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This paper reviews cooperative communication as a powerful
solution for combating atmospheric turbulence induced fading. The various
relaying techniques and cooperative strategies proposed in the recent times

have been discussed, compared and analyzed in the context of performance
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improvement. The paper also discusses power optimization techniques as an
efficient tool to maximize the overall capacity of the relay assisted networks.
The paper provides the reader a wide range, informative view of the work

done in the area of cooperative free space optical (FSO) networks.
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. INTRODUCTION

Throughout the history of optical communication
systems there have been some landmarks those have
stood out during its evolution. Optical wireless
communication (OWC) is the form of optical
communication in which the signal is transmitted by
using optical carriers such as visible, infrared (IR), and
ultraviolet (UV) bands. Prior versions of OWC were
smoke signals, fire beacons and semaphores [1]. Free
Space Optics (FSO) is a type of OWC which operates
in near IR band. OWC can be classified based on the
below transmission ranges [2]-[6]:

1) Ultra-short range OWC, e.g., chip-to-chip
communications in closely-packed multi-chip

packages.

2) Short range OWC, e.g., under water
communication, wireless body area network
(WBAN).

3) Medium range OWC, e.g., indoor IR for wireless
local area networks (WLANS).

4) Longrange OWC, e.g., inter-building connections.

5) Ultralong range OWC, e.g., deep space links.

FSO (Long Range OWC) is a line of sight (LOS)
communication in which lasers and light emitting diodes
(LED) are used as the transmitters. It has emerged as
an alternative to Radio frequency communication (RF)
for secured and reliable transmission of data, voice and
video. It offers various advantages over existing RF
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communication such as license free spectrum, large
bandwidth, high datarate, robustness to el ectromagnetic
interference and high security [7]. FSO also provides a
promising solution to the “Last Mile Access problem”
by bridging the gap between the end user and fiber optic
infrastructure already in place [8].

A. Major Challengesin FSO

e  Atmospheric loss- It is the distortion caused by
atmospheric channels which result in scattering,
absorption and fluctuation of signals. With the
presence of fog, smoke, gases and other
suspended particles in the atmosphere, the optical
signal gets attenuated [9], [10].

e Scintillation- It is caused by atmospheric
temperature and pressure inhomogeneity under
atmospheric turbulence. This further results in
atmospheric turbulence induced signal fading [11].

e  Pointing losses (Misalignment losses)- This loss
occurs when the beam diverges from the
propagating path through atmosphere [12].

Atmospheric turbulence induced fading
(Scintillation) can be reduced by various techniques
like Aperture averaging, Spatial diversity, Hybrid RF/
FSO link. There were certain limitations associated with
each of these schemes due to which the alternate means
of communication (Cooperative communication or
Relay- assisted network) was required.



Table 1 shows the limitations of the mitigation
techniques for scintillation.

Table 1. Limitations of Schemes Mitigating Scientillation

Mitigation Limitation

Technique

Aperture Receiving aperture needsto befar greater

Averaging than the spatial coherence distancein
order to achieve severa uncorrelated
signals [8], [13].

Spatial 1) Involvesthe usage of multiple transmit

Diversity and receive apertures.

(MIMO FSO) 2) Performance of MIMO FSO degrades

with channel correlation [14] - [17].

3) Narrower sources should be placed for
coupling more power from transmitter
to receiver.

Hybrid System
(RF/FSO)

Include loss of data during switch over
from FSO to RF or vice versaand/or loss
of real time operation due to temporary
storage of data when switching [18].

Cooperative networks (or Relay assisted
transmission) on the other hand have various positive
factors encouraging its preference over Aperture
averaging and Spatial diversity. Cooperative Diversity
solution is always cost effective when compared to
MIMO-FSO asit does not require adding more apertures
to the receiver or transmitter. Cooperative diversity has
emerged as a good practical alternative to MIMO-FSO
systems considering the fact that MIMO-FSO could
not deliver expected high performance gains [19]-[21].
Asmultiplerelays under Cooperative diversity comeinto
play, one of the critical issues to handle is the efficient
management of power resources for increasing the
transmission rate. Thus it is always desirable to have
an optimal power allocation strategy to improve the
order of diversity, reduce the error probability and
maximize the capacity for individual base station. Power
allocation under power and cost constraints is another
challenging problem to consider. There has been some
prior work focusing on optimal relay selection or relay
placement in FSO considering optimal power allocation
strategies [22].

