of source-to-destination transmission.
If the relay is able to decode the message successfully in the first stage, then the second stage transmission
occurs and the error is computed for relay-to-destination transmission. Hence the second stage error
probability can be computed as the product of error probability of relay-to-destination transmission and
the complement of error probability of source-to-relay transmission. Therefore the end-to-end probability

of error is given by [135]:

Pe = Pysr)(YsR) Pe(sp)(7sD) + Pe(srp)(YsrD) [1 — Py(sr) (’_YSR)} ; (4.60)

where P,srp)(Ysrp) is the probability of error at DN when RN is able to decode the data correctly in
the first phase, P.sr)(Vsr) is the probability of error at RN in the first phase and P,(sp)(Vsp) is the
error probability at DN in the first phase. (1 — P,(sr)(7sr)) is the probability that RN has decoded the
message successfully in the first stage. All these probability of errors at the individual nodes (Pyoq4e) can

be calculated as:

Prode = /Ooo Q( 27)fn(’7)d7 ) (461)

where f,(7) is the PDF of received SNR at the particular node calculated from Eq. (4.55). The integral

can be solved in Mathematica.
4.4.4.4 Asymptotic Analysis

Let us carry out the asymptotic analysis of outage probability for TLS. The outage probability of
TLS system is given in Eq. (4.49) which is a product of several CDF term. Let us consider a single CDF
term which contains Meijer G component. Eq. (4.57) has Meijer G term which can be inverted and
written in terms of elementary function at very high SNR values [63] using the formula already explained

in Chapter 2. Hence the CDF of any link (SR or RD) can be written as:

2 3 3 T(an — LD+ —
r (%h ¢ oot [Tz a0 Tak — ) Tli= T'(1 + by — ax) ’ (4.62)

)~ a0 2o TP ar— o) T T =)
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~1/2
where 2z = ‘?%”77

Yen @cBa

obtained when the SNR (%) exponent is maximum. Using Eq. (2.73), we can obtain the diversity gain

,a=1[1-¢%1-ag,1—-Bg,1] and b = [0,¢?]. The diversity and coding gain can be

of our TLS system as min(%7 e, BTG) Now the CDF terms are multiplied in Eq. (4.57), which means
each Meijer G term is multiplied. We need to consider only the highest exponent of SNR in this case.
The negative component of highest exponent of SNR is obtained when the exponent term is multiplied
by max(N7, (N7 + NE)/2). Hence the total diversity gain of TLS is given by D, = (min(%, e, BTG)) X
(maX(Nf, (N2 + Nﬁ)/2)). The diversity gain of system without TLS will be min(%7 &, 570) as the
CDF term is not raised to the power of number of lasers. Let us illustrate this with an example. If
Nf = Nf = 2 and if the channel follows strong turbulence conditions i.e. ag = 4.2, 8g = 1.4,(? = 17.4,
then the diversity gain is Dy = 0.7 x 2 = 1.4. For N? = Nf = 3, diversity gain is Dy = 0.7 x 3 = 2.1.
For system without TLS, diversity gain will be 0.7. We will verify the results from the simulation results

later. From this analysis, we can conclude that having more number of lasers at source and relay node

gives better diversity and hence the slope of the curve will be more indicating better system performance.

To calculate the coding gain, we separate the SNR terms and the remaining terms in Eq. (4.62). The

modified equation is given by:

ap—1
F (’Yth) ~ ¢ E < Aghy ) § H?:l,l;ék [(ar — ar) Hllzl L(1+ b, — ak) v ’?(1/2(%71)) .
"\ 7 I'(ac)T(Ba) (= \ 7} 2agBa [Ta D1+ ar — ag) [T7—o D(ar — by)

(4.63)

Now with the help of Eq. (2.73), the final coding gain (Cy) for TLS system can be calculated as:

mmdeJNf+N§)M)
—1 -
c ( ¢? 2 Aohy  \ ™ e Dlak — a) Thi=y T(1 + by — ax) Do
7\ T(ag)

a)l'(Ba) kz::l ! aaBa ITea DA+ @ — ag) [T T(ar, — by)

(4.64)
Thus we can see that with the benefits of tractable closed form expressions we could find out the
diversity and coding gain from the expressions itself without doing any numerical simulations which

require computational resources and it is time consuming.

Asymptotic analysis for ASEP can also be done in a similar manner. Since the entire derivation
will be similar to that of the outage probability asymptotic analysis, hence we are skipping the same
expressions to avoid redundancy. The individual CDF and PDF terms contain Meijer G components and
can be written in terms of elementary functions for high SNR values as shown earlier. For error analysis
the overall PDF is multiplied by a @ function whose SNR component has an exponent of 1/2. Using the
relation, [;°erfe(z)ztdz = T((1+ a)/2)/(v/Ta) (Eq. 6.281 in [48]), we can compare the exponent of

SNR terms only. The highest exponent of SNR is observed when the SNR. is multiplied max(N7, NF)
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times. Hence the final diversity gain obtained from ASEP analysis is also D, = (min(%, R BTG)) X

(max(N S (NP +NEy)/ 2)) Similarly for TLS-OSM system, diversity gain can be obtained. From order
statistics (refer to Eq. (4.55)), we can notice that after writing the PDF and CDF terms using Eq. (4.62),
the highest exponent of SNR in the expression is again N IE Referring to Eq. (2.73), the final diversity gain
of TLS-OSM system can be written as Dy = (min(%, o, '%G)) X (max(NLS, (NF + Nf)/2)). However,
it is interesting to note that the diversity gain values of TLS and TLS-OSM will be different. In TLS, let
there be 2 sources at relay and source node. Hence N¥ = N f = 2. But in TLS-OSM, we have to select T
out of total sources. Hence let N *Lg =4, N f‘ =4 and T = 2. Therefore, diversity gain for TLS-OSM will
be more as number of lasers at source and relay is more than that of OSM. Considering strong turbulence
conditions i.e. ag = 4.2,8q = 1.4,(? = 17.4, diversity gain of TLS is then 0.7 x 2 = 1.4 while that of
TLS-OSM is 0.7 x 4 = 2.8. Similarly for the case when Nf = NI{% = 6,7 = 2, TLS-OSM will have a

diversity gain of 4.2. These values will be verified from the simulation results later on.
4.4.5 Results

System performance of TLS is done in terms of ASEP and outage probability. Strong turbulence
conditions are considered for all simulations unless explicitly specified. It is assumed that source and relay
nodes have identical SNR and transmit power. Responsivity of the photodetector (R.) is taken as 0.5.
The relay node is situated midway between SN and DN, meaning x,,=0 dB. The distance of separation
between SN and RN and the distance between RN and DN are taken as 2 Km. The parameters considered
for our work (as in [130]) are listed in Table 4.7. The G-G channel model incorporating pointing errors

is considered.

Table 4.7: Parameter values.

Parameter Symbol Rate
Transmitter /receiver optical efficiency | nry = nr, | 0.8
Responsivity R, 0.5
Standard deviation of noise On 1077
Receiver diameter 2a 20cm
Distance between two nodes L 2 Km
Corresponding beam radius at 1Km Wy 2.5m
Corresponding jitter standard deviation | o 30cm
Transmitter aperture Top 7.5cm
Transmitter aperture separation Tsep 40mm
Divergence angle 0 2 mrad

The laser selection diversity (TLS) can be illustrated by means of Table 4.8. The G-G channel
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incorporating pointing error case is considered for analysis. As the number of available lasers for selection
increases, the proposed system has an increment in transmit power gain. The transmit optical power
required to achieve certain outage probabilities have been tabulated in the table. It can be observed
that to achieve a particular outage probability value of 0.01, the TLS system having 2 laser sources at
each node requires 16 dBm of power while the TLS system having 3 laser sources at each node requires
11 dBm of power. Hence in this case, the system having 3 laser sources can achieve a coding gain of 5
dBm. The coding gain increases as the target outage probability value decreases. The reason for better
performance of the system having more laser sources is the fact that more channel diversity is available

to select the channel with best SNR, and accordingly the transmit laser can be selected.

Table 4.8: Comparison of outage probability results for TLS.

Outage probability Transmit optical power for various combinations (in dBm)

Nf=NE=2| NS =NE=3
0.1 8 5
0.01 16 11
0.005 19 13

To visualize the effect of different SNR at source and relay node, the transmit power at relay node is
varied (keeping noise fixed) for various configurations of TLS scheme in Fig. 4.9. The G-G channel with
pointing errors is used for this analysis. It is observed that an increment in optical transmit power at
relay node (Pgr) and an increment in number of transmit sources results in performance improvement,
as was the trend earlier in case of equal SNR values at source and relay nodes. At a particular source
transmit power value, increase in the relay transmit power can improve the performance. This is because
if relay transmit power is increased, then the chances of successful message transmission in the second
time slot is more. It means that even if DN is unable to receive message from SN in the first time slot,
still the DN can receive the message successfully in second time slot as the message from SN is routed

through the RN with a higher relay transmit power.

The outage probabilities for various configurations of TLS are compared with that of a model where
there is no laser source selection. G-G channel with pointing error is used for analysis. Outage probabil-
ities for different number of transmit laser sources at the source and relay node are plotted in Fig. 4.10.
The analytical results are verified by means of Monte Carlo simulations. The target data rate (Ry) is
taken as 2 bps. It is deduced from the graph that the system performance gets enhanced with increase in
source and relay transmit sources. The proposed system gives better performance over the scenario when

there is no transmit laser selection, obtained using Eq. (4.53). The analytical results for G-G channel
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Figure 4.9: Outage probability results for various number of transmit sources for TLS scheme at various
relay node transmit power values.

with pointing error are obtained using Eq. (4.49). The results can be interpreted in a different manner
also. As the number of laser sources increases, more diversity is obtained and the optimum channel with
the best SNR can be selected even if a few links are of poor quality. By having the chance of selecting a
channel from a larger pool of channels increases the chances of obtaining the best channel. Thus the best
laser can be selected for transmission if more diversity is available. In case of system without TLS, there
is no chance of selection of channel depending upon channel quality. Hence if the selected link is down,
system performance is affected. Therefore, system without TLS gives poorer performance as compared
to TLS system. Let us calculate the diversity gains from Fig. 4.10. For the system without TLS and
considering the SNR range of 10-20 dB, the diversity gain is given by the slope of outage probability
curve and its value is log;;(0.26/0.058) = 0.65. It is close to the theoretical value of 0.7. For TLS
system with N LS = NE = 2 and considering the SNR range of 10-20 dB, the diversity gain is given as
log;((0.064/0.003) = 1.33. It is close to the theoretical value of 1.4. For TLS with N? = NE = 3 and
SNR range of 10-20 dB, the diversity gain is given by log;(0.017/0.00019) = 1.95. This is close to the
theoretical value of 2.1 also.

The ASEP results of the proposed TLS system are analyzed for different transmit laser source ar-
rangements (Nf = 2, N = 2 and Nf = 3, Nf' = 3) in Fig. 4.11. The results are compared with that of
FSO links over Gamma channels in presence of pointing errors, as available in [159]. The results from

[159] are recreated using our system parameters and denoted in the graph as Ref. Paper. Our proposed
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Figure 4.10: Outage probability results for various number of transmit sources for different models.

TLS system outperforms the existing method in [159]. The ASEP performance improves with diversity
i.e. one source is selected from a set of available multiple sources. As explained in the outage probability
results, the same logic of multiple diversity being available holds true for ASEP results also. Hence
the system with multiple laser sources yields better performance. For example, to achieve an ASEP of
0.001, the transmit power required for Nf = Nf = 2 case is 14 dBm, while for Nf = Nﬁ = 3 case,
the transmit power required is 9 dBm. To achieve an ASEP of 0.0005, the transmit power required for
Nf = Nf = 2 case is 17 dBm, while for Nf = Nf = 3 case, transmit power is 11 dBm. Therefore, the
coding gain of system having 3 laser sources is at least 5 dBm over the system having 2 laser sources. It
is noticed from the results that as number of transmit sources at source and relay nodes increases, there
is more possibility of obtaining the best channel for transmission, thereby resulting in selection of the
best laser. From the closed form expressions of outage probability derived earlier, it can be seen that as
number of transmit sources increases, the term (FVSD (%))NE decreases more with an increment in
SNR (since Meijer G term decreases with an increase in SNR), thereby leading to a further decrement
in total outage probability value. It means that if more lasers are available at source node to transmit
the message, then there is more possibility of reception of the signal at the destination node, leading
to lesser chances of outage probability. It can also be inferred that relay is beneficial as performance

improves with an increment in number of relay node lasers. If relay node laser count increases, the term
NP +NE
(F7 (%)) > decreases further because a single CDF term contains a Meijer G term which
SRD \ ¥sp+YRD

decreases with increase in SNR. Since the overall CDF term decrements further with an increase in NV fi
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value, hence the total outage probability value also decreases further. It also indicates that if more
number of lasers at relay node are present, then there is more chance that there will be at least one link

possible between laser at relay node and photodetector at destination node for message transmission.

-- -Ni:NE:Z asymptotic results
I —Ni:NE:Z analytical results

X Ni:NLR=2 simulation results
- - -Ni:N §=3 asymptotic results
10-5 —Ni:N LR=3 analytical results

x Ni:NE:S simulation results
|| ——Ref. Paper ‘ ‘

0 5 10 15 20
Transmit optical power (dBm)

Figure 4.11: ASEP analytical results for various number of transmit sources and system models.

In Fig. 4.12, the ASEP results are displayed for TLS-OSM scheme where 2 lasers are selected for
applying OSM technique. The results are compared with only TLS scenario having NY = N f =2. Itis
evident from the graph that as number of available laser sources for selection increases, the performance
improves. TLS-OSM scheme outperforms the conventional TLS scheme because we are selecting the best
optical channel out of the available channels and then applying OSM where the sources are activated
depending on the message bit. In case of TLS, the laser is selected depending on the channel condition
only. Meanwhile in TLS-OSM, the laser selection is much more optimized in the sense that a set of T laser
sources are selected depending on the channel condition, thereby making more diversity available. Out of
those T best sources, a single one is chosen depending on the value of the message bits. This is the reason
for better performance of TLS-OSM as compared to TLS. Let us calculate the diversity gain of TLS and
TLS-OSM from Fig. 4.12. For TLS scheme, considering SNR range of 10-20 dB, the slope of ASEP curve
is calculated. Hence diversity gain is log;;(0.0041/0.00019) = 1.32 which is close to the theoretical value
of 1.4 calculated earlier. For TLS-OSM scheme when N*L9 = Nﬁ =4,T = 2 and SNR range is 10-20 dB,
slope of the ASEP curve is calculated. Diversity gain is log;;(0.0013/0.000016) = 2.9 which is close to
the theoretical value of 2.8 calculated earlier. Again for TLS-OSM scheme, when Nf = N =4, T =2

and SNR range is 10-20 dB, diversity gain is given as log;;(0.00014/(4 x 1078)) = 3.5. There is slight
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difference between this value and theoretical value of 4.2.

100 T

107!

g
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10-8 | | | | | | | | | |
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Transmit optical power (dBm)

Figure 4.12: ASEP results for TLS with OSM and without OSM
(Solid line represents analytical results, ® represents simulation results and dashed line represents asymp-
totic results).

4.5 Advanced Optical Spatial Modulation Schemes for FSO systems

The single optical chain requirement in OSM can be relaxed for more advanced schemes to obtain
higher spectral efficiencies. Literature survey in this field reveals the proposal of some advanced spatial
modulation based schemes in RF domain. Enhanced spatial modulation (ESM) in RF domain has been
extensively explored in [85] where single or double antennas are activated depending on the message
bits. Improved quadrature spatial modulation (IQSM) in RF domain has been investigated in [160],
where transmission of double modulated symbols takes place over double layer of antennas in a single
symbol interval. Generalized spatial modulation (GSM) in RF domain has been explored in [161], where
the authors proposed transmission of multiple modulated symbols by activating multiple antennas. An
improved spatial modulation scheme in RF domain has been studied in [162], where multiple antennas
are activated depending on the message bits to transmit the same symbol. Differential quadrature spatial
modulation (DQSM) [163] has been implemented for RF communication, where the real and imaginary
parts of modulated symbols are transmitted in separate time blocks to mitigate the issue of pilot symbols.
A few of the advanced SM schemes have been studied for optical indoor channels also. GSM for indoor
visible light communication (VLC) has been analyzed in [164] in terms of average PEP. Another work
in [165] also analyzes GSM for VLC communication. BER analysis of spatial quadrature modulation

for VLC has been performed in [166] where the spatial domain is used to convey the orthogonality and
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polarity of the complex signals. An angular diversity receiver approach for VLC can effectively reduce
the channel correlation for SM MIMO VLC system as shown in [167]. Differential OSM (DOSM) for
FSO communication has been proposed in [127] where the authors have proposed to resolve the problems

of pilot signalling required for updating the CSI at the receiver.

To sum up the literature survey, several works are available in the literature regarding advanced
SM schemes in RF communication. Some advanced OSM schemes are available for indoor visible light
communication also. However, a significant research gap exists in the implementation of such advanced
OSM schemes for outdoor FSO communication. The presence of atmospheric turbulence in FSO commu-
nication leads to a turbulence induced fading based channel model. The channel model is deterministic
in case of indoor VLC channels. The research field of advanced OSM schemes for FSO systems, which
has the potential to enhance the spectral efficiency of OSM systems, remains vastly unexplored. Another
major research gap exists in the method of calculation of BER for all these advanced OSM schemes in
various domain. The BER calculation methods mostly neglect the error involved in detection of the
laser index at the receiver, and only consider the error encountered due to symbol detection. This is
primarily due to the fact that the PDF of the difference of G-G random variables (generally used for
FSO communication) is relatively unknown. Another important factor called pointing error for outdoor
FSO communication has been ignored in literature while analyzing advanced OSM schemes. There is
no available work regarding the analysis of advanced OSM schemes in terms of power consumption and
cost. Some of the schemes may also be common in RF domain, but they cannot be implemented directly
in optical domain due to the presence of pointing errors, atmospheric turbulences, different nature of
optical transmitter and receiver used with respect to their RF counterparts. All these factors motivate

us to propose advanced OSM schemes for FSO communication.

The novelty of our work lies in the fact that performance analysis of new schemes like optical en-
hanced spatial modulation (OESM), optical generalized spatial modulation (OGSM) and optical im-
proved quadrature spatial modulation (OIQSM) are investigated for FSO communication for the first
time. BER expressions for the same are derived and the results are compared with OSM, thereby justify-
ing the performance improvement. The novelty of our work also involves defining all system parameters
required for transmitter and receiver, incorporating pointing error and path loss effect into the G-G
channel model and providing cost and performance analysis of the systems in FSO domain. We have
considered both spatial and symbol modulation error while deriving upper bounds of BER for all the
schemes, which highlights the contribution of our work. Laser index detection error was not taken into
account in majority of the works in literature, which we have tried to address, thereby adding value to

our work.
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In the subsequent sections, we have analyzed performance of advanced OSM schemes in terms of
BER, cost and power consumption. In OESM, single or double laser activation takes place depending
upon the message bits. Therefore, a maximum of 2 optical chains are present in OESM. In OGSM, a
certain number of lasers are activated depending upon the message bits. The number of optical chains is
less than the number of lasers. While in OIQSM, single or double lasers are activated depending on the
message bits. Two symbols are transmitted in one symbol duration as two layers of lasers are utilized
to transmit the real and imaginary parts of two symbols. Keeping in mind that we are sending two
modulated symbols in OIQSM, the requirement of 4 optical chains is constant.

4.5.1 System Model for Advanced Schemes of OSM

G-G channel model is used for analysis as described earlier and in [128]. For all the proposed schemes,
the source node (SN) and destination node (DN) are separated by a distance of L. There are Ny, lasers
with its corresponding apertures at SN and Np photodetectors with its corresponding apertures at DN.
The photodetector has a responsivity of R.. In an optical transmit chain, source data initially modulates
a RF subcarrier signal. The modulated signal contains negative data, which needs to be eliminated
in order to drive the laser. Therefore, DC bias adder is used to make the modulated signal positive.
Laser intensity is modulated by the positively modulated signal. At the receiver, direct detection by
photodetector is performed in absence of local oscillator. The information varies according to the optical
signal intensity. This property helps us to retrieve the electrical signal subsequently followed by RF
coherent demodulation. In OESM, two optical chains are used, while OGSM requires N,,; optical chains
where N,,; < Np. Note that Ni denotes the number of source lasers. OIQSM has 4 optical chains.
There is a switch or controller in all the systems which activates the necessary optical chain according

to the message bits.
4.5.2 Optical Enhanced Spatial Modulation

In OESM, two optical transmit chains are used and single or double laser activation takes place
depending upon the message bits. A primary constellation and two secondary constellation schemes are
required for this technique. The size of the secondary constellation is half of the size of the primary
constellation scheme. When single laser is activated, the symbol is mapped according to the primary
constellation, while for double laser activation, two symbols are mapped to either of the two secondary
constellation schemes. For example, if primary constellation size is m where m = logy(M), then size of
secondary constellation is m,/2 or v/ M. The total number of possible combinations of symbol transmission
is N? where Ny, denotes the number of lasers. Hence spectral efficiency of OESM is given by ngsy =
logy(N7) +logy(M).

For example if N;, = 4 and M=4, then primary constellation will be quadrature phase shift keying
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(QPSK) and secondary constellation will be binary phase shift keying (BPSK). 4-QAM and QPSK are
same and the constellation schemes can take symbols from the set {£1 £ j}. BPSKy and BPSK, are
the secondary constellation schemes given by BPSKj = {£1} and BPSK; = {£;}. In this case, OESM
can transmit 6 bpcu while normal OSM can transmit only 4 bpcu with Ny = 4 and M=4. Thus this
OESM scheme has been named as 4t6b. The scheme atyb represents a as number of lasers and y as
spectral efficiency. For the particular 4t6b OESM scheme, 16 total combinations are possible out of
which the first 4 combinations are same as that of OSM with single optical source being active. Double
source activation is done for the next 6 cases where symbol mapping is done according to one of the
secondary constellation scheme BPSKj, while the secondary constellation scheme BPSK; is used for

the next 6 cases. The active laser combination for this scheme is explained in Chapter 3.

An example of OESM is illustrated in Fig. 4.13 where the information stream is given by [1 00 1 1 1]
and Ny = 4, M = 4. Thus the first four bits are used as control bits which corresponds to decimal
number 9 i.e. the combination labelled Pjy where the third and fourth lasers will be active (according
to Table 3.8). Decimal number 0 corresponds to combination P; and so on. According to the secondary
constellation scheme BPSK)j, the modulated bits would be [1 1]. Hence the transmitted symbol vector
will be x = [0 0 1 1]7. []¥ denotes the transpose of a matrix. The other OESM schemes can be similarly

implemented for higher modulation schemes and transmit sources.
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Figure 4.13: Proposed system model for OESM.

4.5.3 Optical Improved Quadrature Spatial Modulation

A new scheme called OIQSM is proposed for FSO system to enhance the spectral efficiency. Transmis-

sion of two symbols occurs in a single symbol interval. The real and imaginary parts of two constellation
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symbols are transmitted using two different sets of laser sources. By deploying a much reduced con-
stellation state, OIQSM can generate the same spectral efficiency as that of OSM, thereby resulting in
improved error performance. The input data stream is partitioned into laser index data and constellation
data. The laser index data is partitioned into in-phase laser index and quadrature phase laser index.
Constellation data is divided into two data streams. The real parts of both the streams are transmitted
through the active in-phase laser sources and imaginary parts are transmitted through active quadrature
phase laser sources. The activated laser sources which are selected according to the incoming bits for
Ny, = 4 are listed in Table 4.9. Thus 2 layers of lasers are activated in one symbol duration. The spectral

efficiency of OIQSM is given by [160] 2 ’logQ (]\;L) + 2logy M bpcu. Its benefit is that the count of the

transmit sources need not be a power of 2. Hence to obtain the identical spectral efficiency as that of

OIQSM, OSM requires a higher constellation scheme which gives much more error.

Table 4.9: Activated lasers for OIQSM with N; =4

Index Activated lasers
00 1,2
01 1,3
10 14
11 2,3

For our proposed OIQSM based FSO system, let us consider an example where input data stream is
[11010110]. The part of the data stream which will be used for activating the corresponding laser source,
is [1101] while the remaining part [0110] will be used for constellation mapping. Therefore according
to Table 4.9, the lasers which are activated for transmitting real and imaginary parts are {2,3} and
{1,3} respectively. 4-QAM modulation scheme is used in this case and accordingly the symbols will
be [1 —j,—1+ j]. The real and imaginary parts will be separated as follows. Note that real parts of
the above two symbols are 1 and -1. They will be sent from laser 2 and laser 3 respectively. Similarly,
imaginary parts of the above two symbols are -1 and +1. They will be sent from laser 1 and laser 3
respectively. Hence we can write x, = [0, 1, —1,O]T and x; = [—-1,0,1, O]T. The overall signal which is
transmitted is x = x, + jx; = [—7,1, -1+ J, O]T. The in-phase and quadrature phase laser activation is
shown in Fig. 4.14 and 4.15 respectively.