Theremainder of the paper is organized asfollows:
Section |1 describes modulation and various channel
modeling techniques used in FSO. Section |11 discusses
about cooperative networks while Section 1V presents
optimal power allocation strategies in cooperative
networks. Section V provides conclusion and the future
aspects.

I1.MODULATIONAND CHANNEL MODELING
A. Modulation

Some of the most commonly used intensity
modul ation techniquesin FSO are on-off keying (OOK),
pulse position modulation (PPM), differential phase shift
keying (DPSK) and differential quadrature phase shift
keying (DQPSK). From the earlier work it is clear that
OOK has high implementation simplicity but it suffers
from the problem of dynamic thresholding whereas PPM
has superior power efficiency as compared to OOK and
does not require dynamic thresholding [23]. However
its bandwidth efficiency is poor. DPSK which codes
information on its phase can mitigate the effect of
scintillation to some extent. DQPSK doubl es the spectral
efficiency by taking advantage of two signal quadratures
of an optical carrier [24]. On the other hand subcarrier
intensity modulation (SIM) provides high throughput
and cost effective implementation, as compared with
coherent modulation. In SIM the data is first modul ated
onto an RF signal, and then used to change the intensity
of an optical source. The main limitation of SIM is its
poor optical power efficiency [25].

B. Channel Modeling

Modeling random attenuation of the propagation
channel requires channel state which arises due to three
factors atmospheric turbulence, path loss and pointing
errors.

1) Modeling the Channel for Atmospheric turbulence:
Over the years many statistical models have been
proposed for describing the atmospheric
turbulence induced fading. Experimental data over
different propagation paths have shown that the
log-normal model is appropriate for weak
turbulence regime [26]. Probability density
function (PDF) of the received intensity | by this
model is given by:

2
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where o. isthe log intensity variance (Rytov variance),
| stands for received irradiance intensity and | _ stands
for intensity in free space. Another doubly-stochastic
scintillation model Gamma-Gamma has gained a wide
acceptance in the current literature for moderate to
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strong turbulent regime [27]. In the Gamma-Gamma
model, the PDF of received intensity | is given by-
2 (ab) (ath)/2
(ab) (ath) (a+b)l .

p(l) = Ta) T(b) (2 Vabl), I > 0,

where the parameters a and b represent the effective
numbers of large and small-scale turbulence cells, and
I'(.) is the Gamma function. The K-distribution,
originally proposed for the strong turbulence regime
[28]. The PDF of the received intensity | by this model
isgiven by:

(1)——— K

p(l) = F(oc) -1 (2Val), 1>0, o>0,

where Km(.) is the modified Bessel function of second
kind and order m, and the parameter o determines the
Scintillation index. In recent times several other models
have also been used by the researchers to evaluate the

performance of the system. The comparison of some
mostly used models are listed in Table 2 [29], [30].

Table 2: Comparison of Fading Models

Turbulence Turbulence| Comments
induced Regime
fading model
Log normal (LN) [ Weak Widely accepted for
relatively short ranges in
urban areas
Gamma- Moderate Lack of mathematical
Gamma(G-G) to strong convenience as compared to
LN
K distribution Strong Product of exponential and
gamma distribution
I-K distribution | Moderate Less computational
to strong complexity than G-G model
Negative Negative Used wherelink length spans
exponential exponential | several kilometers
Doubleweibull | Moderate More accurate than G-G
to strong model
Lognormal Rice | Moderate Log normally modulated
to strong exponential distribution
M-distribution | Moderate Includes K and G-G models
to strong
Double Moderate More accurate than Double
Generalized to strong Weibull
Gamma
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2) Modeling the Channel for Path Loss:. The path
loss hI (2) of the laser power through a propagation
path of length z is described by the exponential
Beers-Lambert Law as-

P(2)
hl(z) = = exp (-o 2),
P(0)

where P(2) is the laser power at distance z, and o isthe
attenuation coefficient. The path loss hl(z) is considered
as deterministic during a long period of time, and no
randomness exists in its behavior.

3) Modeling the Channel for Pointing Error: When
the Gaussian beam propagates in the turbulent
atmosphere, pointing losses or misalignment losses
occur due to the wind loads, thermal expansions
and random building sways. The attenuation due
to geometric spread with pointing error is denoted
by hp(r). When a pointing error of r is present, hp
isafunction of the radial displacement and angle.
Due to the symmetry of the beam shape and the
detector area, the resultant hp(r) depends only on
theradial distancer whichismodeled by aRayleigh
distribution [31]. The probability distribution of
hp can be expressed as-

fhp (hp) = hypz 1 0< A,

Aoy

where =vy= ®, /2(5 is the ratio between the equivalent
beam radius at the receiver and the pointing error
displacement standard deviation at the receiver. where
02 is the jitter variance at the receiver and ®, is the
equwal ent beam width.