4.5.4 Optical Generalized Spatial Modulation

This technique can exploit the selection of both transmit optical chains and laser sources to yield
better spectral efficiencies than OSM. However, decoding complexity and cost also increase with use of
multiple laser sources. Hence an optimum combination of optical chains and laser sources need to be
selected. The OGSM system comprises of N,,; optical chains and Ny, laser sources. A multiple pole

multiple throw (Nop¢, N1) switch is used for connecting the optical chains to the lasers. Out of Ny, laser
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Figure 4.14: Proposed system model for OIQSM during in-phase activation for input bit stream [1100
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Figure 4.15: Proposed system model for OIQSM during quadrature phase activation for input bit stream
[1100 0110].

sources, Nopt lasers are chosen to be activated. The modulated symbol is split into N, groups and each
group is composed of m bits (where M = 2™), which are transmitted from each laser. The constellation
mapping is done according to the M-ary modulation scheme. Hence the spectral efficiency can be defined
as NoGsM = {logQ ( ]\JX) it)J + mNyp. C is defined as the control bits used to choose the set of active laser
sources and is defined by C' = {logz ( AJZ it)J . The set of valid laser patterns to be activated is given by K

having dimension of 2¢.
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The optimum selection of number of optical chains N, is a matter of concern in OGSM systems.
The selection has to be done in such a way that it maximizes the spectral efficiency. The first part of the
spectral efficiency expression increases from Ny = 0 to Ny = | Np /2| and then decreases. However,
the second part of the expression increases linearly with N,,; keeping the modulation term constant.
Thus the optimum value of N, for which the spectral efficiency is maximum should be between | Ny, /2|

and Ny,.

OGSM is illustrated with an example. Np = 4, Ny, = 2,M = 4 are the parameters considered
which gives C = 2 and nogsy = 6 bpcu (bits per channel use). The laser pattern set is given by
K =[1,1,0,0],[1,0,1,0],[0,1,0,1],[0,0,1,1]. The pattern can be different, but should be fixed before
transmission and should have a cardinality of 2¢. Let the incoming message bits be given by the sequence
[1 0011 1]. Therefore, the first 2 bits will define the control bits indicating that the 3rd pattern from
set K will be used for activating the lasers. The remaining bits [0 1 1 1] will be used for constellation
mapping. Since second and fourth lasers will be activated, therefore 2 symbols each of size 2 bits (4-QAM

is used) will be modulated. The modulated bits are given by 1 — j and —1 — j respectively. Thus the

transmitted signal vector is given by x = [0,1 — 4,0, —1 — j]*. The example is pictorially illustrated in
Fig. 4.16.
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Figure 4.16: Proposed system model for OGSM.

4.5.5 Performance Analysis of Advanced OSM Schemes

Source node transmits message bits to destination node in a single time slot and the output at the
receiver is given by y = [y1 y2... ynp,]T where [ ] denotes transpose of a matrix. s is the transmitted

signal vector where s = /R.O.f¢E x. E denotes the average symbol energy, O,y is the optical efficiency
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of the system.
y=Hs+n. (4.65)

At the photodetector, thermal, shot and background noise are the major sources of noise. The total
noise variance (n) is computed by adding up the variances of the three types of noises. Ambient light
generates thermal noise which is represented by additive white Gaussian noise of zero mean and variance
Ny. The random arrival of photons results in shot noise. Dark current noise arises in the absence of
light. x is the transmitted source vector. Decoding at the receiver takes place by maximum likelihood

(ML) decoding which is evaluated as:
§ = argmin|ly — Hs||” (4.66)
seS

where S is the set of normalized transmit symbol vectors. Each scheme - OSM, OESM, OIQSM and
OGSM - has its own predefined set S, containing all the symbol vectors for that particular scheme.
Pairwise Error Probability (PEP) is the probability of symbol vector s being decoded as s’. For detection

of symbol mapping bits, the average PEP can be computed as:

1 1 orr||Hs — Hs'||2
APEP(S%S/)SymbOZZ@EH l:Q (N_\/,YffH 32 3|| )]
D

e hiis — hi;s' 2
‘S‘/ ( \//Yffzj i 2H - )fWSM(h)dh, (4.67)

where average received SNR is 4 = Nﬂo’ Yeff = RJ)+H and ygpr = Z] 1(ZNL hi;)?. H is the channel
matrix having dimension of Np x N and h;; is an element of the channel matrix which follows G-G
distribution with pointing errors as in Eq. (4.36). The integration involves multi-dimensional integration
over the channel gains from each laser to photodetector. Hence exact closed form expressions cannot
be derived and analytical results are obtained using numerical methods. The average BER (ABER)

(denoted by Py) occurring during detection of the symbol mapping bits is bounded by [85]:

P, <

. < |S|log 080 Z > n(s = s')APEP(s — s/)°vm! (4.68)
2

seSs’eS

where n(s — ') is the number of bit errors that occur when s is decoded as s’. Next we come to the
calculation of error involved in laser index detection. During detection of the laser index, the APEP

(where the laser index j can be incorrectly detected as i) for G-G channel with pointing errors can be

TH-2298_I5618Z00BTER 4. OPTICAL SPATIAL MODULATION FOR FREE-SPACE OPTICAL
COMMUNICATION



4.5. ADVANCED OPTICAL SPATTAL MODULATION SCHEMES FOR FSO SYSTEMS 126

computed as:

(2ND)k+NDF( k+]\;D+1)

APEP(j — i) Z Z
o 8 im0 1 NP2 /m(k + Np)D((k + Np) /2)

(—aaBa/(Aoh))F 54/ 0k+1-C2ht1-agk+1—Fa.c?
x | C = Gy 2 2

1)) D, (4.69)

where C' = Aohn (?(Cffc %%4( LR The details of this derivation is shown in Appendix.

This expression contains summation of terms where kK = 0 to co. To solve this infinite summation
series, we are going to explore the upper limit value of k for which the series is convergent. The Cauchy
ratio test can be used to check the convergence of the infinite series. The series is convergent if:

lim |24+ < (4.70)

k—oo  ap

The series coefficient of (k + 1) and k' terms are obtained only from Eq. (4.69). The ratio of two
Meijer G functions will always be a nonzero real number for all values of k. This can be derived in a
similar manner as shown in [100]. On solving the ratio, it can be observed that the degree of k in the
denominator exceeds that of the numerator by one. Hence on applying the limit condition, the ratio
equation will result in zero indicating that the infinite series is convergent. The upper bound of k for
which the series is convergent is investigated in Mathematica. It is observed that at higher SNR values
(or higher values of transmit power), the PEP expression converges to a fixed value at lower k values.
For example at transmit power value of 10 dBm, PEP for k£ = 0 is 0.044, for £ = 2 value is 0.074, for
k = 4 value is 0.088 while for k > 6 value is 0.095. Thus at 10 dBm transmit power, PEP is convergent
for k > 6. Similarly for 15 dBm transmit power, PEP for £ = 0 is 0.0139, for k£ = 2 value is 0.0149 while
for k > 4 value is 0.015. Hence it is convergent for k£ > 4 at 15 dBm transmit power. Now for 20 dBm
transmit power, PEP value for £ > 0 is 0.0044, while for 30 dBm transmit power, PEP value for k£ > 0
is 0.000442. Thus the PEP converges to a value for k > 0 at high values of transmit power exceeding 20
dBm. It is to be noted that as the value of k increases, the computation time also increases. The study
of upper bound of k for which the series is convergent, is also done for moderate (ag = 4.0, 8 = 1.9)
and weak turbulence conditions (ag = 11.6, fg = 10.1). For moderate turbulence conditions the PEP is
convergent at k > 0 for more higher transmit power values of 30 dBm or more. At transmit power value
of 20 dBm, PEP under moderate turbulence conditions is convergent for k > 4. Similarly under weak
turbulence conditions, PEP is convergent for k > 3 at transmit power value of 30 dBm while for transmit

power value of 20 dBm, it is convergent for £ > 5. Hence it is concluded that as the turbulence conditions
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decrease, the upper bound of k is a large number at a particular value of transmit power. Another fact
to note is that for more numbers of photodetectors, the bound of & is greater for a particular value of
transmit power. For Np = 2, PEP is convergent for £ > 4 at transmit power value of 30 dBm. The
detailed analysis of the upper limit of summation variable k is shown in Table 4.10 and the PEP values
are considered to be accurate till 5 places of decimal. In this work we have considered strong turbulence
conditions (ag = 4.2, = 1.4) and a single photodetector scenario. Hence considering all values of
transmit power, we have considered the upper bound of k£ as 10. Thus the upper bound results will be

tight for the considered range of transmit power values for strong turbulence conditions.

Table 4.10: Upper bound of k analysis

Parameter 10dBm power | 15dBm power | 20dBm power | 30dBm power
ATameLgrs k PEP |k PEP k PEP k PEP

ag =42, g =14, Np =1 6 0.09554 4 0.01522 0 0.00444 0 0.00044

ag =40, =19, Np =1 8 0.05544 6 0.00724 4 0.00312 0 0.00024

ag =116, Bg =101, Np =1 | 10 | 0.00554 | 8 0.00084 5 0.0003 3 0.00002
ag =42, 86=14, Np =2 10 0.00844 8 0.00112 6 0.00018 4 | 0.0000012

The average bit error rate for laser index detection (denoted by Fj;4.) is given by:
1
Pige < ——F+—— n(j = 1)APEP(j — 1) . 4.71

j€ES ieS

It is interesting to note that closed form expressions are possible for laser index detection while it is
not possible for symbol error detection. This is because laser index detection involves difference of one-
dimensional channel gain where laser index is kept fixed and the photodetector index at the receiver may
vary. PDF of such summation of the difference of channel gains can be obtained as shown in Appendix
for laser index detection error. While in case of symbol detection, there is multi-dimensional channel
gain difference where both laser and photodetector index can vary. Thus the PDF of double summation
of the difference of channel gains need to be evaluated, which is unknown to us. This is the reason for
not obtaining closed form expressions of this symbol error detection part. Future work can try to derive
the PDF of difference of two G-G random variables over double summation terms.

The total BER of the system can occur either when there is an error in laser index estimation or
when there is an error in symbol estimation. Hence the total error bound follows the minimum criteria
as explained in Eq. (2.50). Therefore, the total bit error rate of the system (P.) can be upper bounded

as:

Pe < Ps + f)lide - Psf)lide . (472)

The BER bounds depend on the different OSM schemes. Depending upon the number of transmit lasers
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being active, the corresponding channel gains will vary and accordingly the integration over the channel
gains will be done. The predefined set of possible symbol vectors also vary according to the schemes,

thereby changing the BER values.

Since closed form expressions have not been obtained for symbol detection error, hence coding and
diversity gain cannot be calculated from the asymptotic analysis. In the absence of closed form ex-
pressions, it is difficult to predict the behaviour of the system at high SNR values by observing the
multi-dimensional integration. It is pertinent to note that the diversity gain can be calculated from BER
expression of the laser index detection error equation. It is observed that the highest exponent of SNR
in Eq. (4.69) is —Np. Therefore, the diversity gain is Np i.e. it is dependent on the number of receiving
photodetector only and is independent of the channel parameters or pointing error effect. More number
of photodetectors at the receiver means more diversity is available and chances of correct laser index
estimation is more. In future, closed form expressions for asymptotic analysis of such advanced OSM

schemes will be pursued.

4.5.6 Comparison of Performance Metrics

Power consumption, cost and complexity analysis of the proposed methods are done in this section.
Power consumption of optical chain and optical switch are considered as P, and Ps, [151]. «y. is the
slope dependent load factor and Py, is the total transmitted optical power. Power consumption of OSM,

OESM, OGSM and OIQSM are given by Eq. (4.73), (4.74), (4.75) and (4.76) respectively.

Pt(gtSM = PO + atrPtT = PszSOwSM . (473)

PtgtESM = 2]:)0 + at’rﬂr + PszSOwESM . (474)

Pt(o)tGSM = PONopt + atrPtr + PszSOwGSM . (475)

Pt(czt[QSM = 4Po + atrPtr + PszsOwIQSM . (476)

Power consumption of optical MIMO is given by P%IMO = P,Nr + a4 P;. Number of switches are

different for each scheme and number of switch requirement for OSM, OESM, OGSM (assuming Ny = 2)
and OIQSM to achieve a spectral efficiency of nsg, are given by Eq. (4.77), (4.78), (4.79) and (4.80)

respectively.

NSOwSM — 2(77513—1092(1\4)—1) ) (4.77)

NOESM _ 9(nsp—log2(M))/2—1 (4.78)
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NOGSM _ |1/4 (1 + \/1 +4x 2((775E—21092(M))+1))j . (4.79)

NI = 14 (14 /T4 L 2 dom)241)) (4.80)

The hardware cost is calculated for all the schemes. Cy, Cg/p, Csy are assumed to be the costs of optical
chain, serial to parallel converter and optical switch respectively. Total hardware costs of OSM, OESM,

OGSM and OIQSM are given by Eq. (4.81), (4.82), (4.83) and (4.84) respectively.

Cosm = Co+ Cgyp + CouNGIM (4.81)

Comsm = 2Co + Csyp + CouwNGIHM (4.82)

Cocsm = CoNgpt + Cg/p + C'szgUGSM . (4.83)

Corgsm =4C, + Csyp + Co NGt @M (4.84)

Total cost of optical spatial multiplexing based MIMO system is given by CM/MO — €, Ny. The number

of switches required for OGSM, OESM and OIQSM are much lesser than the requirement in OSM
for a particular spectral efficiency and M-ary modulation scheme. Hence, the switch cost and power
consumption of switches are much lesser for higher spectral efficiencies in OESM, OGSM and OIQSM
as compared to that of OSM. However, these advanced OSM schemes require more optical chains in
comparison to OSM. The power consumption of an optical chain is more than that of a switch while
the cost of an optical chain is more than that of an optical switch. An example is considered where
nsg = 8 bpcu, N, = 64 and M = 4. For OESM 4 switches are required, for OGSM 3 switches are
required (assuming Ny = 2), for OIQSM switch requirement is 2, while the switch requirement is 32 for
OSM. The parameters considered are P, = 53W, oy = 3.1, Py, = 6.3W, Py, = 0.2W, C, = 10008, Cg/p =
2%, Csy = 220%8. Thus for a larger value of Ny, which is required to obtain a greater ngg value, the
total cost of OSM is more than that of the proposed methods due to excessive requirement of switches.
The power consumption of OSM is relatively lesser than the other schemes, however this trend is not
fixed for all values of spectral efficiency and modulation scheme. As the spectral efficiency increases, the
number of switches in OSM increase by a power of 2 whereas for other schemes, the growth in switches
is linear. For example if ngg = 20 bpcu and M=4, number of switches in OSM is 131072 while number
of switches in OESM is 256, number of switches in OGSM is 362 and number of switches in OIQSM
is 11. In this case, we can clearly notice that the total power consumption of OSM will exceed that
of the other advanced OSM schemes due to excessive requirement of switches. The slight increase in

the power consumption of multiple optical chains in advanced OSM schemes is negated by the excessive
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power consumption of switches in OSM for very high spectral efficiency values. The total cost of OSM
also exceeds the cost of other advanced OSM schemes for such high spectral efficiency values. Another
fact to note is that the excessive requirement of switches in OSM also consumes lot of space in OSM.
Thus we can conclude from this detailed analysis that as spectral efficiency value increases, advanced
OSM schemes perform better than OSM both in terms of power consumption and cost. The example
of ngg = 8 bpcu, M=4 and N; = 64 is pictorially illustrated in Fig. 4.17 where the overall power
consumption and cost of the proposed methods are compared with that of OSM and optical spatial
multiplexing (Optical SMX) MIMO techniques. It is evident that the proposed methods perform better
than OSM in terms of overall cost at this particular spectral efficiency. However as explained earlier, for
more higher spectral efficiencies, the proposed methods can perform better than OSM even in terms of

power consumption also.

4
3500 x10

3000

[ Total cost (dollars)]

2500 | [ Total power consumption (Watts)]

2000 -

1500 [

1000 [

500 - 1t ]
—
0 0
OSM OESM OGSM  OIQSMOptical SMX OsM OESM OGSM OIQSM Optical SMX

Figure 4.17: (a) Power consumption and (b) cost comparsion of the proposed methods.

4.5.7 Results related to Advanced OSM Schemes

Strong turbulence conditions with Ny, =4, Np =1 and L = 2 Km are considered for all simulations
unless mentioned explicitly. The other parameters are defined in Table 4.7. For Monte Carlo simulations,
108 G-G channel realizations are generated. The source bits are randomly generated and the symbol
mapping is done according to the particular scheme. Thus for 10 bits, number of erroneous bits are
computed by activating the corresponding lasers and transmitting the bits across the particular channel.
At the receiver, symbol detection is done in two steps- first the laser activation bits are estimated to

know the particular laser index and in the next step the symbol mapping bits are decoded.
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The performance of the proposed methods- OESM and OGSM are compared with that of OSM and
other techniques used in literature, in terms of BER in Fig. 4.18. The results from [168, 169, 100] are
used for performance comparison. In [168], single-input-single-output (SISO) optical system has been
implemented over G-G channel deploying on-off keying (OOK) and assuming plane wave strong turbu-
lence conditions. BER has been computed over G-G channel assuming light fog and strong turbulence
conditions, and 4-QAM modulation in [169]. The results of BER for space shift keying (SSK) based
FSO system under strong turbulence (with Nz, = 4, Np = 1) are recreated from [100]. The results of all
these methods are obtained for our values of transmit optical power and plotted in the figure. Ny = 4
and spectral efficiency of 6 bpcu are considered for our analysis of the proposed methods. Ny, = 2
and 4-QAM modulation is used for OGSM, 4-QAM is also used for OESM, while OSM uses 16-QAM to
achieve the same spectral efficiency. OESM and OGSM easily outperform OSM as OSM uses a higher
modulation scheme which has closer spacing between constellation points, thus causing more error in
symbol detection. OESM outperforms OGSM as sometimes single laser activation also occurs in OESM,
while OGSM always activates 2 lasers for the above scenario, hence OESM suffers from less optical in-
terference as compared to OGSM. It is also interesting to note that successful decoding of more number
of laser indices is more difficult, thereby leading to an increase in Pj;4. value (BER for laser index detec-
tion). It is evident from the figure that our proposed methods perform better than the existing methods.
Our methods use techniques to select the best laser for transmission, thereby offering more diversity.
Hence it can perform better than the existing SISO technique where only a single laser is available for
transmission. In SSK based FSO system (optical SSK), the information is only conveyed over space by
the laser index and no symbol mapping is done by any modulation scheme. Meanwhile in our proposed
methods, information is conveyed both by laser indices and modulated symbols, thereby giving superior
performance. Optical SSK is a spatial case of OSM where information is transmitted in spatial domain
only, thereby giving better performance than 4-QAM and SISO cases in literature. 4-QAM scenario in
the graph corresponds to the case where no OSM is applied. Hence, no diversity is available and the
laser is selected irrespective of message bit value and channel condition. This is the reason for its worst

performance.

The comparison of OGSM, OIQSM and OSM is carried out in terms of BER in Fig. 4.19 for N;, =4
and a spectral efficiency of 8 bpcu. OGSM uses N, = 3 and 4-QAM modulation while OESM utilize
16-QAM modulation. OIQSM uses 4-QAM modulation while OSM uses 64-QAM modulation. OSM
uses the highest modulation scheme, thereby yielding the most inferior performance. As modulation
scheme increases, the symbols are more closely packed and chances of making error in detection of such

closely spaced symbols is more. Thus the BER involved in symbol detection (P;) increases, leading to
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Figure 4.18: Performance comparison of the proposed methods for spectral efficiency of 6bpcu.

overall increase in system bit error rate. OESM uses lower modulation scheme than OSM, but a higher
modulation scheme than OGSM and OIQSM. Thus performance of OESM is better than OSM, but
inferior as compared to OGSM and OIQSM. OIQSM and OGSM uses the same modulation scheme, but
OIQSM uses only 2 optical chains while OGSM uses 3 optical chains, leading to lesser optical interference
in OIQSM and contributing to improved performance of OIQSM over OGSM. It is pertinent to note that
OIQSM uses 2 activated lasers and OGSM uses 3 activated lasers for transmission in this particular
case for comparison. It means that receiver will face greater difficulty in correctly decoding the three
laser indices of OGSM, while it is relatively easier to decode 2 laser indices correctly in OIQSM. More
decoding of laser indices means more chances of error. Thus if error involved in detection of laser index

(Plide) is more, the total BER of the system will also be more.

From Fig. 4.19, diversity gain of the various methods can be calculated by calculating the slope

of BER curves. For OESM, considering power range of 35-45 dBm, the diversity gain is given by

log,o(2:90082) — 0.71. Diversity gain of OGSM for the same power range is log;((0.00003/0.0000052) =
0.76. OIQSM within the same power range has a diversity gain of log;;(0.000013/0.000003) = 0.64. From
the results we can observe that the diversity gains of the schemes more or less are similar to one another.
This is because it depends mainly on the receiver diversity i.e. number of photodetectors. For equal
number of photodetectors diversity gains are nearly equal. Irrespective of the number of lasers activated
for any scheme, a larger number of photodetectors available for reception is capable of increasing the

diversity gain. Let us estimate the coding gain from the horizontal shift of the curves. If we consider
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a BER of 0.00006, OIQSM achieves a coding gain of around 5 dBm over OGSM, 12 dBm over OESM
and 20 dBm over OSM. This coding gain is achieved due to the combined effect of lower modulation
scheme and lower number of lasers activated. The coding gain of OESM over OSM at 0.0004 BER
value is 6 dBm, while the coding gain of OGSM over OSM at 0.0004 BER is around 13 dBm. These
results highlight the fact that advanced OSM schemes are beneficial than OSM in terms of coding gain,
although they may consume a little extra power than OSM for this spectral efficiency value. The slight

extra power consumption is balanced by the benefit in coding gain of the proposed methods.
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Figure 4.19: Performance comparison of the proposed methods for spectral efficiency of 8bpcu.

The performance of OESM and OGSM for different parameter variations are compared in Fig. 4.20.
It is observed that performance of OGSM and OESM degrades with increase in spectral efficiency as
higher target data rates are difficult to achieve. With increase in modulation scheme, the performance
also degrades. For example OESM uses 16-QAM for N = 4,nsg = 8bpcu while OESM uses 4-QAM
for N, = 4,ngg = 6bpcu. Similarly, OGSM with ngg = 6bpcu and OGSM with ngg = 8bpcu uses
4-QAM but have different number of optical chains. As N, value increases in OGSM, more lasers are
active and the performance degrades due to increase in optical interference. It is pertinent to note that
OGSM having 3 optical chains performs better than OESM with 2 optical chains at the same spectral
efficiency of 8 bpcu. This is because OGSM uses 4-QAM and OESM uses 16-QAM to attain the same
spectral efficiency. As constellation size increases, the symbol vector spacing decreases leading to more
chances of error. Again for same spectral efficiency of 6 bpcu, OESM having 2 optical chains performs

better than OGSM having 2 optical chains. This is because of the fact that OESM sometimes activates
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single laser and optical chain also depending on the message bits, which reduces the optical interference
as compared to OGSM with 2 optical chains, where 2 lasers and 2 optical chains are always activated.
Another interpretation of this result is that when more lasers are activated, it becomes difficult for the
receiver to decode multiple laser indices correctly. Hence the bit error rate for laser index detection
increases, contributing to the overall increase in BER of the system. In all the figures, the analytical

upper bounds are tight and validated by Monte Carlo simulations, thereby justifying our analysis.
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Figure 4.20: Effect of parameter variations on system performance.

4.6 Conclusion

In this chapter, OSM and advanced OSM schemes for FSO communication have been analyzed.
Initially OSM combined with PLNC for full-duplex decode-and-forward FSO cooperative systems was
studied. To eliminate the drawbacks of OSM, TLS and TLS-OSM schemes were studied for half-duplex
FSO cooperative communication. Next, to further increase the spectral efficiency of OSM, advanced
OSM methods were studied for FSO systems which can offer benefits of improved error performance.
Cost and power consumption analysis of all the methods have been provided. In future, these advanced
OSM schemes can be combined with TLS to achieve higher spectral efficiencies for FSO cooperative
communication. Future work can be extended to the derivation of exact outage probability and BER
expressions for OSM and PLNC based bidirectional FSO cooperative system, and derivation of closed

form expressions for exact error analysis of advanced OSM schemes.
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less Communication

Optical wireless communication has been studied for free-space communication in the earlier chapter. In
a similar manner, optical wireless communication can be implemented in underwater environment also
with some modifications. In this chapter, underwater optical wireless communication (UOWC) with SISO
case and MIMO cases are explored. The chapter after a broad overview regarding UOWC technology
(Section 5.1) and the concerned channel model (Section 5.2), is divided into three major parts. The first
part (Section 5.3) deals with AF based UOWC SISO scenario. Outage probability and ASEP expressions
for one-way and two-way relay based SISO UOWC systems are derived. The second part (Section 5.4)
extends UOWC to MIMO scenario and proposes OIQSM for UOWC cooperative communication. BER,
cost and power consumption analysis are carried out for such systems. The subsequent part of the
chapter (Section 5.5) proposes TLS and TLS-OSM schemes to resolve the drawbacks of OSM for UOWC
cooperative systems. Outage probability and ASEP closed form expressions are derived for such systems.