Il. COOPERATIVE NETWORKSIN FSO

In a wireless RF channel, cooperative diversity
takes the advantage of broadcast nature of RF
transmission where the signal that is transmitted by its
source node is overheard by other nodes (relays). The
source and its partner then jointly process and transmit
this information further, thus creating a virtual antenna
array though each of the node has only one antenna.

To the author’s best knowledge Relay assisted
cooperative network in FSO was first proposed in [32]
where network capacity was investigated within mesh
FSO from the system point of view. The relaying
techniques have been used to compare the performance



improvements against fading effectsin wireless RF first
and then in FSO transmissions.

A. Relaying Techniques

1) Relaying through Multi-hop(Serial)transmission:
Multi-hop scheme when used in wireless RF
channel though broadened the signal coverage but
did not offer performance improvement against
fading effects or diversity gain [33]. In case of
FSO systems where signal fading is dependent on
distance, multi-hop scheme takes the advantage
of shorter hops and provides significant
performance improvement. Tsiftsis has evaluated
the outage probability for a multihop FSO system
using Gamma-Gamma fading models without
considering the path-loss [34].Though the
usefulness of cooperative network as a method to
broaden the coverage area was proved but did not
reflect it asafading mitigation tool. In[35], outage
probability is calculated by considering both path-
loss and fading effects.

In [36], the author hasfound that outage probability
is minimized when the consecutive nodes are placed
equidistant along the path from the source to the
destination. Assuming an absorption loss of 0:43 dB/
km with lognormal fading strength of 62 = 0:3,
distance between source and destination= 10 km, the
performance gain of about 18 dB was found at the
outage probability of 10" when two relays were used
instead of one [37] (For evenly distributed relays).

2) Relaying through Cooperative (parallel
transmission) Diversity: FSO is the line of sight
transmission system so it cannot broadcast the
signal unlike wireless RF transmitter. To take the
advantage of broadcast nature of RF system,
multiple apertures focused to relay nodes are
deployed at the transmitter in parallel relaying
technique.

Chadi had mentioned that cooperation through relay
nodesis advantageousif the SNR ishigh, otherwise
relays will forward too noisy signals resulting in
performance degradation [38]. Fig. 1 depicts the
combination of serial and parallel network
established between the source and destination.

3) Inter-relay Cooperation: A new dimension of
cooperative diversity isinter-relay cooperation. In
case of parallel relaying, asignal isfirst transmitted

Group 1

Group 2

Fig. 1: Multi-hop parallel network

from source A to relays, however as a concept of
inter-relaying signal is not directly forwarded to
destination B. Instead the relays R, and R, (as
shown in Fig. 2) first cooperate with each other
to improve the fidelity of reconstructed signals
before sending it to destination B [39].

Scenario 1- The number of links between source
A to destination B in the absence of inter relay
communication (IRC) are 5 (A—Rl R1 -B,A- R2’ R2-
B and A-B).

Scenario 2 (One way IRC) - It is between either
Rl- R2 or R, - R, the maximum number of links getting
generated are6 (A-R., R, -B,A-R_,R, -R_,R_-B
1' 1 21 22
and A - B).

Scenario 3 (Two way IRC)- In case of two way
interrelay communication, the maximum number of links
getting generated are 7 (A-R_, R, -B,A-R_,R, - R_,

11 271 2
R2- Rl, R2- B and A - B).

It has been demonstrated in [38] that in the
absence of channel state information (CSI) one-way
IRC is most appropriate when Rl isnear to A and R2 is
near to B.

Alsoall active parallel relaying is most appropriate
if both relays R1 and R2 are near to either source A or
destination B.

B. Cooperative Strategies

Various cooperative strategies have been proposed
for relay assisted FSO. Most commonly used strategies
include Amplify & Forward (AF) [40], [41] and Decode
& Forward (DF) [42], [43] protocols.
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Fig. 2: Inter-relay cooperation

InAFrelaying, thereceived signal isfirst amplified
at each relay node before it is re-transmitted to the
following relay node. In DF, the received signal is first
detected and demodulated in order to recover the original
data and then regenerated for relaying to the following
node.