The chapter is finally summarized in Section 5.6.

5.1 Introduction to UOWC

In underwater communication, message is propagated underwater by using some carriers. The system
performance in aquatic environment is affected by the water salinity and presence of diverse marine
organisms. RF and acoustic underwater communication suffer from the problem of limited bandwidths
and lower data rates. While on the other hand, higher data rates can be achieved by using UOWC.
UOWC has many similarities with atmospheric FSO communication [13], however the environmental
conditions are different. In underwater conditions, absorption takes place due to collision between the
propagating photons and water molecules, and other suspended molecules, and suffer energy loss. The
optical signals undergo directional change due to scattering [170]. The absorption coefficient a(A) and
scattering coefficient b(\) are considered to take these effects into account [171].

Acoustic form of underwater communication has some disadvantages. The frequency of operation is

very low leading to poor data rates. The delay time in acoustic links is also large (typically in seconds).
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Acoustic transceivers are also expensive and not energy efficient. The RF method suffers from the
problem of short link range. It also requires expensive energy inefficient transceivers and large antennas.
Hence one can opt for underwater optical wireless communications as a possible alternative. Speed of
light (which is the carrier in UOWC) is much greater than acoustic wave. Thus UOWC links are immune

to link latency and provide more security also [172, 173].

The underwater environment is dynamic resulting in the need of a complex channel model. UOWC
equipment are affected by water flow, temperature, salinity and turbidity of water. Power crisis in
the aquatic environment requires the devices to be energy efficient. In underwater environment, light
absorption occurs due to the presence of coloured dissolved organic material (CDOM) and chlorophyll.
This hinders light propagation and the turbidity of water increases. The concentration of CDOM also
fluctuates with ocean depth variations, thereby changing the corresponding light attenuation coefficients.
The temperature and pressure of ocean currents vary rapidly causing fluctuations of refractive index of

water. This phenomenon is known as turbulence [174].

Monte Carlo based numerical simulations of the channel in UOWC has been performed in litera-
ture which has shown that the fading free impulse response (FFIR) of the channel, with absorption
and scattering effects taken into account, cannot be adopted like FSO channel links. The tremendous
amount of multiple scattering of the propagating light causes temporal dispersion on the channel FFIR
and consequently on the received optical signal. Turbulence induced fading must be considered while
designing the channel. The channel FFIR is multiplied by a positive fading coefficient to characterize
the fading induced channel turbulence. Beer-Lambert’s Law can suitably describe the attenuation effect
in sea water. But in this work, blue/green region of the visible spectrum has been chosen, as 450-550 nm
spectral range (corresponding to blue/green region) has the least attenuation and scattering coefficient.
Hence we have considered turbulence induced fading in our channel model and ignored the attenuation
error. The distance of communication between UOWC devices is typically within the range of 100 m
[175]. Hence the effect of pointing and misalignment errors caused due to floating oceanic currents has
been neglected in the analysis, but it may be included in the analysis and this has been kept for future
research works. Background noise is weak in underwater environment; hence the receiving apertures
have large diameters. This results in a weak turbulence effect which can be effectively described by a
lognormal channel model. Lognormal models are used in scenarios where single scattering phenomenon
occur. The assumption that the magnitude of the scattered optical field is less than the unperturbed
phase gradient is valid for underwater environments due to the presence of weak turbulence induced
fading. Hence use of lognormal channel model is justified for UOWC under weak oceanic turbulences,

as has been reported in literature [175, 176, 177, 178].
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In UOWC systems, optical sources like LED/Laser are intensity modulated at the transmitting side
while for reception, direct detection by photo-detector is done [96]. Binary phase shift keying (BPSK)
or some higher constellation schemes like M-quadrature amplitude modulation (QAM) [179, 180] can be
used as modulation schemes for UOWC systems. Usually, deep underwater ocean explorations will need
longer distance communication since the ocean depths are generally in kilometers. For this, cooperative
communication with amplify-and-forward (AF) technique at the relay can be beneficial. In a bidirectional
cooperative UOWC system, transmission of two packets in either direction takes place in two time slots
only thereby saving bandwidth. Both the source nodes transmit their messages to the relay and the
relay then amplifies and forwards them to the corresponding destination nodes. Thus all the nodes can

operate in full-duplex mode in a bidirectional system.

5.2 Channel Model

Note that UOWC experiences a single scattering phenomenon which induces weak turbulence effects
as stated by Rytov theory earlier. The channel fading coefficient has an amplitude envelope which is
considered to be represented by a random variable h > 0 following lognormal distribution. From the
Rytov theory as seen earlier h = e?¥ where Y is a normal random variable with £'9 and o2 as the mean
and variance of Y = 1/21In(h). Therefore, the PDF of lognormal fading coefficient for UOWC link is

given by:

2
1 (n(h) — 2u19)
=———exp|— 5 . (5.1)
hv/8ma? 8o

fn(h)

Usually, we take the mean of h as 1. Hence, taking F[h| = ulhg = exp(2ul9 4 20%) = 1, we get p'9 = —¢?

[181]. Note that variance of h, o7 = E[h?] — (E[h])? = (eto® — 1)6(4“5‘?_'_402) can be simplified as o7 =
¢l® — 1. For 0% << 1, then o3 ~ 40, Let v = |h|?. Therefore, the PDF of received SNR 7 can be

written as [182]:

2
1 — (In(2) + 402
FH() = mexp ( ;202 ) ) (5.2)

where 7 represents the average electrical SNR of the UOWC links. The CDF can be expressed as [182]:
1 In(2)+ 402
Fy(y)=1- 5erfc ((7) . (5.3)

where erfe(-) denotes the complementary error function given as er fc(x) = % 1.7 et dt.

Scintillation index denoted by o7 is used to describe the fluctuations of refractive index for turbulent

seawater. Its value indicates the nature of turbulence. For example, o7 >1 indicates strong turbulence,
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while 0 < o7 < 1 denotes weak turbulence. In weak turbulence environments, we assume that o2=-y'9
and 02 = et —1 [177]. Tt may be noted as o2 increases, o7 also increases. The parameter o7 is calculated
using other parameters like wavelength, link distance and refractive index constant depending on the
type of sea water and turbulence. Coastal sea water is considered for our analysis which is symbolized

by the parameter wyq¢. a? value is calculated using other parameters as shown below:

5 24.83275  [o°
O'I = ‘/0

S | e 2,350k )]
Lm})\
- dey , (5.4)

w2 wat

T - - - .
x X (w2 e~ AT 4 749 _ 9™ ATs9) x sin (
wat

where x; denotes the scalar spatial frequency, € is the rate of dissipation of turbulent kinetic energy per
unit mass of fluid, A is the wavelength, ng,, represents Kolmogorov microscale, the rate of dissipation
of mean-square temperature is represented by x7, wwat is the relative strength of temperature and
salinity fluctuations and L is the distance between two nodes. Ap, Ag and Ap, are all constants.
d = 8.284(ky Mem )3 + 12.978(kf Mgm)?.  The values are later given in Results section. Thus the
lognormal channel model has a variance ¢ which is dependent on 0% and takes into account all the

conditions available underwater.

5.3 Amplify-and-Forward Based UOWC Systems

Now we come to the first contribution of this chapter, which deals with the performance analysis
of unidirectional and bidirectional AF based UOWC SISO systems in terms of outage probability and
ASEP. AF relaying is a technique where the relay just amplifies and forwards the signal without actually
decoding it. In the literature, optical pre-amplification for UOWC systems has been explored in [176].
In [183], a suitable channel model for UOWC systems, which considers effects like turbulence, absorption
and scattering, has been proposed. The performance of UOWC system for random sea surface has been
analyzed in [184]. Experimental investigation of temporal properties of optical communication signals
in turbid underwater environments has been performed under various coherent modulation schemes like
phase shift keying and quadrature amplitude modulation [180]. Decode-and-forward and amplify-and-
forward based multi-hop UOWC communication has been analyzed in terms of a Lambertian based
channel model in [185]. In [175], a point-to-point multi-hop UOWC has been investigated in terms of
BER. The influence of different number of relays and the effect of transmit power have been studied
for optical wireless communication in turbid water in [186]. Capacity analysis of UOWC under weak
turbulence conditions has been performed in [177]. Optimization of power allocation and relay location

has been proposed for AF multi-hop systems over lognormal channels. Half-duplex and full-duplex AF
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and DF relaying with energy harvesting has been studied over lognormal channels in [187]. Exact outage
probability and symbol error rate analysis for two-way AF relay networks has been done over Nakagami-
m fading channels [188]. Performance analysis of AF FSO system has been proposed over lognormal
channels in [189]. BER analysis over G-G and lognormal based FSO systems has been done in [190].

Based on the above literature survey, quite a few research gaps have been observed. There are
few works dealing with AF based systems over lognormal channels in FSO communication, but limited
works based on lognormal channels in UOWC. In UOWC, the lognormal channel has to take into account
scattering, weak turbulence induced fading and attenuation factors due to the behaviour of optical signals
underwater. Such a study is not required for FSO communication, even though the channel model may be
same. Another research gap observed is that closed form expressions of BER for AF relay based systems
over lognormal channel could not be derived in literature. Either some approximations were done by
using asymptotic analysis or by some numerical methods. Tractable closed form BER expressions for
such systems are lacking. All these factors motivate us to propose closed form outage probability analysis
and error analysis for AF based UOWC systems over lognormal channel using MG distribution.

The novelty of this work is as follows. The closed form expressions for outage probability lower
bounds of one-way relay (OWR) and two-way relay (TWR) based UOWC are derived by approximating
lognormal underwater fading channel with mixture of Gamma (MG) distributions. The exact analysis
of outage probability is also provided and the difficulties involved in obtaining exact analysis are also
listed, thereby justifying the reason to opt for calculation of bounds. The challenging part of the error
evaluation is to derive closed form expressions as lognormal distribution contains intractable integrals
which prevents us from getting closed form expressions. Without closed form expressions, it is difficult
to analyze the system performance by varying a particular parameter. Numerical methods take up
a lot of time and has high computational complexity, and hence closed form analytical expressions are
required for gaining valuable insight into the system performance and also for further system optimization.
With approximation of lognormal distribution by MG distribution, MIMO UOWC analysis can become
tractable. In the subsequent sections, system models are provided. The closed form expressions for
outage probability and ASEP for OWR and TWR based UWOC are derived by approximating lognormal
distribution with 5-MG distribution. Asymptotic analysis is also carried out to evaluate coding and

diversity gains.
5.3.1 System Model and Performance Analysis for AF based UOWC Systems

The model which is used for UOWC can be explained through Fig. 5.1. The ROVs and sensors
need to interact through optical wireless links, leading to the necessity of point-to-point communication

between the devices. Since the UOWC is a short range communication, hence there is need for a
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cooperative model. The simplest form of 3 node cooperation model, comprising of SN, RN and DN
nodes, is considered, as shown in Fig. 5.2. SN denotes the source node, RN denotes the relay node
and DN denotes the destination node as depicted in Fig. 5.2. SR signifies the channel path from SN to
RN whereas RD is the channel path from RN to DN. hgr denotes the channel coefficient from SN to
RN and hgp is the channel coefficient from RN to DN. For our proposed dual-hop relay system, there
is no direct link between SN and DN. One can extend this analysis to multi-hop relay system [191] for
further extending the link range. For transmitting purpose, lasers are used and for receiving side, a

photodetector of responsivity R is used.

5.3.1.1 Outage Probability for One-Way Relay System (OWR based UOWC)

Underwater
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Figure 5.1: Practical system model for UOWC Rl 5 el RV R Dased UOWC

(Dashed arrows represents optical links).

The total AF process is a dual time slot process. In the first time slot, source node sends its message
to the relay node while in the second time slot, relay node amplifies it with a gain and forwards the
signal to the destination node. The received signal rsr at RN at the end of first time slot can be written
as:

rsr = VERhspT + nsg - (5.5)

where x denotes the transmitted signal, nggr is the zero mean complex Gaussian random variable with
variance Ny/2. Time slots are the smallest division of a communication channel that is assigned to
particular users in a communication system. Hence the nodes can transmit information in a particular
time slot only. The total energy required for transmission in the two time slots by SN and RN is 2E.

The received signal rgp at DN at the end of second time slot can be written as:

rrRDp = VcERhsrhrpx + npp , (5.6)
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where ngp is the zero mean complex Gaussian random variable with variance Ny/2. For AF relaying

the variable-gain ¢ can be defined as [192, 193]:

B R.E /Ny
1+ Re|hsr|?E/Ny + Re|hrp|2E/Ny

¢ (5.7)

CSI at the receiver is obtained by sending training sequence or pilot signals. For slow fading, channel
stability enables the receiver to acquire the CSI. In fast fading case, the channel coefficients vary at a fast
rate and reliable channel estimation may not be possible. It is to be kept in mind that for variable-gain
relaying, the channel gains are varying and exact knowledge of the channel statistics must be known
to the nodes. Thus for variable-gain relaying scheme, CSI needs to be known at the destination node.
The destination requires CSI for both source-to-relay links and relay-to-destination links to decode the
message. Therefore, channel estimation and channel exchange are required for both relay and destination
nodes. The channel estimations of the source-to-relay link and relay-to-destination links can be assumed
as a multi-user channel estimation problem [194]. The results of channel estimation can be used in
interference cancellation in this case. This technique follows the principle of periodic insertion of a
unique training sequence into each data sequence and also allows the time variation of the channels
within and between the training sequences. Interference mitigation techniques is an interesting field of

research and can be considered as a future scope of work for such UOWC systems.

For calculation of end-to-end outage probability, end-to-end SNR calculation is required. Thus from

Eq. (5.6) and (5.7), the equivalent end-to-end SNR at the DN node is written as:

YSRYRD
Nqur — _ VSRYRD 5.8
SED 1 4 sk + vRD (5:8)

where,
Re|lhsr*E Rc|hrp|*E
= = YBRD.= AN

5.9
No No (5.9)

YSR

Now we will try to evaluate the exact outage probability for such a system. Let the threshold SNR vy

be denoted by x. The total end-to-end outage probability (Fygur (2)) is given by:

SR

YSRYRD
F owr () = P —_— < ZL')
o () (’YSR +7vrp +1

0 YSRY
P|———— < d
(’YSR+?J+1 x) f’YRD(y) Y
0 y+ 1)z
=/ P(’YSR< (y_ ) )ffmp(y)dy
)

X

P @)+ [ Fogy(2) fonp (y)dy - (5.10)

xT
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For the last step of the above equation, we have split the limit of integration into two parts y = 0 to «
_ _ (D= (y+Dz . - :

and the other y = x to co. Let z = T The value of P (753 > ﬁ> in the range of y = 0 to = is

1, since the random variable vygr is always positive and will always be greater than the negative value

of (y;rfgc)x when 0 < y < . The PDF and CDF of the terms are inserted from Eq. (5.2) and Eq. (5.3)

respectively to obtain the following simplified equation:

1 In (%%D) + 402
F owr = ]_ — —
YSRD (SU) 26ch ( \/3720_

il )

V320 320%p

(5.11)

From the above integral equation, we can observe that the second term’s integral is intractable. No
closed form expressions are available to the best of the author’s knowledge. Such integrals need to be
solved numerically in Mathematica. But our goal is to obtain closed form expressions to gain valuable
insights regarding system performance. Hence we opt for bounds of outage probability scenario now.

High SNR case is considered and end-to-end SNR is approximated as:

owr __ YSRYRD

1 2
VYSRD = =- 1 1~ — Yapproz - (512)
l+ysr+7rD 25—+ -
An upper bound can be obtained by the inequality:
Yapproz < Yup A MIN(YSR, VRD) - (5.13)

This is explained by the condition that when either of the links fails (source-to-relay or relay-to-
destination), then outage can occur. Since the SNR is upper bounded, hence the CDF will be lower
bounded as CDF is inversely proportional to SNR. A tight lower bound on CDF of v¢%, can be eval-
uated by considering the minimum of two random variables condition (which corresponds to either of
the link failure condition). P(ysr < <) is the CDF of source-to-relay link and P(ygrp < 7y) is the CDF
of relay-to-destination link. Thus, the overall lower bound of CDF is given by a closed form expression
[195]:

Fyour (v) > P(ysr <) + P(yrp <) — P(vsr < v)P(yrp <7) - (5.14)

Using Eq. (5.14) and Eq. (5.3), the outage probability for a threshold SNR of v, is lower bounded as:
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Pout(ven) = P(min(vsr, YrD) < Vin)

oRg_1 2 2Ra 1 2
1 In (%4=1) + 4o In (3245L) + 40,
=1--erfc erfe , (5.15)
4 V320sR V320RrD

where vy, = 284 — 1, 35p = E/No, Yyrp = E/Ny (assuming that SNR at both SN and RN nodes are
equal) and Ry is the target data rate in bps. Let us analyze the outage probability from the closed
form expression. The analysis can be easily understood by the analysis of a single erfc function term.
If the SNR increases, the log term becomes more and more negative. As the argument in erfc function
becomes more and more negative, the erfc function value increases in a positive manner. Thus the
product of two erfc function values will also increase. The total increment when subtracted from 1
will give decreasing values with increment in SNR value. Therefore, the total outage probability value
decreases with increment in SNR value.

The next step is to evaluate the lower bound of PDF which will be required for error analysis. For
the PDF evaluation, CDF needs to be calculated first. The CDF of lower bound using Eq. (5.14), can

be written as:

1 In (52— ) + 402 In ( 52 + 407
Fyowr (7) > 1 — —erfe (RWSR) ST erfe (R”RD) U (5.16)
4 V3205R V320rD

The corresponding PDF can be obtained by differentiating (5.16) and the final expression of PDF lower

bound can be written as:

2
1 1 - <ID(RS%SR) + 4U%R) (hl( Re%RD ) + 40-]2%D)
frygur (v) > —— exp 5 erfc
8V 27y | OSR 3205 V320Rrp (5.17)
2
1 = (m( i) + 40,%5[,) (m( i) +40% R)
+ exp 5 erfe
ORD 320RD V3205R
In (ﬁ) +4012%D

While differentiating some steps are required. For example, assume z = 330mn and the relation

erfe(z) = % [2° e~ dt is used.
5.3.1.2 Outage Probability for Two-Way Relay System (UOWC_TWR)

For two-way relay system in Fig. 5.3, both the nodes (SN and DN) send information to the relay.
All the nodes work in full-duplex mode. The SNR at DN can be expressed as [188]:

twr YSRYRD
= , 5.18
YSRD 1+ vsr + 27rD ( )
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Figure 5.3: System model for UOWC_TWR

where the terms have been explained earlier. Again if we do exact analysis as shown for OWR case, then
closed form outage probability expressions cannot be achieved. Hence we opt for high SNR analysis. For

high SNR case, the end-to-end SNR can be approximated as:

Jwr _ _ VSRIRD ~ 1 2
SEP 1+ vor + 2vRD U -

= Yapproz - (519)

A tight upper bound of the SNR needs to be calculated. As the SNR is upper bounded, hence the CDF,
outage probability and PDF will be lower bounded. A tight lower bound on CDF of 44 is given by a

closed form expression as in earlier case:

L .
Fyr () 2 P{g min(ysr, 27rD) <7} - (5.20)

The CSI has to be made available to all the nodes and interference has to be mitigated. Channel
estimation techniques are applied for updating the CSI and mitigating the interference as discussed
earlier in OWR based systems. Outage occurs when either of the links fails. This condition can be
satisfied by the minimum criteria of the SNR of the two links. In this case the 1/2 term is due to the

full-duplex nature of the system. The outage probability of TWR system is thus lower bounded as:

Pout(vn) > P{3 min(ysr, 2vrp) < Yn}

= P(ysr < 2vn) + P(Yrp < 7en) = P(vsr < 27an) P(YrD < Yin) (5.21)
_ ) ln(%d;;))+4<7§~12 1n(§f§]§é)+4a§ﬂ)
=1 Zerfc 530on erfc J330rm .

Let us analyze the outage probability from the closed form expression. The analysis can be easily
understood by the analysis of a single erfc function term. If the SNR increases, the log term becomes
more and more negative. As the erfc component becomes more and more negative, the erfc function
value increases in a positive manner. Thus the product of two erfc function value will also increase.

The total increment when subtracted from 1 will give decreasing values with increment in SNR value.
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Therefore, the total outage probability value decreases with increment in SNR value.
For error analysis, the PDF of lower bound is required. The PDF can only be evaluated from the

CDF equation. Hence first we calculate the CDF for UOWC_TWR system which can be written as:

1n< 2xy ) +402 In (%) +402
1 Revsh SR ReARD RD
E (v) 21— gerfe ( i2oen ) erfe ( N : (5.22)

Similarly the PDF of lower bound for this system can be expressed by differentiating the CDF. Hence

the lower bound PDF is expressed as:

2
o] — (In(52) + 40%) (n(72=) +40%p)
ytwr (V) = == | ——exp = erfc
SRD 8V 27y | OSR 3205p V320RrD
(5.23)

2 2
1 - (ln(RegRD) + 40%%D) o fe (ln( RE%R) * 40%1%)
V3205sp

5.3.2 ASEP Calculation for UOWC AF Systems
Let P,(x) denote the symbol error probability (SEP) of the M-ary modulation scheme deployed. The
average ASEP over the entire fading channel for OWR based UOWC can be written as [80]:

P2 [ aQU/E) g, (1 (5.24)
0

For a TWR based UOWC system, the PDF is replaced by f,yg}}l{D. The PDF of OWR and TWR systems
have been evaluated earlier. However the closed form expression of ASEP cannot be evaluated. Hence
the integral is obtained using software like Mathematica. In this work, binary phase shift keying (BPSK)
modulation scheme is used. The values of a and e depend on the constellation scheme and has been
taken from Eq. (7) of [81].

It is observed from the expressions that lognormal distribution poses a lot of problems for analyzing
UOWC system performance, as the distribution contains intractable integrals. Closed form expressions
for ASEP cannot be obtained due to higher computational complexities of lognormal distribution. Thus
lognormal distribution can be approximated by a MG distribution [82], which offers ease of calculation.

5.3.3 PDF, CDF and Error Analysis using MG Distributions

After approximating lognormal distribution with MG distribution, the outage probability and error
expressions need to be derived. For outage probability, CDF equation of MG distribution is required
and for error analysis, PDF equation of MG distribution is required. The PDF of MG distribution can

be written as defined earlier in Eq. (3.8). Number of mixing coefficients is denoted by n, I denotes the
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Gamma function, P; is the mixing coefficient of the i** Gamma distribution having properties like P; > 0

and 3" | P; = 1. The shape and scale parameters of the i Gamma distribution for > 0 are aM¢

and
BM G respectively. CDF of MG distribution can be obtained by integrating the PDF and can be written

as defined in Eq. (3.9). Outage probability for UOWC_OWR system can be calculated as:

MG
out ZP (1 - (i)Gl 2 ( 1MG | W)) , (5.25)

e

where v, =284 — 1 for UOWC_OWR systems, R, is the data rate, ¥ is the average SNR. For asymptotic
analysis of outage probability, the argument in Meijer G function is first inverted using Eq. (6.2.2) in

[62] and the expression is written as:

1 0,2 _aMG
P = ZP ( T (a1 MG)Gz,’l <1,1 o
’l

Rery
M)) . (5.26)

Let z = ﬁ!\?é;{ - Then the Meijer G function at very high values of its argument can be written as

described in Eq. (41) in [63]. Thus the overall asymptotic expression is written as:

" 1 2l Dlag — ap)
posym ap—1 A
o Z ( T(a%) 2 [Ti=1 T(ax — by) > ’ 20

&) =1

where a = [1 1—aM } b = [0]. To obtain the diversity gain from this expression, the highest exponent

of SNR is required which is given by — min(« MG). Therefore the negative value of this exponent,

according to Eq. (2.73) give us the value of diversity gain which is min(c; el G) in our case. The coding

gain is given by:

2 ap—1 2 m
~(sp Il 100 Dar — ar) @)
Cy = (;PZ (1 z:: (BMG%h> Hllzl T(ay, — by) )) . (5.28)

Our next goal is to evaluate closed form expressions of ASEP using 5-MG distributions. For AF based

UOWC systems, end-to-end CDF of the entire system is computed and then end-to-end PDF is computed
by differentiating the CDF. For ASEP calculation of UOWC_OWR, Eq. (5.24) is used, Q function is
expressed in terms of Meijer G function. The end-to-end PDF of the UOWC_OWR system can be defined

as:
fe2e(y) = f’YSR (vsr) + f’YRD (YrD) — f’YSR ('YSR)F’YRD (YrD) — f’YRD (’YRD)F’YSR (vsr) (5_29)
= f'YSR(’YSR>(1 - F’YRD (’VRD)) + f’YRD ('YRD)(l - F'YSR('YSR)) .

For vsr=7rD=7,

fE2p(7) =2f,(v)(1 = (7))
P

=2£,N> |1 - P)+ - G13 ( 0.aMC
i=1 T(a}%) K

)

~BME (5.30)
)]
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where the values of f,(v) and F(y) are computed using MG distribution. Now the overall ASEP for

BPSK modulation can be written as:

P, = /0 " Frar()Q(VI)dy | (5.31)

Now, P, = f1 4+ f2, where
1

fi = I 24,(0) Sy (1= PYQUVER )y and. f = 57 2,0) S ey G2 (0. | 2 ) QU

We will be treating the terms f; and fy separately. One contains multiplication of a variable with

exponential term and a Meijer G component, and the other term contains multiplication of a variable
with exponential terms and two Meijer G components. We can write  function in terms of Meijer G

function [46]:

Q(v2a) = falg(oml z) . (5.32)

Therefore we can write f; and fs as:

2 /ooZ": Pi(1— Py~ aMG 1(ﬁiMG)a§‘4G N 1 GQO( "y)
= = 0,1/2
0 = T (o) e /
: (GO o B
=N PO1-P, / : servl e =S ek (5.33)
i:ZI at ) 0 I‘(aZMG)\/%V 01 o AR, (0 1/2‘7)
:zn: Pz‘(l—Pz‘)Gm 1-aMG 1| YR
— F(aZMG)f 2,2 0 1/2 @MG ’
0 & Py S (BMC) e 2,0 BMY\ 20
= PG : Gy d
f2 /0 ; ()T (o) 1,2 ,az ’YR 1,2 (01/2‘7) 2
o M Pi,.yozi—l(ﬁzj\/lG)ai BMG,.Y 2.0
= G - - G d
/0 ; INCHINGT %% | R, (01/2)7) 7 (6:34)
B zn: p? O1:2,0:2,0 —at 1 }1 YR
= - 1,0:1,2:1,2 MG
& (D(9))2 /7 - o,agwa 0,172 | B¢
By combining the terms f; and fy we can write the overall ASEP as:
n —
1 2,1 1- ocMG 1 FVRe
P = P(l1—-P)—F~——FG,"
e ; Z( Z)l—\(ai\jG)ﬁ 2,2( 01/2 Bl]MG
n 2 _ MG _
% 012020 [ 1% 1 1 YR
+ Gio191 1,-—= (5.35)
; (F(O{wa))z\/'TT 1,0.1,2 1,2 B O MG 0 1/2 Z]WG
The following formulae have been used [46, 196]:
| et (it o) g (i 72 ar
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z

) . (5.36)

— WG m+t,n+s ( ai,....an,1—a—di,....,1—a—ds,...,an4+1,...,ap
w

v+p,utq bi,cobml—a—ci,....,l—a—ct,..bmi1,...,bq

oo
/ taflelvnl (a17a27'~~7an17an1+177~~'ap1
0

p1,q1 b17b27---7bm17bm1+17----7bq1

Zt Gm2’n2 a1,a2;..-,ang,Ang+1;---Apy
2,42\ b1,02,0,6mg bmg 150,004

xt)

> Gm?”n?’ a1,a2;...,an3,0ng+1,)---Apg
P3,q3  \ b1,62,..;.6mg,bmg+1,-.,bq5

yt) dt

—a N, MM, N2 ims,ng 1—Oé—b1,...,1—a—bq1 ai, az, ..., ap2 | a1, az,...,ap3 .’E/Z /Z
q1,P1:P2,42:P3,43 Y
1—0(—@1,...,1—0(—&1,1 bl,bQ,...,bqg bl,bg,...,bqg

(5.37)

Thus it is seen that the ASEP and outage probability expressions are now available in closed form.
Asymptotic analysis can also be performed for Meijer G function in ASEP expression. The Meijer G
function has to be expressed in terms of basic mathematical functions. For this, the argument in Meijer
G function is first inverted using Eq. (6.2.2) in [62]. Then the Meijer G function at very high values of
its argument can be written as described in Eq. (41) in [63]. Some key facts can be observed from the
closed form ASEP expressions. Meijer G function decreases with increasing value of SNR. Hence both
the Meijer G components decreases leading to lesser error values with an increment in SNR values. A
bivariate Meijer G term is also present in the expression which is a function of two variables basically.
The benefit of these closed form expressions of outage probability and ASEP using MG distribution
is that the expressions are tractable in nature. Asymptotic expressions are also tractable and diver-
sity and coding gain could be easily obtained. The expressions could be used in understanding the
system performane with parameter variations. It will be easier for wireless engineers to optimize the
system performance with these closed form expressions, rather than going for the cumbersome numerical

methods.

5.3.4 Results for AF Based UOWC Systems

We have considered the average SNRs and the fading coefficients of both the SN-RN and RN-DN
links to be equal. For outage probability calculation, the threshold data rate (R;) is assumed as 3 bps.
Link range (L) is the distance between SN and RN, and RN and DN. The RN has been assumed to
be equidistant from SN and DN. Transmit optical power is 1 W. 7.5 cm is the transmitter aperture
diameter, 6 mm denotes the transmitter aperture separation, receiver aperture diameter is 25 cm and
photodetector responsivity is 0.85. Ap = 1.863 x 1072, Ay = 1.9x 1074, Ap, = 9.41 x 1073, npy, = 1073
m, € = 107°m?/s3, xr = 107°K? /s, wyar = —2.5 are the parameters considered [197]. These parameters
are considered throughout the chapter unless mentioned explicitly.

It is observed from Fig. 5.4 that outage probability performance of the system improves with a
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decrease in o2 value for which the link distance and turbulence is less. Note that the outage probability
lower bounds of OWR and TWR based UOWC are calculated using Eq. (5.15) and (5.21) respectively.
It has been reported in [198] that the o and o7 increases with the link distance. Thus smaller value of o2
may be interpreted for shorter link distance. o has been varied as 0.04, 0.09 and 0.16 for both one-way
and two-way relay. TWR based UOWC suffers from self-interference effect as the nodes are transmitting
and receiving simultaneously. Therefore it shows more outage than its counterpart. TWR can give
more data rate as it is transmitting and receiving simultaneously, but it can suffer from more outage
due to interference. Thus a compromise is required between spectral efficiency and outage probability
performance. In future, interference cancellation schemes can be worked out to improve the outage
probability performance of TWR system. The analytical results are validated by means of Monte Carlo
simulations too. For example, to achieve an outage probability value of 0.1, OWR based UOWC system
requires 25 dB of SNR while TWR based UOWC requires 27 dB of SNR. Thus there is a SNR gain of 2
dB for one-way relaying method. This is clearly illustrated by means of Table 5.1 for o = 0.09 where

the SNR required to achieve different outage probability values are depicted.

10°¢

10" E

52=0.16

1072 ¢

[o%)

| line represents UOWC TWR
ranalytical results
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107 isimulation results
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Figure 5.4: Outage probability for amplify and forward relay based UOWC.
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Table 5.1: Comparison of lower bounds on outage probability for 2 = 0.09

p SNR for various techniques (in dB)
> [UOWC.OWR [ UOWC.-TWR
0.5 19 21

0.1 25 27

0.05 27 29
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MG distribution is the best fit for lognormal distribution as shown by simulation results in Fig. 5.5. It
is observed from the PDF curves, that higher components of MG distributions closely matches with that of
lognormal curve but as components goes on increasing, computational complexity also grows. Therefore
there is a trade-off between complexity and error. 5-MG distribution shows almost perfect match with
lognormal distribution and hence is considered for further system analysis. The parameters chosen
obtained using Expectation maximization algorithm [82] are aZMG = 4.9987,6.99, 8.996, 0.9938,6.9977,

BMG = 3.884,7.351,9.716,1.166, 13.075, P; = 0.3021,0.107,0.1720,0.1061,0.3119.

1.2 ‘ ;
—5-MG Approximation
1t ﬁ ---Lognormal distribution| |
o 1-MG

Figure 5.5: The comparison between lognormal and different MG distributions.

In Fig. 5.6, the outage probability for OWR based UOWC system is verified using 5-MG distributions.
The analytical results of outage probability for OWR based UWOC are calculated using Eq. (5.21).
02=0.09 and 02=0.16 are considered for this case. The 5-MG analytical results are verified by means
of Monte Carlo simulations also. The results obtained are in close agreements. The results are justified
using asymptotic analysis also. In case of higher SNR values, the aysmptotic results gradually merge
with the analytical results, thereby justifying our analysis. Let us calculate diversity gain from the graph.
Considering the SNR range of 25-30 dB for 02 = 0.09, the diversity gain is 10log;,(0.008/0.0023)/5 =
1.15. The theoretical value of diversity gain is min(a?“) = 0.9938. Thus the theoretical and practical
values are almost close to each other. Similarly for 0> = 0.16 and considering SNR range of 25-30 dB,
diversity gain is 101og;;(0.14/0.048)/5 = 0.93 which is again close to the theoretical value of 0.9938. For

coding gain, let us calculate the horizontal shift of curves between 02 = 0.09 and ¢ = 0.16 for an outage

probability value of 0.1. The coding gain is 26 — 18.5 = 7.5 dB. Hence it can be inferred that lower
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turbidity gives better coding gain and better performance. As sea water turbidity increases, the light
propagation in water is hampered. The refractive index of water changes more rapidly due to varying
temperature, pressure and humidity of ocean currents. This results in the failure of light rays to reach

the receiver properly resulting in more error.

100 —k

[a—y
=
p—
T

[E—y
i
(3]
T

Outage probability

'3 1 1 1 1 1
10 0 5 10 15 20 25 30

SNR (dB)

Figure 5.6: Outage probability for OWR based UOWC using 5-MG distributions for different values of
02 (Solid line represents analytical results, dashed line represents asymptotic results, and * represents
simulation results).

The error performance of the system for BPSK modulation scheme is observed from Fig. 5.7. The
analytical results for lognormal distribution are obtained using Eq. (5.24). As mentioned before, no closed
form expression is available, hence integral is numerically evaluated using Mathematica. The closed form
expression is obtained for ASEP by approximating lognormal distribution by MG distributions using

2 is varied as

Eq. (5.35). It is evident that lesser values of o2 gives better performance. In this case, o
0.09 and 0.16. ASEP results obtained from 5-MG distributions closely matches with the results obtained
from lognormal distribution. It can be observed that lesser values of sea water turbidity give better
results. As the turbid nature of sea water decreases, light propagation is better and proper reception
of the signals by photodetector can occur. Another interpretation of the results can be that sea water
turbidity and hence variance values of lognormal distribution increase with an increase in link distance.

Thus as the distance of propagation increases, it becomes increasingly difficult for the light rays to reach

the receiver, thereby giving poor performance for such high o2 values.
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ASEP

10'5 1 1 1 1 1
5 10 15 20 25 30

SNR (dB)

Figure 5.7: ASEP of OWR based UOWC (Solid line represents analytical results using lognormal dis-
tribution, dashed line represents analytical results using 5-MG distribution, and * represents simulation
results using lognormal distribution).

5.4 Optical Improved Quadrature Spatial Modulation for UOWC

In the earlier section, we have studied how cooperative AF based UOWC system behaves for SISO
scenario. However, SISO systems have the drawback that in any case if the particular link between laser
and photodetector is down, then the communication cannot take place due to lack of diversity. This leads
to the necessity of MIMO UOWC systems. To reduce the optical interference in MIMO UOWC systems,
OSM technology can be used. In the earlier chapter, the basic concepts of OSM have been described
already. In the forthcoming sections, advanced OSM scheme like optical improved quadrature spatial
modulation (OIQSM) will be studied for BER performance improvement over SISO AF based UOWC
systems. The channel model and other concepts of UOWC remain the same as defined earlier. Literature
survey regarding basic UOWC cooperative systems [175, 185, 186, 187] have been presented in earlier
sections already. UOWC employing spatial diversity and multi-pulse position modulation techniques has
been analyzed in [199] by deriving approximate analytical BER expressions using lognormal channels.
Spatial diversity has been exploited to calculate the BER of SIMO and MIMO based UOWC links in
[200]. Space division multiplexing for underwater transmission has been proposed in [201]. MIMO UOWC
systems employing spatial modulation has been proposed in [202], where upper bound expressions of BER
have been evaluated under weak turbulence conditions using lognormal channels. UOWC systems with

optical spatial modulation has been proposed in [178]. SM and other advanced versions of SM for RF
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domain have been analyzed in [203]. Improved quadrature spatial modulation (IQSM) in RF domain
has been investigated in [160], where transmission of double modulated symbols takes place over double
layer of antennas in a single symbol time interval. To enhance the spectral efficiency of OSM, quadrature
spatial modulation [204] can be implemented in optical domain also known as optical quadrature spatial
modulation (OQSM), where different lasers are used to transmit the real and imaginary parts of a
modulated symbol. OQSM has a spectral efficiency of logy(M) + logs(Nr)? bpcu (bits per channel
use), since the total combination of active lasers is N7. Nj denotes the number of lasers and M is
the M-ary modulation scheme. In order to achieve higher spectral efficiencies, without increasing the
number of laser sources or constellation size, new schemes have to be proposed for UOWC systems. A
few of the advanced SM schemes have been studied for optical indoor channels [164, 165, 166], but not
for underwater channels. Certain works are available for OSM in FSO communication, as shown in the
earlier chapter. However, the application of OSM and other advanced versions of OSM have not yet been

explored for UOWC links.

Based on the above literature survey, following research gaps have been observed. No work exists
regarding advanced OSM schemes to increase the spectral efficiency of UOWC based systems over lognor-
mal channels. UOWC cooperative systems exploiting the use of OSM techniques are also not available
in the literature. In UOWC systems, the distance of propagation of the signals is very limited. Hence
to increase the effective link range of communication, relays are needed. Therefore, advanced OSM
methods need to be studied for cooperative UOWC systems. Cost and power consumption analysis of
such advanced schemes in UOWC is also not reported. Closed form expressions for such advanced OSM
schemes in UOWC cooperative systems over lognormal channels need to be investigated for tractable
analysis. Motivated by the existing research gaps, we have proposed an advanced OSM scheme called

OIQSM for UOWC cooperative systems.

The novelty of our work is explained by the fact that OIQSM analysis for underwater cooperative
systems for weak oceanic turbulence conditions is done in terms of BER along with cost and power
consumption analysis for the first time. The BER expressions are achieved in closed form which makes
it tractable for gaining valuable insights about the system performance. Solving intractable integrals
in lognormal distributions are a challenge in obtaining such closed form expressions, but the issue is
resolved by using frustration function. The cost and power consumption of OIQSM is compared with
that of OSM and optical MIMO. Sea water turbidity in UOWC is a big challenge. Hence we have also
analyzed the effect of sea water turbidity on the system performance. The performance of OIQSM is
also studied for various positions of the relay. The effect on diversity gain after applying multiple lasers

in OIQSM is also highlighted. All these studies will be illustrated in detail in the forthcoming sections
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of this chapter.
5.4.1 Optical Improved Quadrature Spatial Modulation

In OIQSM, real and imaginary portions of the two symbols are transmitted through two layers of
optical sources at a time. Thus 4 optical chains are required as compared to the single optical chain
requirement in OSM, but the reduction of overall cost and power minimization in OIQSM overshadows
the use of extra optical chains in comparison to OSM. Keeping in mind that we are sending two modulated
symbols in OIQSM at a time, the requirement of 4 optical chains is constant. To increase the spectral
efficiency, multiple modulated symbols can be transmitted by a precoding based scheme, as proposed for
RF domain [205], but the downfall for oceanic channels is that more lasers will be activated and more
optical chains will be required. More optical chains and lasers will consume more power and generating
more power is a matter of concern in the aquatic environment. Therefore there should be a trade-off
between spectral efficiency and energy efficiency. Hence we are restricting it to transmission of two
modulated symbols at a time only in OIQSM, but it can be extended for any number of modulated
symbols easily.

The OIQSM process is the same as explained for FSO communication in Section 4.5.3. The table
of laser activation is also provided in Table 4.9. For our proposed UOWC cooperative system, let us
consider an example where input data stream is [11010110]. The part of the data stream which will
be used for activating the corresponding laser source, is [1101] while the remaining part [0110] will be
used for constellation mapping. Thus according to Table 4.9, the lasers at source and relay node are
activated correspondingly for bits 11 and 01. Hence the index of lasers transmitting real and imaginary
parts of the two symbols are {2,3} and {1, 3} respectively. 4-QAM modulation scheme is used in this
case and accordingly the symbols for bits 01 and 10 will be [-1 + j,1 — j]. The real parts of the above
two symbols are +1 and -1. They will be sent from laser 2 and laser 3 respectively. Similarly, imaginary
parts of the above two symbols (-1 and +1) will be sent from laser 1 and laser 3 respectively. The
same lasers are activated in both the nodes because the same message bits are transmitted and lasers
are activated according to the bits. For different bit patterns, different set of lasers are activated at
the nodes. Hence we can write x, = [0, 1, —1,O]T and x; = [—1,0, 1,0]T. The overall signal which is
transmitted is x = x; + jx; = [—j, 1, —1 +5,0]".

Fig. 5.8 and Fig. 5.9 shows the system model for OIQSM for the above example. The spectral
efficiency of OIQSM has been explained earlier in the previous chapter. For OIQSM performance analysis,
a 3 node cooperative system model is considered, as shown in Fig. 5.8 and 5.9 where source node (SN)
and destination node (DN) are directly and indirectly connected. The real parts of the modulated symbol

are transmitted during in-phase laser activation as shown in Fig. 5.8 for the above example. Fig. 5.9
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Figure 5.8: Proposed system model for OIQSM Figure 5.9: Proposed system model for OIQSM
in-phase activation for input bit stream [1100 quadrature phase activation for input bit stream

shows the quadrature phase laser activation where the imaginary parts of the modulated symbol are
transmitted for the same example. Lasers are used as transmitter and a photodetector of responsivity
R, is used as receiver. Thus in SN and relay node (RN), Ny, lasers are used while a photodetector is

present in RN and DN.
5.4.2 Performance Analysis of OIQSM UOWC Systems

The performance analysis of AF based OIQSM system is done in terms of BER. To compute BER,

pairwise error probability (PEP) expressions are derived as explained below. Lognormal channel model

Gsr __

is used for performance analysis. Let k., denote the relative geometrical gain given by k., = Gnp =

(%)T. 7 is the path loss coefficient [51]. Ggpr = (%)T’ Grp = (%%)T where dsg,drp and dgp
denote the distances between SN and RN, RN and DN, and SN and DN respectively. In this AF based
OIQSM model, the source node transmits message to the relay and destination in the first time slot,
while the relay retransmits the message received from source to the destination in second time slot. The
source terminal transmits message x in the first phase with fraction K E power. The received signal at
relay in the first time slot is denoted by rg, while the signal received by destination in the first time slot
is denoted by rp;. The relay normalizes the signal rp and retransmits it to destination in the second
time slot with fraction (1 — K)E power. The destination node receives this signal in second time slot

and is denoted by rps. Thus the total energy used by OIQSM is KFE + (1 — K)E = E. The expressions

for rr,rp1 and rpe can be written as [206]:

TR = 1/GS7RKEhSRX +ngr, rp1 = VKEhspx +npq , (5.38)

rpos = VcEhrp. * hgrx + npy . (5.39)
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where .x denotes element wise multiplication between two vectors, x has a size of Ny x 1, channel
coefficients hgr, hsp and hrp have a size of 1 x N;. hgr and hrp have elements of the form
[hsr1, -, hsr.N, ] and [hgp 1, ..., hrp,N, | respectively. Element wise multiplication is done between the
vectors i.e. hsr1 X hrp,1, hsr2 X hrp2 and so on. The variable-gain ¢ for proposed system is defined

as:
K(l — K)GS’RGRyDE/NQ
hSR‘zE/NO -+ (1 — K)GR,D|hRD’2E/NO )

— 5.40
¢ 1+ KGsr ( )

ng, np1 and npsy are noise parameters which are independent complex Gaussian random variables with
zero mean and variance Ny. The noise variance is computed by considering the variances of thermal noise,
shot noise and dark current noise. hggr is the channel between transmitting laser of SN and receiving
photodetector of RN, hgp is the channel between transmitting laser of SN and receiving photodetector
of DN, hgrp is the channel between transmitting laser of RN and receiving photodetector of DN. All the
channel coefficients follow lognormal distribution as discussed earlier. PEP is defined as the probability
that the maximum likelihood (ML) decoder decodes a symbol vector s’ instead of transmitted symbol

vector s. PEP of lognormal cooperative communication can be expressed as [206]:

B A1
exp ( N, J (5.41)

where H is the channel matrix whose elements follow lognormal distribution. Let us denote X as the

NN

Hs — Hs'|?
PEP(s—>s’)—Q< %) <

Euclidean distance between two symbol vectors given by X = [|s — §’[|2. @ denotes the Q function.
After calculating the Euclidean distance in terms of variance and signal power and doing some algebraic

manipulations, the final PEP expression for our proposed system is written as:

1 [ee)
PEP(s —§') < —/ exp(—v?)Fr(TDy;0;05r) Fr(2TK;0;05p)dv | (5.42)
2V )
G G
where v = (arp + 0%p)/\/20%p, arp = 20logighrp, D1 = Y 3 S’&K ,C1 = 22;}3’??54%71\1,0,

2 9,2
exp[v\/So'RD QO'RD]

E/Njy is the SNR, T' = %, Fr(A; B;o) is the frustration function defined as [207]:

Io(2Buv/A) exp(—Au?) x exp(—(Inu + 62)%/20%)du, (5.43)

F’I“(A;B;O’):/ !

—o0 V2702

where Iy(-) is the modified Bessel function of order zero. The worst case PEP occurs when squared

2

Euclidean distance between the symbol vectors is minimum and is given by L; . = n;m”s — ¢'||%. For
s#s’

Krg << 1, (i.e. dgr >> drp) PEP can be evaluated as [206]:
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KEX

PEP N < o
(s — §) 5N

1 KEX
~ 2F7’(

2M),O,O'SD> X F’I"<

;05 ow) . (5.44)

Similarly for s,y >> 1, (i.e. dsr << dgrp) PEP can be evaluated as [206]:

1 . (KEX O =K)EX o o

We have considered the scenarios .y << 1 and k.4 >> 1 for simpler tractable expressions. For other
scenarios, Eq. (5.42) holds valid, but closed form expression cannot be achieved. k., << 1 means that
the relay is located closed to the destination node and k., >> 1 means that the relay is located closer
to the source node. Our goal is to achieve closed form expressions of BER for easier tractable analysis.
That is the reason for this assumption of relative location of relay node. For other positions, numerical
methods can be applied to calculate the exact value. For analyzing system performance, BER of all the

systems are compared. The BER performance is union bounded by [206]:

P n(s — s )PEP(s — s') . 5.46
e (s ) (5.4

PEP(s — §') is the PEP, n(s — §') is the count of information bit errors occurred in selecting wrong
codeword s’ at the receiver instead of the original codeword s transmitted and S is the predefined set
containing all the symbol vectors for a particular scheme. For our proposed system, the (Lfmn) value
varies, thereby changing the PEP and union bound. From this expression, some key facts can be noted.
According to the particular spectral efficiency and number of laser sources in OIQSM, the modulation
scheme is applied. This determines the distance between symbol vectors which affects the PEP and

consequently the BER value. The BER is predominantly dependent on the variance values of the UOWC
links.

5.4.3 Complexity Analysis of OIQSM

The complexity comparison of OIQSM with other methods like optical multiple-input-multiple-output
(MIMO) based spatial multiplexing schemes are tabulated in Table 5.3. For power consumption analysis
[151], P, is assumed as the power consumption of each optical chain, «y, is the slope of the load dependent
power consumption, while Py, is the total optical transmit power. Pj,, is the power consumption of each
optical switch and Ny, is the number of optical switches required for a particular scheme. In OSM, a
single optical chain is used, while 4 optical chains are used in OIQSM. Spatial multiplexing techniques of
optical MIMO require Ny, optical chains (same as the number of lasers). An optical switch can connect

two lasers. Considering a target spectral efficiency of ngg, the number of switches required for OIQSM
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can be computed as in Eq. (4.80). Number of switches for OSM will be same as in SM [151] and is given
by Eq. (4.77). Total power consumption of OSM is given in Eq. (4.73). Similarly, power consumption
of OIQSM is given by Eq. (4.76). Power consumption of spatial multiplexing (SMX) techniques in
optical MIMO is given by PtSMX = P,Ny, + a4 P;-. Thus it can be observed that power consumption
of optical SMX is greater than that of OSM and OIQSM because Ny, optical chains are used in optical
SMX. Though optical switches are used in OSM and OIQSM, but the power consumption in OSM and
OIQSM is greatly reduced because of lower optical chain requirement. The number of switches required
for OIQSM is much lesser than the requirement in OSM. An example has been considered where ngg = 8
bpcu, N;, = 64 and M = 4. For OIQSM, number of switches required is 2 while the switch requirement
is 32 for OSM. For more higher spectral efficiency values like ngg = 20 bpcu, the switch requirement in
OSM is excessive in comparison to OIQSM. Thus for a larger value of Ny, which is required to obtain
a greater ngp value, the total power consumption of OSM exceeds that of OIQSM due to excessive

requirement of switches.

Table 5.2: Complexity comparison of the proposed methods.

Schemes Power consumption Cost Decoding complexity
Optical SMX P,N1, + a4 Py C,Ny, MM
OSM P, + a4, Py + Psyy x NOM C, + Cg/p + Cs(y NO°M M
0IQSM 4P, + iy Py + Py x NQISM T 4C, + Cg/p + Cgy NOIRSM M*E

For cost analysis, C, is considered as the cost of a single optical chain, Cg/p is the cost of a se-
rial /parallel converter while Cj,, is the cost of an optical switch. Total cost of spatial multiplexing tech-
niques in optical MIMO is given by Csprx = C,Nr, whereas total cost in OSM is computed in Eq. (4.81).
The total cost for our proposed method OIQSM is calculated as Corgsm = 4C, + Cs/P + CszSOwIQSM.
The number of switches required for OIQSM is much lesser than the requirement in OSM. Hence the
switch cost is much lesser for higher spectral efficiencies in OIQSM. This compensates the extra cost
incurred in optical chain. In optical SMX, total cost is greater than that of OSM and OIQSM because
Ny, optical chains are used in optical SMX and optical chain cost is much greater than the cost of an
optical switch or S/P converter. Decoding complexity is given by MYt for optical MIMO, whereas it is
given by M* for OIQSM. Therefore, OIQSM is beneficial from cost and power consumption perspective
to achieve very high spectral efficiencies. A graphical analysis of the power consumption and cost of
OIQSM has been provided already in the previous chapter for FSO communication. The same power

consumption and cost analysis holds true for UOWC systems.
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5.4.4 Results of OIQSM Based UOWC Systems

The minimum distance between symbol vectors depend on the constellation scheme. OIQSM uses a
smaller constellation size than OSM to achieve a particular spectral efficiency, thus minimum distance

between symbol vectors (L2 ;) is always greater in OIQSM. The L2, values for OIQSM can be obtained

similar to what has been given in Table IV of [85]. Power allocation factor K = 0.5 is considered. For
krg << 1, dsg = 60 m and dgp = 10 m, while for K,y >> 1, dsg = 10 m and drp = 60 m are chosen.
Clear ocean water is considered for which the absorption and scattering coefficient values are given in
[177]. These parameters are used to calculate the turbulence value. For k,, << 1, ogg = 0.3 and
orp = 0.01 with o2 = U%R are taken, while for k.4 >> 1, ogg = 0.01 and orp = 0.3 with o? = UIQ%D are
considered for oceanic channel generation unless mentioned explicitly. Eq. (5.42) is used for calculating
PEP values for k.4 = 1, while Eq. (5.44) is used for calculating PEP values for s,y << 1 in Fig. 5.10.

The results of OIQSM are compared with 4-quadrature amplitude modulation (QAM) orbital angular
momentum shift keying modulation based UOWC systems (OAMSK) using Laguerre-Gauss beam based
channel [208], AF one-way relaying method (AFOWR) [79]. The corresponding bit error rate (BER) of
the AFOWR system (which has been illustrated in the initial part of this chapter) have been plotted
using Fig. 8 of [79]. To achieve the spectral efficiency of 8 bpcu, OIQSM requires 4-QAM while OSM
requires 64-QAM for N; = 4. For performance analysis in Fig. 5.10, OIQSM and OSM results are
obtained for 02=0.09 (for .y, << 1 and k.4 = 1) and spectral efficiency of 8 bpcu. For AFOWR same
value of 02=0.09 with BPSK scheme is considered. For BPSK, average symbol error probability (ASEP)
and BER are the same. The results for x.; << 1 and k.4 >> 1 are almost similar, hence only x,; << 1
and k.4 = 1 cases are shown in the figure. x4, = 1 signifies relay is equidistant from the two nodes. Since
a direct source-to-destination path exists in our system model, hence the relay being closer to the source
or destination node does not have much impact on the system performance, hence giving similar results
for kg << 1and Ky >> 1. Thus under the same turbulence conditions and system model, performance
of our proposed method OIQSM outperforms the existing AFOWR, system. For instance, at SNR of 10
dB the BER for our proposed scheme (for x,, << 1) is 0.009, whereas BER for AFOWR and OSM (for
Krg << 1) are 0.22 and 0.11 respectively. This huge improvement in the BER for our proposed scheme
is possible for any k., value, due to deployment of a lower modulation scheme in OIQSM for the same
spectral efficiency. We can interpret from the results that OSM and OIQSM (using multiple laser sources)
are better than the SISO based AFOWR model. This is due to the fact that more laser-to-photodetector
links are available for selection in OSM and OIQSM, which nullifies the poor channel condition.

Let us compare the diversity gain of the methods from the graph of Fig. 5.10 by calculating the
slope of BER curve for SNR range of 10-20 dB. For AFOWR, diversity gain is log;(0.12/0.011) = 1.04.
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The diversity gain of our proposed OIQSM method for k., << 1 is log;((0.0094/0.0000016) = 3.77. The
diversity gain of OIQSM for k4 = 1 is log;((0.004/(1.2 x 10~7)) = 4.52. The diversity gain of OSM for
Krg << 1 is log;((0.12/0.0008) = 2.17 while for x,, = 1, the diversity gain is log;,(0.078/0.00013) =
2.78. Hence we can infer that by applying multiple laser sources, diversity gains of OSM and OIQSM
have increased in comparison to the earlier SISO case. OIQSM yields much more diversity gain than
OSM signifying that by using more optical chains and activating more lasers than OSM, performance
improvement can be obtained for any position of the relay node. Also if the relay is exactly midway
between the two nodes for either OSM or OIQSM, then performance is optimum and more diversity gain
can be obtained. This is because both the links on either side of the relay node can perform optimally
in this case, whereas if the relay is located closer to a particular node, then the other link performance
suffers due to larger propagation distance of light.

The performance improvement of OIQSM is elaborated by means of Table 5.3. The SNR values
required to achieve the target BER values for different methods are tabulated. It is clearly evident
that OIQSM outperforms OSM by a minimum SNR gain of about 5.5 dB for any BER value. It also
outperforms AFOWR, and 4-OAMSK by more than 10 dB and 12 dB respectively for any BER value,
thereby justifying our claim that OIQSM is the superior method. All the obtained results could not
be plotted for higher SNR values in the graph due to lack of space, but are included in the table for

comparison.

Table 5.3: Comparison of BER values

BER SNR for various techniques (in dB)
4-OAMSK | AFOWR | OSM &,y << 1 | OIQSM kg << 1
0.1 13 13 10 0
0.01 22 20 16.5 9.8
0.001 27 25 19.5 14
0.0001 31 29 22 16.5

The effects of sea water turbulence on OIQSM performance is investigated in Fig. 5.11. o2 value
depends on scintillation index o7 which describes the turbidity of sea water. ., << 1 case is considered
with o2 varying as 0.09, 0.16 and 0.25. As value of o2 increases, sea water turbidity increases and system
performance decreases. For this analysis, OIQSM with 4-QAM modulation is employed to achieve
spectral efficiency of 8 bpcu. For this modulation scheme and symbol vector arrangement, L2 is
calculated by computing the minimum of the distances between the symbol points in the constellation
diagram, which is evaluated as 1. All analytical results obtained using Eq. (5.46) are validated by means

of Monte Carlo simulations. Another physical interpretation of the result can be done. As sea water

turbidity increases, it means light propagation is hampered due to the rapid changes in refractive index,
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Figure 5.10: Performance comparison of proposed system.

pressure and temperature of oceanic currents. As light fails to propagate effectively, poor reception of

signal occurs at the photodetector, thereby causing more error.
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Figure 5.11: Analysis of OIQSM system with different o values.

5.5 Transmit Laser Selection Based UOWC Systems

OSM is used in UOWC systems to enhance the spectral efficiency and improve the error performance.

However, the drawback of OSM is that the transmit laser is chosen according to the message bits, hence
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irrespective of the condition of the channel path, the message is transmitted through the selected channel.
Therefore in case of inferior channel conditions, system performance may suffer. In such scenarios, channel
feedback should be considered while selecting the transmit laser. To resolve the drawbacks of OSM, we
have proposed the scheme of TLS in UOWC systems, which selects a single transmit laser source for
transmission based on the best channel path. TLS may be combined with OSM to further enhance the
spectral efficiency of UOWC systems. In TLS-OSM scheme, a group of optical sources are selected from
a larger set of optical sources and OSM is applied on the selected sources to combine the benefits of both

TLS and OSM.

In the earlier sections of this chapter, we have done literature survey of various MIMO UOWC systems
[199, 200, 202], cooperative UOWC systems [175, 185, 186, 187] and OSM based UOWC system [178].
Let us have a look at some of the works related to TLS schemes. There are quite a few works based
on application of TLS in FSO systems. MISO FSO communication system with TLS has been explored
over strong turbulence channel using K distribution in [141]. The transmit laser is chosen depending
on the largest value of scintillation of a particular path. TLS scheme has also been studied for FSO
communication using K distribution in [142]. For mobile FSO nodes with weak lognormal channels, TLS
and receive diversity has also been implemented in [143]. TLS based FSO systems have been analyzed
over G-G channels with pointing error, in terms of asymptotic error expressions in [145]. However, this
work has not achieved any closed form expressions for error or outage probability. A transmit alternate
laser selection scheme for FSO communication has been proposed in [209] where a time diversity order
is selected for the available lasers depending on greater values of scintillation of the optical path. The
analysis has been done over G-G channel with pointing errors. TLS combined with space-time trellis code
has been reported in [147] for MISO FSO systems over G-G channel and asymptotic BER expressions
have been derived. For underwater visible light communication, TLS has been proposed for diver-to-diver
MISO system in [144], where only asymptotic BER analysis has been reported. The source with the
highest received instantaneous SNR is chosen, but the system model is a point-to-point link and not a

cooperative model.

After studying the literature, it is inferred that study of TLS schemes for UOWC systems in terms
of closed form expressions of BER or outage probability are yet to be reported. A combined study of
TLS and TLS-OSM for such UOWC systems are also not available. Most of the works have focussed on
analyzing TLS schemes over G-G channel. The technique of TLS depending on received SNR and its
analysis in UOWC cooperative systems over lognormal channel is not available in literature. All these
research gaps motivate us to propose TLS and TLS-OSM schemes for UOWC cooperative communication.

Such systems can be beneficial in extending the link range of spectral efficiency of short range UOWC
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system communication.

The novelty of our work lies in the fact that TLS and TLS-OSM schemes are proposed for UOWC
cooperative systems for the first time. TLS and TLS-OSM schemes are proposed to activate the transmit
lasers depending on the maximum received SNRs. OSM scheme, when combined with TLS, can offer
much better performance as illustrated by us in the forthcoming sections. The performance analysis of
such systems is carried out in terms of outage probability and ASEP, and the corresponding expressions
for UOWC system analysis are derived by us. The cost and power consumption analysis of TLS and
TLS-OSM schemes are also proposed by us, adding to the contribution of our work. The challenge
involved in this task is to implement the feedback path to send the transmit laser index and not the
exact channel gains, thereby consuming less bits. The evaluation of PDF of received SNRs for the group
of selected lasers in TLS-OSM is another intricate problem involved in this work. Thus the performance

analysis of such schemes along with the system model will be illustrated in the next few subsections.

5.5.1 Proposed System Model for TLS-Based UOWC Systems
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Figure 5.13: Proposed system model for TLS-

Figure 5.12: Proposed system model for TLS OSM

For both TLS and TLS-OSM in UOWC systems, a 3 node cooperative model is used. Source node
(S) can directly interact with relay node (R) and destination node (D). The relay node can decode and
forward the message of the source node to the destination node. Thus source and relay nodes possess
Ny, lasers each, while relay and destination nodes possess Np photodetectors each having responsivity of
R.. dsr, dsp and drp are assumed to be the distances between S and R, S and D, and R and D links
respectively. Gg r and G p are the relative gains of S-R and R-D links respectively.

For TLS and TLS-OSM, a single transmit optical chain is used. The transmit laser index (TLI) needs
to be estimated according to the maximum received SNR and this TLI data is provided as a feedback

from the receiver to the transmitter before the actual data payload is sent from the transmitter. This
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feedback is sent through a low rate partial feedback link [149, 150] using log,(/N1,) bits for TLS scheme.
Relay node has lasers, hence any of these lasers can be utilized in conveying the TLI for TLS and TLS-
OSM. However, for destination node, an extra laser has been incorporated for sending the TLI estimate
to the relay. In TLS scheme as shown in Fig. 5.12, according to the TLI received, a single laser yielding
the maximum received SNR, is activated. Similarly for TLS-OSM process as portrayed in Fig. 5.13, TLI
estimate is sent as feedback by using T"log,(/N1,) bits. In this process, a subset of T laser sources from the
set of all the laser sources are chosen based on the maximum received SNR yielded at the receiver. OSM
is applied on these T sources. Thus information regarding symbol detection is conveyed in TLS, whereas
both symbol and TLI detection information are conveyed in TLS-OSM. In both Fig. 5.12 and 5.13,
PD denotes photodetector and TLI denotes transmit laser index. The complexity analysis of TLS and
TLS-OSM has already been provided earlier in Table 4.6. Thus it can be observed from the table that
TLS and TLS-OSM are beneficial than optical MIMO techniques in terms of cost, power consumption,

and decoding complexity.

5.5.2 Performance Analysis of TLS and TLS-OSM UOWC System

The source node SNR is given by ng = ]]—\D% and relay node SNR is given by nr = %, where Pg and

Pr are the transmit power of source and relay node respectively.
5.5.2.1 TLS System Analysis

In the first time slot, the jr photodetector of relay node and jp photodetector of destination node

receive the message transmitted from the source node. The signals received at R and D in the first time

slot are given by yﬁ? and yg% respectively. Let Dy = \/R.PsGgsr, D2 = \/R.Ps. Thus the received

signals are written as:

yiIn] = Dy h3fa[n] + wsr(n) | (5.47)

yin] = Dy hi:Pa[n] + wspln) . (5.48)

During the second time slot, the signal emitted from the relay after successful decoding, is received at the

destination node by the jp photodetector and is given by yg%DD. The relay node deploys DF technique.

Let D3 = \/RePRGR,D-

yiby[n] = Ds P apn] + wrpln] . (5.49)
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wggr and wgp denote the noise term received at the relay and destination node respectively in the first
time slot, while wrp denotes the noise term received at the destination node in the second time slot.
hi’iR represents the channel between " transmitting laser at source and j** receiving photodetector
of relay node. hi’iD represents the channel between i*" transmitting laser at source and j** receiving
photodetector of destination node. hf{D represents the channel between " transmitting laser at relay

and j' receiving photodetector of destination node.

During both the time slots, thermal noise is generated at R and D nodes due to the presence of
ambient light, which can be represented as zero mean white Gaussian random noise having variance Ny.
The dominant noise sources in case of photodetectors are thermal noise, dark current noise and shot noise.
Thermal noise (o, = 4"33%#) is considered equivalent to the noise produced due to a load resistance
(Rr) of 50 Q at a temperature (T;) of 300 K. F,, is the noise figure, kp is the Boltzmann’s constant and
By, is the bandwidth. The random arrival of photons creates shot noise and is given by o; = 2¢. R Ps B,
where ¢, is the electron charge. 04 = 2q.Ipc By represents the dark current noise, where the dark current

produced in absence of light at the photodetector is denoted by Ipc [157]. Therefore, total noise variance

is computed by 02 = o7 + 02 + 03.

The SNR received at the destination node in both time slots is maximized by applying MRC. The

selection of a single transmit optical source is done in accordance with the following condition:

Np
O! = arg mazx {ci =Y |hl7 |2} (5.50)

1<i<Nt B
where te(S, R). Number of lasers at the particular node ¢ is denoted by N, whereas number of photode-
tectors at destination node is given by N E . The laser index at source or relay node ensuring maximum
received SNR at the output is denoted by O'. Each C; for i € (1,2,...N}) for S and R nodes are arranged
in ascending order such that C7 < Cy < ... < CNE . At S and R, the transmit laser index is selected
yielding the maximum value of C Nt - The channel coeflicients h;f) are assumed to be independent and
identically distributed. Our next objective is to find the outage probability of the TLS system. The
total transmission is a dual stage process. For the first step, outage probability occurs independently in
both the source-to-relay link and source-to-destination link. Second stage outage probability is calcu-
lated considering there is no outage in the first stage. Hence the second stage outage probability can be
computed as the product of outage probability of relay-to-destination transmission and the complement
of outage probability of source-to-relay transmission. Qutage occurs in TLS for a particular link, when
there is not a single path available from any of the lasers to a photodetector. Hence outage probability

is given by the condition that all links must fail for a particular node-to-node link. The TLS system has
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an end-to-end (E2E) outage probability, calculated as Eq. (5) in [134]:

S R
NL+NL

PE2E — Ppuy(SR) [Pout(SD)NE + (1 = Pout(SR)) [Pout(SRD) "7 (5.51)

out

where Poyt(SR) = FWSR(%)» Pout(SD) = F’Ysp(%)a Pout(SRD) = (F'VSRD (%))7 Yin = 204 — 1
and the threshold data rate is given by Ry in bps. The system performing without TLS has an outage
probability which is computed as Eq. (5) in [129] and has already been explained in the previous
chapter. The respective CDFs follow lognormal distribution explained earlier, where ysr = nsR.G 3 R,
Yrp = NrR.GRr,p. From the closed form expression of outage probability, it is clear that we can
analyze the system performance from the nature of each outage term. Each outage term is inversely
proportional to SNR. Thus an increment in SNR value decreases each outage probability value. There
will be a decrement in the product of two such outage probability values also. In the second stage, the

complement of one outage probability value will get incremented, but its product with decreased outage

probability value of second stage will result in an overall decrement of E2E outage probability value.
5.5.2.2 TLS-OSM System Analysis

The objective is to calculate error of TLS-OSM scheme. Hence, the PDF of received SNR needs to
be evaluated. For the selection of a subset of T' laser sources yielding the maximum received SNR, all
the C;s calculated using Eq. (5.50) are arranged in ascending order. According to the maximum Cj
values, the subset of T laser sources is selected. Obeying the order statistics, the PDF of C; such that

Ci1<Cy<...<C; < ...C’Nz is given by [32]:

1

fo0) = iy OV < (A= BONTTHLG) | (5.52)

where i = N} — T + 1, By(.,.) symbolizes the beta function. The next objective is to calculate the PDF
of received SNR when T sources are selected. The set of T largest SNRs have to be selected. For this
purpose, the PDF of C; needs to be calculated for the range N} —T +1 to N} and divided by the range
i.e. T. The PDF of the SNR received at R or D is evaluated as:

N, 4 .
A0 = 7 S AX B OP 1A= RO £0), (55

where A = m, fy(v) and F,(y) are PDF and CDF of lognormal distribution given in Eq. (5.2)
and Eq. (5.3) respectively. For all the three paths S-R, S-D and R-D, the received SNR has a PDF which

is evaluated for performance analysis. For 7" = 2, (where T is the number of selected laser sources) the
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activation of transmit laser source (j;) is done by the criteria:

2, if 2F5B[n) =1 (5.54)

o,
o~
Il

1, if 298] =0,

where the n*" time slot is represented by n and ¢ denotes the node which may be S or R for this model.
represents the message bit to be transmitted. If 7' > 2, then log, 7" number of bits (from LSB side) is used
for activating the transmit laser, while constellation mapping is done by the remaining logy M message
bits. log,(M)+1log,(T) bpcu is transmitted by the proposed TLS-OSM system, while only log, (M) bpcu
is transmitted by a conventional TLS system. Thus it is observed that TLS-OSM is capable of increasing

the spectral efficiency as compared to TLS scheme at the expense of more lasers.

5.5.3 TLS and TLS-OSM Error Analysis

The E2E CDF of the TLS system is computed from outage probability equation (Eq. (5.51)) by
replacing vy, with 7. The E2E CDF is differentiated to produce E2E PDF of TLS system (fy.,, (7))
For BPSK modulation, the fading channel has an ASEP which is computed as [129]:

j /0 " QWD) froas (V)i (5.55)

There is no direct solution for the ASEP equation, hence Mathematica software is used to solve this
integral. The error performance analysis for TLS-OSM system is also achieved. The process of TLS-
OSM occurs in two steps, hence the error is calculated separately for the two steps. In the first stage,
error can occur during transmission from source-to-relay, as well as for source-to-destination path. The
second stage error occurs during transmission from relay-to-destination assuming that relay is able to
decode the message successfully in the first stage. The error analysis is done using the PDFs obtained

from Eq. (5.53). E2E error probability is evaluated as [134]:
PE2E — P (SR)P.(SD) 4+ P.(SRD)[1 — P.(SR)] , (5.56)

where P.(SRD) is the probability of error at D on successful decoding by relay node, P.(SR) is the
error probability at R in the first stage and the error probability at D in the first stage is denoted
by P.(SD). Pr°d denotes the error probabilities at the individual nodes which can be computed as
prode — [ Q(\/27) fn(7)dy where the particular node has received SNR following PDF of f,(v). The
system performance analysis can be obtained from the closed form error expressions. If each error term

is treated separately, then it can be observed that the resultant error term decreases with increment in
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SNR value. The product of such error terms also decreases with increment in SNR value. The increment
in error value is compensated by the decrement in error value for second stage error calculation. Thus

an overall decrement in error value is obtained with increase in SNR values.
5.5.4 Results for TLS and TLS-OSM UOWC Systems

Certain parameters are taken for the performance analysis. Clear ocean water is considered. o? =
0?9 R = O'IQ%D are considered for oceanic channel generation unless mentioned explicitly. For o2 = 0.09
value, dgr = drp = 60 m while for 02 = 0.16 value, dgr = drp = 80 m. It is assumed that the SNR
and transmit power at source and relay nodes are equal. This assumption is taken for easier analysis,
else all observations are valid without such assumptions also. The quantity of lasers at source node S is
given by N f , while N E indicates the quantity of lasers at relay node R.

In Fig. 5.14, the bit error rate (BER) value of our proposed TLS scheme is compared with other
existing methods in literature. For BPSK, BER and ASEP values are same. The results of TLS are
compared with other methods available in literature like 4-quadrature amplitude modulation (QAM)
orbital angular momentum shift keying (OAMSK) modulation based UOWC systems using Laguerre-
Gauss beam based channel [208], and AF one-way relaying method (AFOWR) [79]. The corresponding
BER of the systems are plotted using Fig. 5 (c) of [208] and Fig. 8 of [79]. SISO case is considered
in [208] and [79]. A single optical chain is thus used for the models in [79] and [208] resulting in power
consumption of P, + a4 Py and cost of C, + C’S/ p. The OSM results are plotted for o2 = 0.09 and
Nf = 4, Nf" = 4 and 16-QAM scheme. For TLS scheme with 02 = 0.09, 2 cases are considered-
N f =N f =2and N f =N fL = 3. It is clearly visible that TLS scheme for both cases outperforms the
other methods.

The outage probability analysis for various source combinations of TLS scheme is achieved in Fig.
5.15. The turbidity of water is varied as 02 = 0.09 and 0.16. For any value of o2, performance improves
with an increase in number of transmit laser sources. The results of TLS system are also better than
the system without TLS. All the analytical results are corroborated by Monte Carlo simulations. The
results can be interpreted from a physical perspective also. As the number of available laser sources in
TLS increases, the best laser can be selected due to more diversity being available. Out of the multiple
channel links available, the best one can be selected and the corresponding laser can be activated. This is
far better than the scenario where there is no TLS and the single laser has to be switched on irrespective
of the channel link condition. As o value increases, the light propagation and detection at photodetector
is affected severely due to more disturbances in sea water, causing more chances of the system failing to
reach the target data rate.

For various arrangement of laser sources and turbidity values, the ASEP results of the TLS scheme
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Figure 5.14: Comparison of TLS with other systems in literature.
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Figure 5.15: Outage probability analysis of TLS.

are depicted in Fig. 5.16. For any value of o2, performance improves with an increase in number of
transmit laser sources. The ASEP value decreases with in an increase in transmit laser source value.
The TLS system shows better performance than the system without TLS. All the analytical results are
corroborated by Monte Carlo simulations. The interpretation of the results can be done from another
aspect. If o2 value increases, it means sea water turbidity increase either due to more variations in

refractive index, temperature and pressure of sea water, or due to increase in link distance between
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the two nodes. Such increase in link distance or more disturbances in the sea water can hamper the
signal reception at the photodetector, thereby leading to more error. If more number of laser sources are
available for TLS, then the best one can be chosen due to presence of more diversity. Out of multiple
channels, the best one depending on received SNR can be chosen which increases the chance of good

quality transmission, rather than having to forcibly transmit out of the single or fewer lasers available.
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Figure 5.16: ASEP performance analysis of TLS scheme.

The outage probability results for different values of target data rates (Ry) are shown in Fig. 5.17.
R4 has been varied as 1, 3 and 5 bps. It is evident from Fig. 5.17 that performance of TLS system
degrades with an increment in value of Ry. This is because it is difficult to achieve higher data rates,
which results in performance degradation at higher values of R;. The analytical results are validated by

Monte Carlo simulations.

The performances of TLS and TLS-OSM are analyzed in terms of ASEP in Fig. 5.18. For different
values of o2 and different number of transmit laser sources, performances of TLS and TLS-OSM are
compared. For TLS with NV f =N f = 2, 2 scenarios having 02 = 0.09 and 0.16 are considered, while
for TLS-OSM, 3 scenarios (02 = 0.09, NY = 4, NF =4, T = 2;0%2 = 0.16, NY = 4, Nf = 4,T = 2 and
02 =0.16,N f =6,N 1},2 = 6,7 = 2) are considered. It is noticed that as diversity increases (with a larger
set of laser sources available to be chosen from), the performance improves. TLS-OSM scheme also yields
better performance than TLS scheme, justifying that it is beneficial to select the best laser sources before
applying OSM. The analytical results are corroborated by Monte Carlo simulations. From all the above

figures it is also evident that performance degrades with an increase in 2 value, indicating that the
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Figure 5.17: Performance analysis of TLS for different values of target data rate.

turbidity of water hampers the light propagation in water. Let us calculate the diversity gains from Fig.
5.18. For 0% = 0.16 and TLS scheme having 2 laser sources at each node, diversity gain for 10-20 dB
SNR range is log((0.019/0.00017) = 2.05. Diversity gain of TLS-OSM scheme (N = 4, NF =4, T = 2),
considering same SNR range and o2 value, is calculated as log;,(0.007/0.00001) = 2.84. Similarly for
Nf =6, N = 6,T = 2 TLS-OSM scheme at the same o2 value, diversity gain is log;(0.001/(8x107%)) =
4.1. Now for o2 value of 0.09, TLS scheme has a diversity gain of log;,(0.004/(1 x 107°)) = 3.6.
Hence from the results, it is conclusive that as number of laser sources in TLS-OSM scheme increases,
the diversity gain increases due to the presence of diversity i.e. more lasers are available for the best
selection. Diversity also increases with decrement in sea water turbidity signifying that less turbid sea
water is beneficial for light propagation thereby yielding better system performance. Another fact to
note is that TLS-OSM scheme offers more diversity gain than TLS scheme because TLS-OSM offers more
number of lasers from which the best laser can be selected for applying OSM. Thus the diversity gain
depends on the number of lasers available and the channel parameters. It is pertinent to note that for
lognormal channels, theoretical asymptotic expressions are not possible because the decreasing rate of

error probability does not converge to a finite value for high SNR values [206].

5.6 Conclusion

In this chapter UOWC cooperative systems have been analyzed for both SISO and MIMO cases. For
SISO, closed form expressions of outage probability and ASEP have been obtained by approximating

lognormal distribution with MG distribution. For MIMO case, OSM has been exploited to create a new
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Figure 5.18: Performance comparison of TLS and TLS-OSM.

scheme called OIQSM which gives better performance for UOWC systems at the same spectral efficiency
and same number of lasers. The drawbacks of OSM have been resolved by the introduction of TLS which
can further be combined with OSM to form TLS-OSM scheme. It has been justified that TLS, TLS-OSM
and OIQSM schemes can outperform SISO case at the expense of extra laser sources. Future work can
be extended to applying more advanced versions of OSM like OGSM, OESM for UOWC systems along
with TLS scheme to achieve better spectral efficiencies. Interference cancellation schemes at the relay
can be explored to resolve the issue of interference and acquiring CSI for variable-gain relaying. Study
of OIQSM can also be extended for multiple photodetectors to study the receive diversity. The effect
of misalignment of laser sources due to floating oceanic currents can be incorporated into the channel

model in future.
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6.Spatial Modulation for Hybrid FSO/RF Com-

munication

6.1 Introduction

In the last few chapters, we have seen various types of spatial modulation schemes in RF and optical
domain. In this chapter, both RF and optical versions of spatial modulation will be combined to form
new advanced schemes. The benefits and drawbacks of both FSO and RF communication motivate us to
propose a hybrid FSO/RF system, which can exploit the benefits of both FSO and RF communication
in cellular systems and achieve high data rates. Since a hybrid FSO/RF system works in both RF and
optical domain, hence it comprises of sources and detectors both in RF and optical domain. Optical to
electrical and electrical to optical converters are required along with the components of an optical and RF
chain. Cooperative hybrid FSO/RF systems are used to improve the link distance where base station
(BS) interacts with access points (AP) through FSO links and AP interacts with mobile users (MU)
through RF links. Interference occurs between the multiple optical/RF sources and there is unnecessary
power use because of the fact that multiple RF /optical chains operate simultaneously in MIMO based
hybrid FSO/RF systems. Hybrid spatial modulation (HSM) technique can be used at the BS and AP to
reduce the inter-laser and inter-antenna interference, as only one antenna/laser will be activated. The
optical /RF source is selected according to the message bit. HSM employs optical /RF spatial modulation
depending on whether the channel being considered is for optical or RF communication. But the main
drawback of this technique is that the channel corresponding to the selected laser/antenna may give poor
performance because we are just selecting the transmit optical/RF source depending upon the message
bit, without taking into consideration the channel condition. Therefore, optical/RF source selection is
necessary based on the channel feedback from the destination to the source and the resulting system
is named as transmit source selection (TSS) system. Atmospheric turbulences and fading effect causes
directional and energy changes in the RF or optical waves. Hence the signal may not be detected properly

at the receiver. But if there is a large collection of optical /RF sources to choose from, then we can select
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the best source depending upon the received SNR. This compensates for the increase in cost due to the
use of multiple laser sources/antenna. The transmit source selection is done to maximize the received
SNR in both hops. The hybrid system which employs HSM technique along with TSS is named as
TSS-HSM, and it will combine both the benefits of HSM and TSS in one system.

In case of HSM and T'SS, a single transmit optical/RF chain (comprising of encoders, DC bias adders,
modulators, upconverters, etc.) is present, although multiple laser/antenna are present. However in
case of spatial multiplexing or MIMO techniques, multiple optical/ RF chains are present both at the
transmitting and receiving side which enhances the system cost significantly. Thus HSM and TSS have
reduced space and cost complexities. Also in MIMO, the channels are highly correlated as multiple
sources are operating simultaneously but in case of HSM and TSS, the channel is uncorrelated due to
transmission from a single source. The decoding complexity is also reduced in case of HSM and TSS, and
still we are getting better error and spectral efficiency performance. Spatial multiplexing achieves better
spectral efficiency, but at the expense of increased decoding complexity. Decoding complexity is directly
proportional to the size of constellation scheme which in turn depends on the number of active transmit
sources. Considering all these factors, HSM and TSS are beneficial in terms of cost, space, power and

performance.

AF and DF techniques can be used at the relay [210] for hybrid FSO/RF systems. Many types of
modulation schemes are deployed in FSO communication. On-off keying (OOK) is one of the modula-
tion schemes used, but it requires adaptive threshold making it unsuitable for dynamic environmental
conditions. Pulse position modulation (PPM) has lower spectral efficiency than OOK, thus it is not
a good choice. Subcarrier intensity modulation (SIM) [96] can overcome these drawbacks, but require
carrier phase and frequency synchronization. BPSK modulation scheme can be used by using optical
modulators. BPSK is preferred as it is not affected by scintillation. The AP used in our proposed
model helps in increasing the effective link distance of hybrid FSO/RF system. It is the node which is
equipped with both optical and RF chain. The node consumes resources and escalates system cost, but
it is overshadowed by the fact that performance improves after the addition of AP, thereby justifying the

use of AP. AP can be used to serve multiple mobile users also, although it is out of scope of this work.

There are several works in the literature on SM techniques in FSO and RF communication. Transmit
source techniques in RF and FSO communication are also available. Different configurations of hybrid
FSO/RF models exist in the literature too. Outage probability for cooperative FSO communication
over turbulent channels with pointing errors has been evaluated in [131]. Outage probability for spatial
modulation (SM) systems with antenna selection for RF communication has also been investigated in [32].

Using an adaptive mapping scheme, BER for SM in RF communication has been calculated by the authors
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in [33]. The notion of OSM has been proposed for FSO links [84, 114]. SM for visible light communication
has been analyzed by calculating the symbol error rate, with an adaptive modulation scheme, in [132].
The authors in [133] have calculated lower bound of mutual information using channel adaptive scheme
for optical spatial modulation. In [120], OSM has been implemented for outdoor FSO networks, with a
mixture of pulse position and pulse amplitude modulation techniques. Previous works have considered
transmit antenna selection in conventional RF communication over Rayleigh [139] and Nakagami [140]
channels. Transmit laser selection (TLS) has also been implemented for FSO communication. A TLS
method for multiple-input-single-output (MISO) FSO communication system has been explored over
strong turbulence channel using K distribution in [141]. In this work, the authors have assumed that
perfect CSI is known at the transmitter and receiver and depending on the largest scintillation value of
the optical path, transmit laser is chosen. TLS scheme has also been studied for FSO communication
using K distribution in [142]. Transmit laser selection and receive diversity has been reported in [143]

for mobile FSO nodes and the analysis has been conducted over weak lognormal channels.

Diversity based hybrid FSO/RF system has been proposed in [211] where the same information is
transmitted over both FSO and RF links, and selection combining and maximal ratio combining have
been used at the receiver. BER analysis for such system has been reported. Such diversity based systems
limit the data rate to the lower rate of RF link. Hence capacity benefits can be obtained by splitting the
jointly coded data stream between the two FSO and RF links. Such a system has been analyzed in [212]
where CSI is not available at the transmitter. Effective coding scheme and power allotment criteria have
been studied in this work. A cost efficient hybrid FSO/RF backhaul system has been reported in [213].
Outage analysis of practical FSO/RF hybrid system with adaptive combining has been investigated in
[214], where depending on a certain threshold, optical/RF link is chosen. Multiuser hybrid FSO/RF
relaying with buffers has been proposed in [215]. In this model, multiple mobile users can interact
through RF links with the relay node. The relay is connected to the destination by means of parallel RF
and FSO links. FSO transmission takes place as long as the channel condition is above a threshold SNR
and when the channel quality degrades below the threshold, then RF backup link is utilized. The buffers
at the relay is capable of storing the data from multiple mobile users. Another work in [216] also mentions
the use of buffers at the relay for a hybrid FSO/RF model where the source and relay is connected by
a RF link, and the relay is connected to the destination by parallel RF and FSO links. Performance
analysis of such systems have been carried out in terms of outage probability and ASEP. Performance
analysis of cooperative hybrid FSO/RF communication over generalized M-channels has been analyzed
in [217]. In this work, the authors have proposed FSO links between relay and destination, and a RF

link between source and relay node. But they have considered only fixed-gain AF model and reported
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ASEP expressions. The authors in [218] have proposed a parallel hybrid FSO/RF system where the
FSO link is active as long as the SNR is above a threshold. When the channel condition degrades and
the SNR drops below the threshold, then the parallel RF link is activated. The authors have assumed
a point-to-point model with parallel RF and FSO links, where FSO link is modelled by G-G channel
with pointing errors and RF channel is modelled by Rician distribution, and performance analysis has
been done in terms of outage probability and BER. Multiuser diversity using parallel hybrid FSO/RF
links has been investigated in [219]. In this work, the authors have proposed a hybrid access point, a
set of FSO users and a set of RF users. Depending on the link quality, any one RF or FSO user can be
connected to the access point. Outage probability and BER performance using asymptotic analysis has

been reported by the authors.

To sum up, transmit antenna selection and spatial modulation for RF communication have been
performed in literature to improve the spectral efficiency and error performance by using only one RF
chain. Different configurations of hybrid FSO/RF model have been used in literature. One approach
is to achieve diversity by simultaneously transmitting the same information through FSO and RF link;
another approach is to achieve capacity enhancement by splitting the information and transmitting it
through FSO and RF links. RF link deployment as a backup link when FSO link is down, also serves as

a different alternative.

The following research gaps can be observed based on the literature survey. No study has been made
regarding any source selection or spatial modulation techniques for hybrid FSO/RF systems. Analysis of
cost and power consumption of such hybrid schemes is missing in the literature. The concept of source
selection in hybrid FSO/RF systems depending on the maximum received SNR and transmitting only
the source index instead of the exact channel gains, has not been investigated in literature. Asymptotic
analysis to calculate diversity and coding gains of such systems have not been performed in literature.
Based on these research gaps, performance analysis of advanced schemes is proposed for hybrid FSO/RF
cooperative systems. Such a hybrid FSO/RF system can exploit the benefits of both FSO and RF

systems and will find its application in cellular communication.

The novelty of our work is determined by the fact that HSM, T'SS and TSS-HSM schemes (based on
DF relaying) are proposed for the first time in hybrid FSO/RF systems, which can be implemented in
future cellular communication networks. Performance analysis of such schemes along with that of amplify-
and-foward one-way relay (AFOWR) and amplify-and-forward two-way relay (AFTWR) are compared in
terms of closed form expressions of outage probability. The challenges involved in deriving exact outage
probability expressions are also highlighted. Closed form expressions are essential for wireless engineers

to optimize the system performance by studying the influence of different system parameters. Such
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tractable closed form expressions saves the time and complexity of numerical simulations. Asymptotic
analysis is also carried out to evaluate the diversity and coding gain expressions. Such expressions help us
in gaining valuable insight regarding the system performance. The effect of pointing and path loss errors
are also considered in the channel model, thereby making our work valid for a practical scenario. The
cost and power consumption complexity analysis is also performed for all the proposed schemes, which
is another major contribution of our work. The challenges involved in this work include achieving closed
form expressions for outage probability of the schemes. The laser or antenna selection depending on the
maximum received SNR is completely new. For DF relaying the optical signal has to be converted to
electrical signal at AP and then transmitted through antenna. This process involves hardware complexity
and cost which is another challenge and a detailed analysis is provided regarding this issue. Overall the
chapter includes a detailed analysis of advanced schemes of hybrid FSO/RF system utilizing the concept

of spatial modulation and transmit laser selection which has been discussed in the earlier chapters.

6.2 Channel Model

In hybrid FSO/RF communication for cellular use, FSO links are modelled by G-G channels and RF
links are modelled by Rayleigh channel model. LOS transmission takes place between BS and AP, while
non-line-of-sight (NLOS) transmission takes place between AP and MU in a crowded environment. In
NLOS transmission, signal transmitted from the transmitter reaches the receiver after several reflections
from the obstacles in its path. Hence deep fading effects occur, which is prevalent in cellular communi-
cation, and such signal transmission can be accurately modelled by a Rayleigh channel. On the other
hand, the LOS path between AP and BS for FSO communication can be accurately modelled by G-G
channel. It is pertinent to note that the hybrid FSO/RF model is being designed for cellular commu-
nication. If it would have been modelled for D2D communication without involving BS, then fading
models such as cascaded a — p model could have been used for hybrid FSO/RF communication. In our
model, transmission occurs between an antenna at a very low height located at the mobile equipment
and a higher altitude antenna (almost at the building level) at the AP. The AP being at a greater height
and being stationary in nature, is relatively free from scattering effects while the MU side being mobile
and at a lower height, suffers from scattering effects. Such fading effects can be effectively modelled by

fading model such as Rayleigh fading.

For LOS FSO link, G-G channel with pointing error is used which has been described earlier. This
channel model is appropriate as it can account for weak to strong turbulences and also incorporate the
pointing error effect caused by wind speeds, building sways, etc. The PDF and CDF of received SNR of

G-G channel with pointing error is given by Eq. (4.37) and (4.39) respectively. For RF link, Rayleigh
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channel is used whose PDF of the SNR is given by f,(v) = %e_% [217], where 7 represents average SNR.

CDF of the received SNR for Rayleigh channel is obtained by integrating the PDF and is given by:

Fy(y)=1—-e 7. (6.1)

6.3 Proposed System Model

The hybrid FSO/RF system model as shown in Fig. 6.1 comprises of a BS connected to the access
point AP with FSO links, while the AP is connected to the mobile user (MU) with the help of RF links.
In any cooperative system, source and destination are connected by means of a relay. In our hybrid
FSO/RF cooperative model, BS and MU act as source and destination node respectively, while AP act
as relay node. Thus our model can be related to any conventional cooperative model. Although not
shown in Fig. 6.1, all the nodes are working in half-duplex mode with N, lasers at the BS and Np
photodetectors at the AP. The AP further comprises of N4 antennas for RF communication, while the
MU comprises of N4 antennas for reception purpose. The relative gains of the links as described in
Section II of [51] and Eq. 3 of [52] are given as: Ggp = (%—3}%)7, Grp = (%)T where Gg r and
GRr,p are the relative gain of the BS to AP link and AP to MU links respectively, 7 is the path loss
coefficient, dgp, dsg and dgrp are the distances between BS and MU, BS and AP, and AP and MU
links respectively. In the optical node i.e at BS, a RF subcarrier signal is modulated by source data and
the modulated signal is then used to modulate the intensity of optical source like laser. The sinusoidal
nature of the modulated signal in RF domain causes a necessity of addition of DC bias to make the
signal positive in order to drive the optical source. The negative part of the BPSK modulated signal
is removed by adding a DC bias signal. This positive signal can then modulate the laser output. The
intensity modulated signal transmitted by the laser is sent into free-space by means of an aperture. At
the AP node, the received signal is detected by a photodetector and the corresponding electrical signal
is generated. The signal undergoes demodulation to get back the original data. For the RF channel, a
RF signal is modulated by the data and transmitted into free-space by the antenna at AP. The signal
is received by the antenna at MU node and undergoes corresponding demodulation. However for AF
technique, the electrical signal output from photodetector at AP is further amplified and transmitted by

the antenna without decoding the data.

In HSM, as shown in Fig. 6.2, one out of the laser sources at BS is activated depending on the
message bit. Similarly at the AP, photodetectors receive the optical signal and after conversion to

electrical signals, one out of the N4 antennas is selected depending on the bit.

In TSS, a single transmit source (optical or RF source) is activated among all the available transmit
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Figure 6.2: Proposed system model for HSM

sources, which yields the maximum received SNR. This particular source is used for transmission using a
M-ary modulation scheme which is depicted by the TSS encoder. For example, in Fig. 6.3(a), transmit
source index (TSI) is chosen as 2 at the BS, hence laser 2 will be used for sending optical signals, all
other lasers remain idle. Similarly, TSI is chosen as 2 for AP, therefore only antenna 2 will be sending
RF signals. In actual scenario, TSI can be estimated before sending a chunk of data and TSI can be
sent from the receiver to the transmitter through a partial feedback link [149, 150] using logy(Ny,) or
logy(N4) bits. In AP, the low-rate feedback channel is implemented by the addition of an extra laser.
MU already has antenna to execute this low-rate feedback channel.

In TSS-HSM as shown in Fig. 6.3(b), among all the transmit sources, a set of T transmit sources
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(either optical or RF) are selected which give the maximum received SNR at the receiver. On these T
sources, HSM is applied which means transmit source activation and M-ary modulation scheme are done
based on the incoming message bits. For TSS-HSM, T log,(N1,) or T logy(N4) number of feedback bits
are required depending on whether the source is optical or RF based. TSS-HSM detection process carries
information for both TSI and symbol unlike TSS, where the detection is done only for the symbol sent

from the transmitter.
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Figure 6.3: Proposed system model for (a) TSS and (b) TSS-HSM (TSI: Transmitter Source In-
dex/Indices).

6.4 Performance Analysis

This section evaluates the outage probability expressions for various systems. Pg indicates the trans-
mit power at BS and Pgr denotes the transmission power for AP node. The BS transmits message to
AP in the first time slot. The AP decodes the message and on successful decoding, it encodes it and
retransmits it to MU in the second time slot. The process is called DF relaying and is unidirectional in

nature. The jg,; photodetector of AP receives signal in nt" time slot which is given by:

yg%er n] = m hjg ipe®s(n] +wsln] , (6.2)

where jrpo € {1,2,...., Np}. m, symbolizes the transmitter efficiency. Ambient light at AP node generates
thermal noise which is denoted by wg[n|. It can be expressed as white Gaussian zero mean random noise
with variance Ny. R, is the responsivity of the photodetector. In case of photodetectors, the major
sources of noise are thermal noise, shot noise and dark current noise. In high speed optical wireless
systems, for lower SNR values, thermal noise is the dominant source of noise as evident from Chapter 1
of [220]. Hence, we have considered only thermal noise generated due to a load resistance of 50 € at a

temperature of 300 K. 2g[n] is the message bit modulated by BPSK scheme in the n*” time slot. Rjs jmre
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is the channel coefficient between the jg transmitting laser of node BS and jr,, receiving photodetector
of node AP. The signal received at AP is decoded by using maximum likelihood (ML) algorithm and the
decoded message bit is denoted by zr[n]. The received signal emitted from the AP and obtained at the

Jjp antenna of MU is expressed as:

yI?[n] = \/PrnreGrD hjp, jper[n] +wrln] (6.3)

where jpe{1,2,..., Na}. hjp,. i, is the channel coefficient between the jgs, transmitting antenna of AP
and jp receiving antenna of MU. At MU node, Gaussian noise is represented by wgr[n]. 1, represents
the receiver efficiency. jg,» denotes photodetector index of AP and jgs, indicates antenna index of AP.

Antenna index of MU is denoted by jp, whereas jg indicates laser index of BS.

6.4.1 Hybrid System with AF Protocol

AFOWR is the amplify-and-forward based cooperative hybrid FSO/RF system where no spatial
modulation is involved. In this model, single laser is present at BS while single photodetector is present
at AP. A single antenna is present at AP and MU. AFTWR is the bidirectional amplify-and-forward
based cooperative hybrid FSO/RF model where no spatial modulation in involved. The BS and MU can
receive and transmit message simultaneously. Thus it is a full-duplex system and self-interference effect

is more. In case of AFOWR variable-gain c is considered which can be defined as [192, 193]:

: RePSnt:cGS,RE/NO
L+ RePsnizGs,r|Pjs jree |2 B/ No + Pr1raG R,D|Mjpys in |*E/ No

Cc

2E

)

RePsnizGs RIN;
No

S»JRrx |

The instantaneous SNR of various links are given as yrso =

PrnraGrplhig,, ipl°E
No

YRF = and 7 = E/Np. Thus the second slot transmission will be governed by the

following equation for AF relaying:

v [n] = \/cPr1wGR.D Mjpe. jpTrN] + wr(n] . (6.5)

For AFOWR system having adaptive gain, the equivalent system SNR is given by [221]:

YFSOVRF
Yrso +YrF+ 1

VYFSO/RF = (6.6)

where Ypgo and yrp are the instantaneous SNR for FSO and RF links respectively. Now we will try

to evaluate the exact outage probability for such a system and observe the challenges involved. Let the
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threshold SNR 4, be denoted by x. The total end-to-end outage probability (£, JRF (z)) is given by:

FE

YFSO/RF

(@)= P ( YFSOYRF < x)
Yrso +Yrr +1

o VYFSOY )
Pl—————— <z d
(’YFSO+?J+1 f’YRF(y) Y
(y+ Dz
—z

P <7Fso < ) Jrre (Y)dy

= Fypp (@) + /:o Fypso (2) fyre (y)dy (6.7)

For the last step of the above equation, we have split the limit of integration into two parts y = 0 to x

(y+1)z
y—x

The value of P ("}/FSO > (y;r%f) in the range of y = 0 to x is

and the other y = x to co. Let z =
1, since the random variable ypgo is always positive and will always be greater than the negative value
of % when 0 < y < z. The PDF and PDF of the terms are inserted according to the PDF and CDF

of G-G and Rayleigh channel to obtain the following simplified equation:

¢ ocle (rrmiaem)
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From the above integral equation, we can observe that the second term’s integral is intractable. No closed
from expressions are available to the best of the authors’s knowledge. Such integrals need to be solved
numerically in Mathematica. But our goal is to obtain closed form expressions to gain valuable insights
regarding system performance. Hence, we opt for bounds of outage probability now. For evaluating the
lower bounds of outage probability, we need the SNR to be upper bounded. Thus at high SNR, the
equivalent SNR is approximated by Ypso/rr = min(yrso, yrr) [61]. The end-to-end outage probability
can be lower bounded as:

Poiftr(%h) 2 F’YFSO/RF (Vtn) = Fypso (Ven) + Fyap (Vin) — Fypso (Vi) Fypp (Ven) (6.9)
where v, = 274 —1 and Ry is the target data rate. For AFTWR, ~y,, = 22f%¢ —1. It is to be kept in mind
that for variable-gain relaying, exact knowledge of the channel statistics must be known to the nodes.
Therefore, channel estimation and channel exchange are required for both AP and MU nodes. The
channel estimations of both the links can be assumed as a multi-user channel estimation problem [194].
The results of channel estimation can be used in interference cancellation in this case. This technique

follows the principle of periodic insertion of a unique training sequence into each data sequence and also
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allows the time variation of the channels within and between the training sequences. However, there are
many such interference cancellation schemes based on the principle of sending pilot signals. Interference
mitigation techniques is an interesting field of research and can be considered as a future scope of work

for such hybrid FSO/RF systems.
6.4.2 Analysis for HSM System

At the BS side, out of N, lasers, the transmit laser is activated depending on the value of logy(Np)
number of bits from LSB side. An example of transmit laser activation is shown for Nj = 2, where the

transmit laser source index (jg) which is activated is selected as

2, if 9B =1
js = (6.10)
1, if LBl =0,

where n denotes the n‘® time slot. ¢[n] represents the bits which may be 0 or 1 in this scenario. The

BS transmits data using BPSK to AP which is given by zg[n| = 2¢[n] — 1. If Ny > 2, then the transmit

laser source is activated by using logy N; number of bits (from LSB side) and the remaining log, M

message bits will be applied for symbol constellation mapping. Symbol mapping is done according to

the constellation scheme to obtain zg[n] from c[n]. Thus z4[n| represents the modulated symbol. If
MSB

channel state information (CSI) is available at the AP, the parameters jg, xg °”[n] are detected using

ML detection method [54] and the estimated symbols at the AP are js and 7 o

2
| (6.11)

G, Pl = i, [uff™ [ = /s RePsGis s oo 1)

(is,w§ 5B nl)

LSBlp] can be estimated which is denoted

According to the estimated value of jg, the value of LSB bits ¢

LSBlp]. Similarly for RF channel, the transmit antenna index at AP is made active according to

by ¢
the bits. If ¢X9B[n] = 0, jr = 1 is made active while if ¢¥5B[n] = 1, jp = 2 is activated. Assuming
MU node has CSI, ML method detects the parameters jg, x255[n] [54] and the estimated symbols are
Jr and 5%]1\%/[ SB_ Assumption of the CSI being available to the particular nodes is taken. However in
practical scenarios, channel estimation techniques can be used to estimate the channel conditions during
message transmission. This can be done by using a feedback channel using certain overhead bits. Before
transmission, CSI can be sent through this feedback link if channel fading is slowly varying in nature.

However, this channel estimation is out of scope of the thesis and can be considered in future research

works. Thus assuming known CSI, the subsequent operations are done:

2§°%In] = jr ® js, 2§ [n] = 2 *F[n] @ 2§ [n] . (6.12)
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Readers may note that due to the problem of deriving tractable end-to-end CDF and PDF closed form
expressions, bounds of outage probability for HSM are investigated. However in future, analysis can be
done in solving end-to-end SNR, PDF and CDF expressions in closed form, which will make analysis of
exact outage probability for HSM all the more tractable. For a data rate of Ry bits/s, the AP node has

a lower bound of outage probability which is defined as:

PP (Ra) > Pllogy(N1) + logy (1 + min(v§ g, V3 g s 75 2)) < Rl - (6.13)

Assumption is taken that laser selection involves no error, hence log, Ny bits are used for activating
a particular laser. Spatial domain mutual information is upper bounded by log,(Ny) as explained in
Chapter 2. This assumption is taken because if laser selection error is considered, then it will be difficult
to achieve closed form expressions of outage probability. Numerical analysis has to be done which defeats
our initial motive of obtaining closed form expressions to gain key facts about the system performance.
The PDF of the random variable obtained from the difference of two G-G random variable is not known.
Without the difference PDF, the outage probability cannot be evaluated. Research is going on to solve
the nature of the difference PDF and this can be a scope for future work. In practical scenarios there
is error involved in estimating the laser index properly. However, such errors are very less as compared
to the error due to incorrect symbol estimation. Hence the laser selection error is ignored in this work,
but can be included in future works. In this calculation, minimum of SNR is calculated. This is because
lowest chances of error is when any one of the links from BS to AP fails. Even if one laser is able
to transmit from BS to AP, message transmission can take place. Hence, maximum error will occur
when all the links fail and minimum error will occur when any one of the links fails. To compute lower
bounds of outage probability, minimum condition (either of the link failure) is thus considered. Assume
YR = min(q/é,R,’y%?R, ....,ygﬁ). Thus 7y, = 2(Fa—1082(N1)) _ 1 From Eq. (2.48), the CDF of minimum of

random variables can be calculated and using that result, the CDF of ¢ is computed as [50]:

. N
POI?LZLB<7th) Z FwR(FYth) =P {mln(’yg’,Ruvg"Rv 7757%) S ,.Yth}

=1-P {min(’Yé,R”Y%,Rv ~~a’7fs*\%z) > %h}
= 1= P(vb g > 1) PO R > i) Pk > in) (6.14)
N
=1-(1—Plsg <)1 = POEp <ven)-(1 = Plvgh < vin))

N
=1- HJRl;‘Tzl(l - F,YJS{?}%‘I (’Yth)) .

The SNR received by jgy, numbered photodetector at AP is given by:
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R Nz RePsGo,r (s jgr,)” B _ E
"}/JS}?R —_ xtle NO JS5JR , where vo= FO . (615)
The SNR received by jp numbered antenna at MU is given by:
: PrGrD (hjpnin) E
,}/]R?D — nTI R R7D( ]Rt.’z:.jD) . (6.16)

No

(hjg.jnn.)? follows square of G-G distribution with pointing errors. We can write outage probability of

FSO link by using Eq. (4.39) and Eq. (6.15):

Aok (6.17)

Vth i
_ . 2 3,1 1,6241 aGﬁG(nmPsReGs,R’Y)
ijsl,%ﬁz (en) = WG2’4 <C2,acﬁc70 '
The CDF obtained from Eq. (6.17) is put into Eq. (6.14) to obtain the outage probability lower bound
for AP node. The next step is to calculate the outage probability for transmission through RF links
between AP and MU. Similarly for a data rate of Ry bits/s, the MU node has an outage probability for

HSM which can be defined as [50]:

PRo(Ra) = Pllogy(Na) +logy(1 + min(vh py Y, ps s Y b)) < R - (6.18)

Again the minimum SNR condition is considered. This is because lowest chance of outage is when any
one of the RF links fails from AP to MU. Any of the link failure condition is given by the minimum
SNR of all links. The CDF of minimum of random variables can be calculated from Eq. (2.48). Assume
Yp = min(’y}%vD,'y]?iD, ....,vgﬁj) and yy, = 2(Fa—lo82(Na)) _ 1. Jog,(N4) number of bits are used for
activating the particular antenna. Hence the extra term is required for outage probability calculation.

The CDF of ¢p is thus written as [50]:

Fyp(yin) = P {min(v}q,pa Vo pr e V) < %h}
=1-P {min(v}LD,ﬁ%’D, ...,71]{‘}‘3) > %h}
=1- P(711%,D > ’yth)P(’;%’D > ’yth)....P(*y}J{LD > Yin) (6.19)
=1—(1=Pvhp <)L= P(Vap <wn)-(1 = P(yp'h < vn))
=1-I¥ (1-F,

ip=1 é,D(%h)) :
where the outage probability of RF link is given by (using Eq. (6.16) and (6.1)):

Yth

Fip (i) =1- ¢ TRPRORDT (6.20)
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Thus, after putting the value of outage probability of particular AP-MU link obtained from Eq. (6.20)

in Eq. (6.19), we derive the outage probability at MU node as:

Na o Yth
P (yn) > 1 — I e "="rorp7 . (6.21)
Jjp=1

The summation of the outage probabilities at the AP and MU nodes yields the overall system outage

probability. It is thus lower bounded by [50]:

PLE (vin) = PEFE (yn) + (1 — PEEE (an)) Py (i) (6.22)
Yth .

N N. T2 PoGp 55
Z 1- (H]RL;«T:]_(l L F,yéRer (’yth))) HjDA=1 € F .

The overall transmission is a two stage DF process. The BS transmits message to AP in the first stage,

whose outage probability can be defined by the term PZ:LB  obtained from Eq. (6.14). The second

out

stage is the transmission stage from the AP node, which is given by (1 — PELB (v ) PR (1), PR (vin)

is obtained from Eq. (6.21). Some valuable insights can be gained from this analysis. Each CDF term
has Meijer G or exponential component whose value decreases with an increase in SNR. Thus product of
such CDF values will also give a decrement. The multiplication of CDF values subtracted from 1 gives
an increment, but it is again subtracted from 1 to indicate an overall decrement. Hence, there will be
an overall decrement in the total outage probability value of HSM with increment in SNR value. The
readers may note that in DF process, where there is no direct link between the BS and MU, the system
performance may suffer if there is too much error in the first stage. If the AP is unable to decode the
message correctly, then further transmission to MU in second time slot will cause more error. Therefore,
the overall outage probability is dominated by the outage probability over G-G channel. Hence it is
necessary, that the first stage transmission occurring for FSO links, generates minimum error. The FSO
communication serving as a LOS communication between BS and AP can minimize this error. However,
to further resolve the drawbacks of DF based HSM system, TSS is proposed which aims to select the
best source dependent on the maximum received SNR. This prevents the system from suffering too much

error in the first stage of transmission.
6.4.3 Analysis for TSS System

In TSS, the antenna or laser source selection is done based on the maximum received SNR. A
particular link for which the received SNR is maximum is chosen, and the TSI of that particular source
for which the link generates maximum SNR, is sent as a feedback. Transmission between BS and AP

occurs with the help of FSO links. The criteria which is used for selecting a single transmit optical source
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is given by:

Np
I° =arg max{CZ-: Z |hjs7ij|2} , (6.23)

1<js<Np GRra=1

where I° denotes the transmit laser index of node BS which maximizes the received SNR at AP, jg €
(1, N.),Jrre € (1, Np). Similarly, a single transmit antenna for the transmission between AP and MU

is selected according to the following criteria:

Na
TR — arg max {C’i = Z |thmjD|2} , (6.24)

1<jres<Na i

where I'® denotes the transmit antenna index of node AP which maximizes the received SNR at MU.

Each C; for i € (1,2,...Ny) for node AP and i € (1,2,...N4) for MU are arranged in ascending order
such that C; < Cy < ... < Cy, for FSO link and €7 < Cy < ... < Cy, for RF link. At AP and MU, the
transmit laser and antenna index are chosen respectively which gives the highest value of C; respectively.

The end-to-end outage probability can be written as [134, 158]:

Pout(1h) = Fysp (ﬂ>N + [1 — Fygp (ﬂﬂ (Fm (_ﬂ))m : (6.25)

VSR VSR YRD

where Ysr = 1t PsR.Gs g7y and Yrp = 72 PrRGR,pY. From the outage probability expression of TSS,
it is clear that the first term denotes the outage probability of the first phase when the transmit laser is
chosen such that the received SNR is maximized at AP. Outage occurs in first phase when none of the
FSO links from lasers at BS to photodetectors at AP are available. Even if one link is working, then
message can be transmitted. All link failure is satisfied by the condition of maximum SNR of all links.
In the second phase, it is considered that message is successfully received by AP from the first phase.
Again outage occurs if all the RF links between AP and MU fail. Even if a single link is working between
any of the antennas of AP and MU node, transmission can take place. Hence the second term in Eq.
(6.25) gives the outage probability of the second phase. One fact is clear from the expression that if
FSO link is severely affected such that all links are down, then the outage probability of the first phase
will be very high and this will severely degrade the system performance by increasing the overall outage
probability value of the TSS system. If Ny > Ny, then the severity in performance degradation will be

much more as the outage probability of first phase contains a term which is raised to the power of Ny.

6.4.4 Analysis of TSS-HSM System

To calculate the outage probability of TSS-HSM system, the CDF of the received SNR after selection

of a set of T sources, is required. Hence we need to calculate the PDF of received SNR first in order to
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find CDF. To choose a group of T laser sources/ RF antenna which yields the maximum received power,
all the C;s obtained from Eq. (6.23) and (6.24) are arranged in ascending order. The set of T laser
sources corresponding to the highest values of C;s are selected. Following the order statistics, the PDF

of Cj, such that C; < Cy < ... < (C; < ..Cn, /Cn,, is given by [32]:

1

)= N =it

(Y =B )Y () (6.26)

where i = N, — T + 1, By(.,.) is the beta function. Now the received SNR of selecting T sources has to
be evaluated. The SNRs are arranged in ascending order. Hence the set of SNRs from Ny, — T + 1 to
Ny, are chosen. The PDF of the received SNR at AP is evaluated as:

; 1 X 1 _ i
se() = 0 JX:: BN, — 3D {Frsn)Y ™ (1= Fygn) ™ fr5r(7) - (6.27)

frvsr () and Fyg, () follow PDF and CDF of square of G-G distribution with pointing error. Similarly
for RF link, the PDF of received SNR at MU is expressed as:

; 1 24 1 . A
o) = i3 T JZ:: B Na—it1) {Frro MY (L= By O™ fomp(1) . (6.28)

where f,.,(v) and F.

YRD

(v) follow PDF and CDF of square of Rayleigh distribution and ¢ = N4 —
T + 1. The corresponding CDF of the received SNRs at AP and MU are calculated by integrating the

corresponding PDFs. The end-to-end outage probability of the system is given by:

POUt s F;SR(fyth) + (1 — F’ésR(fYth))Fj/RD (f)/th) . (629)

From this expression, it is clear that the overall outage probability divided into two parts. Thus if
we treat the individual terms, we can observe that the CDF terms are Meijer G components (for FSO
links) or exponential components (for RF links), which basically decrease with an increment in SNR.
The first stage outage probability value subtracted from 1 gives an increment, but it is compensated by
the decrease in outage probability value of the second stage. Therefore, the total outage probability will

decrease with an increment in SNR.

For T = 2, (where T is the number of selected laser/antenna sources), if x£8[n] = 0 then 1% source

is activated and if xﬁSB

[n] = 1, then 2" source is activated, where n represents the n'” time slot and
k indicates the node which may be MU or AP in this case. We will consider BPSK modulation scheme

for our case. The table of laser/antenna source activation depending upon the message bits has been
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listed in Table 3 and Table 4 of [128] for T=4 and T=8 respectively, and explained in Chapter 4 also.
The proposed TSS-HSM system can transmit logy, (M) + log,(T') bpcu while a normal TSS system can

transmit log, (M) bpcu.

6.5 Asymptotic Results

In this section, asymptotic analysis of HSM, T'SS and T'SS-HSM schemes will be performed. In any of
the schemes, there are two channels- G-G and Rayleigh. We are interested in only the highest component
of SNR which is given by G-G channel component. The Rayleigh channel will have a SNR exponent less
than that of G-G channel. The G-G channel CDF has a Meijer G component, which can be written in
terms of elementary functions. Referring to Eq. (6.17), the Meijer G function in the equation is first

inverted and written as:

2

_ y 1,3 (1-¢%1-ag,1-Bg,1
e () = iy G (08 2) (630

[N

Aph zPsR:Ggs rY - . . .
o (e ; 1/2S’RV) . Now the Meijer G function can be written in terms of elementary
AGPGVep

functions as shown in Eq. (2.69):

where z =

¢ i Jon—1 Ty 0 Tak — ar) [Ty T(L+ b — ax)

W k=1 H;L:4 F(l + a; — ag) HZQ:2 F(ak . bl) ’ (6.31)

E i (yen) =
where a = [1 - (%, 1—ag,1—Bg, 1] and b = [0, ¢?]. The diversity and coding gain can be obtained when
the SNR (%) exponent is maximum. Using Eq. (2.73), we can obtain the diversity gain of Eq. (6.31) as
min (& )5 ﬁTG) Now the CDF terms in Eq. (6.22) are multiplied, which means each Meijer G term is
multiplied. We have to focus only on the highest exponent of SNR in this case. Hence, the exponential
SNR, component in Rayleigh distribution is ignored. The highest negative exponent of SNR can be
obtained when the SNR term is multiplied by Ny. At very high SNR values, the total diversity gain of
HSM (by referring to Eq. (2.73)), is given by DfSM = (min(%, e, BTG)) X Np. Similarly diversity gain
of TSS system can be obtained using Eq. (6.25) and (6.31). The CDF terms are multiplied in the outage
probability equation of T'SS. Hence the diversity gain of TSS system is DgTSS = (min(%, &5, ﬁ7c)> x Ny,

20720 2

Diversity gain of TSS-HSM is similarly calculated by DgTSS —HMS _ (min(CQ e B—G)) x Np. Now with

the help of Eq. (2.73) and (6.31), the final coding gain (Cy) for HSM system can be calculated as:

_L
pHSM

1\ ak—1
o ¢ i Aohy (N2 PsReG s r7)? 17 i Tlar — ar) Thi= T(1 + by — ax)
7 T(ag)T(Ba) & vPagBe IT=a T+ ar — ap) [T7o T(ak — br)
(6.32)
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The coding gain of TSS system is similarly obtained by replacing the Df SM with DgTSS term. For T'SS-
HSM, coding gain is evaluated by replacing Df SM with DgTSS_H SM " Let us gain some insights from
the asymptotic calculation of diversity gain. Suppose strong turbulence conditions are considered having
values of ag = 4.2, fg = 1.4,¢% = 17.1. Let there be 2 laser sources and 2 antennas. Hence diversity gain
of HSM is min(¢?/2, aq/2, Bg/2) x Ni, = 1.4. Diversity gain of TSS is min(¢?/2, ag/2, Bc/2) x N, = 1.4.
Diversity gain of TSS with 3 antenna and laser sources is 0.7 x 3 = 2.1. Diversity gain of TSS-HSM with
Np =4,Ny = 4,T = 2 is given by 0.7 x 4 = 2.8. Hence the diversity gain of TSS-HSM is more than
that of T'SS because of the presence of more optical/RF sources from which the best T sources can be
chosen depending on channel condition. TSS having more sources has more diversity gain for the same

reason that it has more sources from which it can select the best one.

6.6 Complexity Analysis

The detailed complexity analysis of the proposed schemes- HSM, T'SS and TSS-HSM will be done in
terms of overall cost and power consumption. The results will be compared to that of spatial multiplexing
MIMO scenario where all the lasers and antennas operate simultaneously. An optical chain at the BS
comprises of intensity modulators, RF modulators, DC bias adders, S/P converter, filters, etc. On the
other hand, RF chain at AP comprises of RF modulators, S/P converters, filters, etc. Let the power
consumption of each optical chain and RF chain be P, and Prr respectively. The cost of each optical
chain and RF chain are assumed to be C, and Crp respectively. ay, is the slope dependent load factor.
Py, is the optical transmit power, while P, ¢ is the RF transmit power. The cost of each serial-to-parallel
converter is given by Cg/p. The cost of each optical switch is considered as C,, while the cost of each
RF switch is considered as Cj,,.r. The power consumption of each optical switch is Py, and the power
consumption of each RF switch is Pgyrr. Now in HSM, TSS and TSS-HSM, only one optical or RF
chain is required as single laser /antenna is activated. However for MIMO techniques, N, or N4 number
of optical/RF chains are required (same as the number of transmit sources). A single pole dual throw
optical/RF switch is used. The overall power consumption of both BS and AP nodes are calculated.
It is to be kept in mind that the BS uses optical components while AP uses RF components. For a
target spectral efficiency of ngg bpcu and a M-ary modulation scheme, the number of switches required
NHSM _

are computed for each scheme. The number of optical switches required for HSM at BS is

2(nsp—logs M=1) “while RF switches required at AP is N gﬁy = 2mse—logz M=1) " The number of optical

switches required for TSS at BS is NI = Ny /2, while RF switches required at AP is N, Tw%jc = Ny/2.

S

Similarly for TSS-HM, number of optical switches required at BS NISS—HSM — 2(nsp—logy M=1) ' yhile

RF switches required at AP is Ngﬁ?*HS M — 9(nse—logs M=1) " The total power consumption of HSM,
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TSS and TSS-HSM are given by Eq. (6.33), (6.34) and (6.35) respectively.

PthM = Po + atrPtr + PszguSM + PRF + atrptrf + Pswrngugy ; (633)
Ptj(;igs - Po + atrptr + Pszg;USS + PRF + atrptrf + Pswrng;USr?‘ ; (634)
PSS — Py 0y Py + PawNgy "™ "5M + Prip 4 Porg + Pouwrp Ny oM (6.35)

The total power consumption of MIMO techniques is given by Pt]‘ftl MO — P N; + o4y Py + PrrNa +
ayr Py Hence it can be noted that the total power consumption of HSM, T'SS and TSS-HSM schemes
are less than MIMO due to the use of single optical/RF chain in our proposed methods. The overall cost
is similarly calculated for HSM, TSS and TSS-HSM in Eq. (6.36), (6.37) and (6.38) respectively.

CtlgtSM =C,+ C'S/P + Csz§USM + Crp + Cg/p - Cswrnguiﬁ\CJ , (6.36)
CLP® = Co+ Csyp + CowNew® + Crr + Cg/p + Couwrf Nt (6.37)
CLIS—HEM = C, 4 Cgyp + Cow NISSTHSM | Cpp + Cgyp + Courp NLSSHEM (6.38)

The cost of MIMO techniques is given by C’%IMO = C,Ny, + CrpN4. Hence it can be noted that
the total cost consumption of HSM, TSS and TSS-HSM schemes are less than MIMO due to the use
of single optical/RF chain in our proposed methods. An example is considered to illustrate the power
consumption and cost benefits of the proposed methods. The spectral efficiency considered as ngg = 8
bpcu, while number of lasers and antennas are taken as Nj = 64, Ny = 64 and M = 4. The number of
switches required for HSM is N;fUSM = NHSM _ 39 while TSS requires NZUSS = NTSS — 39 switches

swrf swrf

and TSS-HSM also requires NLSS—HSM — Ng;uii_H SM — 39 switches. The parameters considered are
Py = 53W, oy = 3.1, Py = 6.3W, Ps, = 0.2W,C,, = 10008, Cg/p = 28, Csy = 2208, Prp = 53W, Pyyp =
6.3W, Poyrs = 5mW, Copry = 28, Crp = 180$ [151, 153, 155, 222]. The values of power consumption
of HSM, TSS and TSS-HSM schemes are computed as 151.6 W for each, while MIMO consumes 6822
W. The cost consumption of HSM, T'SS and TSS-HSM schemes are computed as 1050 $ for each, while
MIMO consumes 75522 $. From this, it is clear that our proposed methods like HSM, TSS and TSS-
HSM can offer considerable benefits in terms of power consumption and cost. As the spectral efficiencies

increase, the number of sources required will be more and the power consumption and cost of MIMO

will increase significantly.
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6.7 Results

In this section, the performance of our proposed systems- HSM, TSS and T'SS-HSM are compared with
existing models in terms of outage probability. For performance analysis, G-G channel (with pointing
errors) with strong turbulence is considered for FSO link, while Rayleigh channel is considered for RF link.
The distance of separation between each node (L)= 2 Km is considered. It is assumed that BS and AP
nodes have identical SNR. Transmitter aperture size is 7.5 cm, transmitter aperture separation is 40 mm,
receiver aperture diameter is 20 cm, divergence angle is 2 mrad, responsivity is 0.5, transmitter/receiver
optical efficiency is 0.8, corresponding jitter standard deviation is 30 c¢m, corresponding beam radius
at 1 Km is 2.5 m [130]. Turbulence parameters for strong turbulence are ag = 4.2, fg = 1.4. The
analysis is performed considering BPSK modulation scheme. For the sake of simplicity, N;, = N4 = 2 is
assumed. However for any value of optical /RF sources, results can be obtained as all analytical formulas
are obtained for generalized number of sources. The target data rate (Ry) is considered as 3 bps. These

parameters are considered throughout the work unless explicitly specified otherwise.

The system performance of HSM, TSS and TSS-HSM are compared with other methods in literature.
The methods used are parallel Hybrid FSO/RF [214] with v, = 10dB and ~y;, = 11dB and they are
named as FSO_10 and FSO_11 respectively in our work for comparison. FSO_10 and FSO_11 involve a
point-to-point hybrid FSO/RF system where FSO links are active as long as the received SNR is above
the defined threshold, else RF link will be activated. The thresholds of the two methods FSO_10 and
FSO_11 are 10 dB and 11 dB respectively. A multiuser hybrid FSO/RF has been used by the authors
in [219] and we have considered the case of single user for our comparison. Eq. (19) from [219] has been
used to evaluate the outage probability for our desired conditions and the results are denoted by HFSO
in our comparison. The results from Fig. 5 (moderate turbulence with ¢ = 0.6) in [218] have been
used in our work and is denoted by MOD. It involves a point-to-point hard switching hybrid FSO/RF
system where FSO link is active when atmospheric conditions are perfect; however beyond a certain
threshold SNR when channel quality degrades, RF link is activated. The results of SC2 in [215] for two
different thresholds (v}, = 8dB,~2, = 10dB and 7}, = 5dB,~?, = 7dB) in Fig. 3 of [215] have been
used for our comparison also and are named as HFSO_8 (for threshold v}, = 8dB,~% = 10dB) and
HFSO_5 (for threshold v}, = 5dB,~3, = 7dB) in our work. HFSO_8 and HFSO_5 both involve mixed
RF and hybrid FSO/RF system. Multiple mobile users interact with the destination through a relay
in this model. Mobile user-to-relay links are in RF domain, while relay-to-destination links are of both
FSO and RF type. Depending upon predefined SNR thresholds 7}, and 72, and v}, < 72,, RF and FSO

link switching is done at destination node. If SNR received at destination is more than or equal to %Qh
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Table 6.1: Comparison of outage probabilities for different methods

SNR(dB) Outage probability values of different methods
FSO_10[FSO_11[HFSO|MOD HFSO_8HFSO_5[HSM TSS TSS-HSM|AFOWR |[AFTWR

0 0.65 |1 095 9«x107% |1 1 5.3 %10~ %1.2 + 10~%2.7 * 10~%(0.001 0.0048

5 0.6 1 081 [75%x107%* [1 0.85 23% 107 5% 107" [7%10~7 [4.6 * 10~%0.0022

10 0.1 0.4 041 [6+«10~% 0.7 0.4 1%107% [2%107° [1.7%x1077[2% 102 [9.6%10°%

15 0.009 [0.07 0.12 [4x10~%* J0.25 0.12 451075 [7%10°° [4.4%10°8]9.2% 10 °4.3% 10 %

20 0.0007 [0.002 [0.02 [2.5%810%0.07 [0.03 21%10753%x1076 [1.1%x10°8[4.1%1075[1.9x 1074

then FSO link is used or else RF link is used. 'ytlh is the threshold for outage probability calculation.
Here FSO is the cooperative hybrid based model without any spatial modulation scheme. Basically it
refers to the conventional /standard approach, under fading scenario. In this FSO model, link between
BS and AP follows G-G distribution while the link between AP and MU follows Rayleigh distribution.
Table 6.1 lists the outage probability values of different methods at specific SNR values. It is noticed
that our proposed methods- HSM, T'SS and TSS-HSM outperform the other methods in terms of outage
probability for any SNR values. The outage probability results of different techniques at different SNR
values are graphically illustrated in Fig. 6.4. HSM can outperform the other methods because of its
ability to select the transmit source depending on message bit value. The SNR, gain of HSM over the

other methods is over 20 dB at any outage probability value beyond 0.001.

Outage probability

HSM

-5 | I | I
10 0 5 10 15 20

SNR(dB)

Figure 6.4: Performance comparison of proposed HSM system with other existing systems.

The performance of our proposed HSM system is compared with other systems like AFOWR, AFTWR
and FSO in Fig. 6.5. It can be noted that HSM system performs better than the others because of its

ability to activate the corresponding optical/RF source depending on the message bit. FSO system
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does not implement any spatial modulation technique, hence it cannot choose the source depending on
message bits. It has to transmit irrespective of the channel condition and message bit value, thereby
leading to poorer performance. AFTWR suffers from more self-interference effect that AFOWR as all
the nodes are operating in full-duplex mode. AFOWR also suffers in performance as compared to HSM,
because it simply amplifies the signal without decoding it. Hence if error is there, it is also transmitted,

whereas in DF protocol, the bits are decoded and regenerated at AP node.

102 ;

Outage probability
S
—

[
<
wn

HSM

[—
<
=

5 10 15 20 25 30
SNR(dB)

Figure 6.5: Performance comparison of proposed HSM system
(Solid line indicates analytical results while "*’ symbol indicates simulation results).

The impact of variation of target data rates on the outage probability results of HSM is studied. Ry
is varied as 3, 5, 8 and 10 bps. It is evident from Fig. 6.6 that with an increment in the value of Ry, the
system performance degrades indicating that it is more difficult to achieve higher target data rates. To
attain higher data rates, quality of channel condition should be good. But due to turbulence effects and
fading effects, the system is not able to achieve high data rates and suffers from more error.

The impact of different atmospheric turbulences on the performance of HSM system is explored.
Strong, moderate and weak turbulences are considered, according to which the parameters ag and Sg
for FSO links are varied. It is observed from Fig. 6.7 that as turbulence effect weakens, the system
performance improves. The available turbulence offers more scattering and absorption effects, which
hampers light propagation for the FSO link. This severly impacts the ability of the photodetector at the
AP to receive the signal correctly in presence of high degrees of turbulence. It can also be noted that
during daytime, turbulence is more as air gets heated up and rises up rapidly because of hot air being

light. This creates more turbulence effect than night time. Hence system performance can be severely
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Figure 6.6: Performance of HSM for various data rates

(Solid line indicates analytical results while

)

symbol indicates simulation results).

affected during daytime or in presence of high amounts of turbulence in FSO link.
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Figure 6.7: HSM performance for varying atmospheric turbulences

(Solid line indicates analytical results while

1%k

symbol indicates simulation results).

The performance of T'SS system is explored for various combinations of source arrangements and the

results are compared with that of HSM system. TSS is applied for N, = Ng = 2 and N, = Ny = 3

sources implying that out of the multiple optical/RF sources available at the nodes, only one of the
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source will be selected for transmission depending upon the maximum received SNR. HSM scheme has
N, = Ny = 2 out of which one optical/RF source is activated depending on the message bit. In case
of TSS-HSM, the number of available optical /RF sources at the BS and AP are denoted by N while the
number of optical/RF sources selected for applying HSM are denoted by T. The results are depicted in
Fig. 6.8 and it is observed that TSS and TSS-HSM schemes outperform HSM because TSS and TSS-
HSM selects the source depending upon the channel condition, while HSM performance can degrade
if an inferior channel is selected according to the message bit-not based on the channel condition. As
the diversity increases in number of sources, the performance improves because we have more available
sources and corresponding channels to choose a single one. If HSM is applied after TSS, then it can
perform much better than TSS and HSM, because the best set of sources are chosen depending on
the best channels available. Hence if HSM is applied on the best channel links available, then system
performance will improve than the scenario where HSM is applied irrespective of the channel condition.
Therefore, the complexity of sending feedback bits in case of TSS and TSS-HSM is justified by the
performance improvement over HSM. TSS can achieve a coding gain of around 10 dB over HSM at an
outage probability value of 0.0001, as is observed from the graph. Asymptotic results also merge with

the analytical values at high SNR values, indicating that our analysis is valid for high SNR regime.

10'2; I I I \
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Figure 6.8: Performance of TSS and TSS-HSM system
(Solid line represents analytical results, *’ represents simulation results while dashed line represents
asymptotic results).
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6.8 Conclusion

New methods for cellular communication have been proposed in this chapter. The escalated system
cost and complexity involved in a hybrid FSO/RF system is overshadowed by the performance improve-
ment in hybrid FSO/RF system as it combines the benefits of both FSO and RF communication. To
account for the misalignment of laser sources, pointing errors have been incorporated in the G-G channel
for FSO links. Some new techniques like HSM, T'SS and T'SS-HSM have been proposed which yield better
results than the existing methods. It has been inferred that TSS-HSM is the best method in terms of
performance. In future, TSS, HSM and TSS-HSM can be analyzed for hybrid FSO/RF systems in terms
of error performance using other modulation schemes also. Future works can also be extended to apply-
ing different forms of spatial modulation like improved spatial modulation, extended spatial modulation,
quadrature spatial modulation, etc. for hybrid FSO/RF systems to increase the spectral efficiency of
such systems. The concept of multi-user hybrid FSO/RF system can be investigated in future by using
access point to serve multiple mobile users. Channel estimation techniques can be introduced for HSM
to update the CSI regularly. Hybrid FSO/RF models can also be analyzed for D2D communication using

generalized fading models in future.
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7.Conclusion and Future Work

This thesis aims to enhance the performance of point-to-point communication for both RF and optical
wireless communication. This can be beneficial for future 5G and 6G communication. Performance
enhancement is proposed by the incorporation of various advanced spatial modulation schemes for D2D,
BAN, FSO, UOWC and hybrid FSO/RF systems. It has been observed that MIMO systems can in-
crease the performance of any system in various domains by using multiple antennas/lasers. However,
such MIMO systems require multiple RF /optical chains which escalates the system cost and leads to
unnecessary power consumption. There is also excessive inter-antenna or inter-optical interference due to
simultaneous operation of multiple sources. These drawbacks motivated us to opt for spatial modulation
in this thesis. Various advanced versions of SM have been proposed to enhance the spectral efficiencies
of the systems. Thus performance analysis of advanced spatial modulation schemes has been carried out

for a diverse range of applications in this thesis. The overall thesis can be summarized as follows:

e A brief survey of the various technologies like BAN, FSO, UOWC and hybrid FSO/RF has been
presented along with the motivation and contribution of the thesis in Chapter 1. The basics of SM,

PLNC and the various performance metrics have also been provided in this chapter.

e SM for RF cooperative systems have been proposed for improving the error performance in Chap-
ter 2. SM along with PLNC have been analyzed over cascaded o — p channels for bidirectional
communication and the system model has the potential to be applicable for D2D communication.
The PDF and CDF of the cascaded o — u channel have been evaluated. Closed form expressions of
lower and upper bounds of outage probability have been derived for the proposed system and the
results show that our proposed system can perform better than AFOWR and AFTWR systems.
Asymptotic expressions have also been derived to evaluate the coding and diversity gains. The
effect of self-interference at the relay has also been studied. From the results, it can be inferred
that lower self-interference effect, lower number of cascaded components of the channel and mid-
way location of the relay are beneficial for the system performance. It has been observed from the

results that our proposed system offers a SNR gain of 8 dB over PLNC scheme.
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e BAN communication has been analyzed for sporting activities like running and cycling for both
SISO and MIMO cases in Chapter 3. Advanced versions of SM like ESM and SMBM have been
proposed for MIMO BAN communication to enhance the spectral efficiencies. Closed form expres-
sions of BER have been achieved for such systems by approximating the LN-4 channel with MG
distribution. Asymptotic analysis has been carried out for all schemes to illustrate the diversity
and coding gain benefits of our proposed methods. It has been obtained from the results that
SMBM can perform better than SM, ESM and SISO scenario. SMBM uses a single RF chain and
lower modulation scheme, thereby generating superior performance. The effect of side-by-side and
back-to-back running and cycling on the performance of these proposed methods have been studied.
The influence of body movements on BAN channel and their effect on system performance have
been explored. The impact of various types of body height, weight, etc. on the system performance
have been analyzed by incorporating a BMI factor in the analysis of the proposed methods. It has
been inferred from the results that cycling is better than running for any scenario and scheme
because of the stationarity of the outstretched arms in case of cycling, while in running the arms

are in oscillatory motion.

e Chapter 4 deals with various forms of OSM in FSO systems. OSM along with PLNC has been
proposed for FSO cooperative bidirectional systems and its performance has been analzyed. Lower
and upper bounds of outage probability expressions have been derived in closed form to study the
performance of the proposed system. The analysis has been performed over G-G channel which
can model various turbulence effects suitably. Asymptotic analysis has been carried out with
tractable expressions to compute the diversity and coding gain of our proposed system. The effect
of self-interference at the relay due to simultaneous data transfer from the source nodes has been
studied. The impact of various parameters on the system has been investigated and it has been
concluded from the results that lesser turbulence, lower self-interference, and lesser link distances
are beneficial for the system performance. From the results, it is also conclusive that our proposed
system can perform better than PLNC and point-to-point FSO systems (without relay). OSM
activates the laser without considering the channel condition and this drawback can be mitigated
by the use of TLS technique. TLS and TLS-OSM have been studied for FSO cooperative systems
and the complexity analysis of the proposed methods have also been analyzed in terms of power
consumption and cost. Closed form expressions of outage probability have been derived for TLS
and TLS-OSM which makes the analysis easy and tractable. The analysis has been done over G-G
channel incorporating pointing and path loss errors. Asymptotic analysis has been carried out to

evaluate coding and diversity gain. It has been observed from the results that TLS-OSM scheme
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can produce the best results due to the presence of more diversity in the set of laser sources, from
which the transmitting laser is to be chosen. Further, the spectral efficiency of OSM is enhanced
by the proposal of more advanced schemes like OESM, OGSM and OIQSM. The performance
analysis has been done in terms of BER over G-G channel with pointing error, and considers both
spatial domain error and modulation domain error. The power consumption and cost complexity
analysis of the proposed schemes have been proposed. The effect of different modulation schemes
and spectral efficiencies have been studied for these OSM based schemes. It is conclusive from the
results that these advanced OSM schemes can perform better than OSM in terms of BER, cost

and power consumption for attaining very high spectral efficiencies.

e UOWC cooperative communication has been studied both for SISO and MIMO cases in Chap-
ter 5. Initially performance of both one-way and two-way relay based SISO UOWC cooperative
communication have been analyzed in terms of outage probability and ASEP over weak turbu-
lence induced fading, modelled by lognormal channels. Closed form expressions in terms of outage
probabiity and ASEP have been derived for such SISO scenario by approximating the intractable
lognormal distribution with MG distribution. Asymptotic analysis has also been carried out for
SISO scenario. It has been inferred from the results that lower values of sea water turbulence is
beneficial for the system performance. The analysis is then extended for MIMO scenario with the
implementation of OIQSM scheme for UOWC cooperative system. Closed form expression of BER
for such scheme has been achieved and complexity analysis in terms of power consumption and
cost has also been performed. Results show that OIQSM can perform better than OSM and SISO
case for any amount of turbulence. To resolve the issues of OSM, TLS and TLS-OSM schemes
have also been proposed for UOWC cooperative systems and the performance analysis is achieved
in terms of closed form expressions of outage probability and ASEP. Cost and power consumption
analysis of such schemes have also been done. It has been concluded from the results that TLS and
TLS-OSM schemes can perform better than OSM and SISO scenario in terms of BER. TLS-OSM

scheme is the most superior method due to the presence of more diversity.

e The concepts of both FSO and RF communication have been combined to propose ASM schemes
for hybrid FSO/RF cooperative system in Chapter 6. Various ASM schemes like HSM, T'SS and
TSS-HSM have been proposed for such hybrid cooperative systems that can be implemented in
future cellular communication. The performance analysis of such systems are achieved in terms
of tractable closed form outage probability expressions. Asymptotic analysis of such schemes give

valuable insights regarding diversity and coding gain. Cost and power consumption analysis of such
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systems have also been illustrated in detail. The performance of these proposed methods are found
to outperform AF based one-way and two-way relaying methods. It is inferred from the results
that TSS-HSM is the most superior method because of the presence of a larger set of available
optical /RF sources. HSM, TSS and TSS-HSM also use a single RF /optical chain, thereby saving

cost and power consumption as compared to MIMO schemes.

In future, several of the works listed in this thesis can be further expanded or some of the drawbacks

exposed in these schemes can be studied. Some of the possible future works are listed below:

e Performance analysis of SM and PLNC based RF cooperative systems for D2D communication can

be achieved in terms of other generalized fading models like k — p and n — p.

e Channel state information can be updated at regular intervals for RF, FSO, UOWC and hybrid
FSO/RF systems and made available to all the nodes by using some channel estimation technique.
Channel estimation techniques by using the least amount of feedback bits as overhead, should be

explored such that system efficiency is not hampered.

e The end-to-end expressions of SNR, PDF and CDF of SM-PLNC based systems can be derived in
terms of tractable closed form expressions. Such expressions are needed both for cascaded o — p
and G-G channels for exact outage probability evaluation of SM-PLNC based bidirectional systems

for both RF and optical wireless domain.

e More advanced SM schemes like quadrature spatial modulation, generalized spatial modulation,
etc. can be analyzed for cooperative BAN communication and expressions of BER and outage
probability can be evaluated. The potentiality of BAN cooperative communication in sports and

healthcare industry can be explored further.

e G-G channel in FSO communication can be replaced by Malaga channel which is a more generalized
channel model. Closed form expressions of BER and channel capacity need to be derived for such

systems.

e Advanced OSM schemes like OGSM, OIQSM and OESM can be combined with TLS for perfor-
mance benefits of FSO systems. Performance analysis of such systems can be investigated. Exact
expressions for symbol detection and laser index detection for calculation of BER for such schemes
can be derived. Asymptotic analysis of such schemes can also be done in terms of closed form

tractable expressions.
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e OSM techniques can be investigated for visible light communication (VLC) for point-to-point com-
munication in indoor environment. More advanced OSM schemes can be implemented for perfor-

mance analysis of such VLC systems.

e Pointing error and error arising due to floating nodes in oceanic currents can be incorporated
in UOWC channel model. The performance analysis of TLS, TLS-OSM and other schemes like
OIQSM, OESM, OGSM, etc. can be studied for UOWC cooperative systems in presence of pointing

errors.

e Interference cancellation schemes at the relay can be explored to resolve the interference for variable-
gain relay based UOWC cooperative systems. Channel estimation techniques by frequent updation

of training signal can be one way of implementing this.

e Receiver diversity effect on OIQSM for UOWC cooperative systems can be studied by considering

multiple photodetectors and closed form expressions of BER can be derived for such MIMO systems.

e The concept of multi-user hybrid FSO/RF system can be explored by incorporating multiple AP
in the system model. Schemes like HSM, TSS and TSS-HSM can be implemented for such multi-
user models and its performance analysis can be studied in terms of outage probability or BER.
Different advanced forms of SM can also be combined with TSS to study the performance benefits

on hybrid FSO/RF systems.

e The concept of channel coding can also be introduced to spatially modulated systems for both
RF and optical domain to design an effective codebook. Spatial modulation schemes can also be

investigated across various time slots to study the interference effect and mitigate it.

e SM concept can be introduced in the field of ambient backscattering communication. Following
the principle of harvesting the energy from ambient RF communication, a device called tag can
transmit data to another device called reader located nearby, by changing the reflection coefficient
of the antenna. If the tag has multiple antennas, a single one can be activated depending on the
message value according to the concept of SM. Such SM based backscattering communication can
enhance the performance of point-to-point communication in a closed environment for IoT devices

without requiring power sources.
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A.Appendix

The PEP for spatial domain part (where laser index j is estimated as ) is given by:

0o Np
PEP( —1) = [ Q(NLDJ LS Iy~ hm?)f% (=) - (A1)
=1

To calculate the PEP for spatial domain part, the PDF of the absolute value of the difference between
two G-G random variables needs to be calculated. Let Y; = |hj; — hyi|, X; = hy; — hy; and 7 be a new
random variable such that v, = Y%y, ¢r and 7, = > . Thus to find out the PDF of v., PDF of v; is
required which in turn needs the value of PDF of Y¥;. The PDF of the difference of random variables
is the challenging part. h;; and h;; are two independent random variables following non-negative G-G

distribution (as in Eq. (4.36)). Hence the PDF of Xj is given by [136]:

0 1) fy (hi)dhi, 2 > 0
Fxi(@) = Ry <= (A.2)

I fn,(x + hi) fo, (hi)dhi, © < 0 .

Now the PDF of Y; using the PDF of X, can be written as:

M) = fx W) + fx(=y) (A.3)

where fx,(y) = fx,(z) for > 0 and fx,(—y) = fx,(z) for x < 0. Since Y] is a random variable formed
by the modulus of of X;, hence both the positive and negative value of X; should be considered. Using

the PDF of G-G distribution with pointing error, the PDF of fx,(x) can be written as:

fy () = (aGBaC?)? /OOG3’O< & OéG/BG(l'—‘rhi))
X1 (Aol (ac)T(Bc))2 Jo 3\ ¢-Lac-186-1 Aohy
3,0 ¢2 agpfahi ,
xGm( P ra | )dhz. (A4)
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We can evaluate fx,(z) for x > 0 (using [223] Eq. (2.24.1.3)), [136]:

0<G6054 aGBGy/ Aohy))k 0,51 —C2 et 1—ag ot 1— B2
fx (@) = fx,(y) = Aohi(T(ac )2 Z G5’5( C2—1,aG—l,/3GCil,k—C2,i 1) '

(A.5)

Similarly PDF of fx,(—y) can be calculated. Finally, the PDF of ¥; (from Eq. (A.3)) can be written as:

B 2068¢E! 2 (—aaBay/(Aohy))* 0h1-C k1 —ag. k10 ¢
ST P e S L

The PDF of 4; (considering change in random variables) is computed as:

aGBG’§4 = (—aaBay/ (Aoh)* 347 0kt1- k1ol fec?

The PDF of «, cannot be solved directly as the PDF of summation of multiple Meijer G terms is not
known. This is another challenging task. It is considered that the channels are independent of each
other. Hence if we can obtain the moment generating function (MGF) of each 4; variables, then the
product of these MGFs can give the MGF of v,. MGF is basically the Laplace transform of a signal
to represent a signal in s domain and the inverse Laplace transform can be used to retrieve the original
signal in time domain. Therefore, the product of MGF of independent random variables can give the
MGPF of a new random variable which is basically the sum of multiple independent random variables.
This MGF technique is used to obtain the PDF of v,. Hence the MGF of v; is computed by Laplace

transform and written as:

M, (s) = /Ooo e *fy (x)dx . (A.8)

The MGF of 7; can be obtained with a few mathematical computations and can be written as (Eq.

(3.38.1) in [224]):

B agBatt (—agBa/(Agh))k 0,k 1—C2 kbl —ag kit 1—Ba 2
M'YZ(S) - AOhl(F( ) (6G S(k+1 /2 Z k—f‘rl /2k' G5,5( CQ*LO‘G*LBG*L]C*C{]? ’1) (AQ)

The channels are independent of each other and since there are Np photodetectors, hence there will be

Np number of channels. The MGF of v, = 3" ; can be evaluated as:

M,,

Np
Ny kD (0 (—aaBa/(Aoh))F 54l 01— kil —ag k1l fe.C?
k=0 Verf :
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agfBcét
Aohi(T(ag)T'(Ba))? "

transform of MGF and is written as:

where C =

The PDF of f, (v.) is now evaluated by computing the inverse Laplace

Np FENp-?
—acBa/(Aoh))® 3400 k1-Ckt1-ag k1o v *
sz 7Z - (CZ (k+1) /2k, G575( CQ—l,a(;—l,ﬂGG—Lk—C2i: 1) (k+ND72)! : (A'H)
eff 2
Now by using Eq. (A.11), the PEP of Eq. (A.1) can be evaluated as:
e 1
PEPG — i) = [~ Q52 ) ()
0 Np 2
N
CZ (—aaBa/(Aohy))k G34(O,k+17§2,k+1fag,k+1fﬁg,g2 1) Y 1
’;}1)/% 55\ (*-lag-18c-1k—(*k 2(F+Np=2))
6
o0 k+Np—2 1
x ) ¥ 67’f0<2N V2 Vef )d'yz- (A.12)

a— at2
By using the relation, [;* lee'rfc(b\/E)dw = 2%, the PEP of the spatial domain part is

obtained as:

oo (2ND)k+NDF(k+1\gD+1)

PEP(j — 1) =
(4 =) k; ,Yg;'}‘ND)/Qﬁ(]{; + Np)I'((k+ Np)/2)

< | C (—agBa/(Aohy))* 34 ( 0,k+1-C2 kt1-ag kt+1—fa.¢2
7(];‘;51)/214;1 55\ (?-lag-1,0g-1k—¢%k
{ !

1)) D. (A.13)

The above equation is used in Eq. (4.69). The equation is in closed form which gives us the flexibility to
study the system performance with SNR variation. Asymptotic analysis for spatial domain part can be
easily performed. Future optimization techniques can be easily done because of closed form expressions,

to optimize the values of Np to get a particular error probability.
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