Adaptive bit detect and forward (ABDF) and
adaptive decode and forward (ADF) have also been
proposed in [44], where the relay transmits data only if
it can receive error free frames of data from the source
or when the SNR at the relay is large enough,
respectively. When channel state information (CSl) is
available at the relays and the source, it is proposed to
select the best relay among multiple parallel relays
[45],[46].

In [35], the author has shown the usefulness of
relay assisted FSO using both types of cooperation
strategies considering the log-normal channel model,
an atmospheric attenuation of 0.43 dB/km, refractive
index structure parameter C2_ = 1014 m -2/3, a total
link span (between source arqd destination) of 5 km,
and atarget outage probability of 10°6. The performance
improvement results are listed in Table 3.

IV. POWER OPTIMIZATION

Efficient power optimization techniques are
required in cooperative communication for transmission
rate maximization, transmit power minimization and
outage probability reduction [47]-[51]. Power allocation
strategies depend on whether the CSl is available at
transmitter or not.

A. Power Allocation in Absence of CS

When the CSl is not available, the power must be
equally distributed among all the possible 2N +1 links

46

Table 3: Performance Analysis in Cooperative Networks

Relaying Technique Cooperative | No. of | Improvement
Strategy | relays in power
margin

(dB)
Multihop transmission DF 1 18.5
(with equidistant DF 2 254
relays) AF 1 12.2
AF 2 17.7
DF 2 20.3
Cooperative diversity DF 3 20.7
AF 2 18.1
AF 3 20.2

AR and R, - B, R - B,

(A-B,A- R1 A-R,
...R - B) and the hlgh performance gains can be
obtained with relatively small energies.

N (2N + 1) |

where N is the number of relays in the transmission
path from A to B. PO is the fraction of the total power
that is dedicated to the direct link A - B,P is
the fractions of the total power dedlcatela to I|nks
A- RN B, respectively. In order to ensure the same
transmission level as in non-cooperative systems, the
following equality must be satisfied

N
P+ X
0
n=1
B. Power Allocation in Presence of CS

[PL-n+P2-n] =1

When the CSl is available, the power allocated to
each link can be optimized in order to minimize the
conditional error probability(CEP). In [31], author has
proposed the power allocation strategy that is based on
minimizing the upper bound on the CEP. The
minimization problem is solved by the method of
Lagrange multipliers with the solution satisfying the
Karush-kuhm-Tucker (KKT) conditions in order to
ensure non-negative powers.

The reason for considering the upper bound rather
than the exact expression of CEP isthat minimizing the
CEP is difficult and does not produce the simple close
form solutions and the other reason is that the highest
performance gains of the diversity techniques are
obtained in the high SNR region and in this particular



regime the upper bound becomes very close to the
expression of CEP.

In [22], it is proven that in the presence of CSI
highest performance gain can be obtained when the
entire power is transmitted along the strongest link
instead of dividing the total power among all links
available in the transmission path.

Table 4 gives the details of the collated data for
the optimal power allocation with one and two relays
helping the source variable. The channel coefficients
are modeled as zero mean, complex Gaussian random
variables with variances 2 ozr, ozr and P, is the ith
relay node power. From the Table 4, itisclear that equal
power allocation is not optimal. Asthe relays get closer
to the source, the equal power allocation scheme tends
to be optimal. If the relays are close to the destination,
the optimal power allocation can result in a significant
performance improvement. It has been further studied
in [52] that if peak and/or average power constraint
existsin the system then power optimization among few
best paths will provide optimal solution. Peak power
constraint is related to the maximum intensity that can
damage the human eye while the average power
constraint per transmission isimposed on some battery
operated devices to provide certain transmission data
rate over a particular time period. Power allocation
strategies in non orthogonal (multicast) AF cooperative
network under sum power constraint are found in [44].

Table 4: Optimal Power AI2Iocation for One or Two Relays
(CO
sd

RELAY CLOSE TO SOURCE

2 2
No. of Relays | o sr| %rd PO/P P1/P
One Relay 10 1 0.5393 0.4607
Two Relays 10 1 0.3830 | = P2/P = 0.3085

RELAY CLOSE TO DESTINATION

2 2
No. of Relays | © sr c rd POIP P1/P
One Relay 1 10 0.8333 .1667
Two Relays 1 10 0.7500 | = P2/ P=0.1250

V. CONCLUSION

The aim of this paper is to present the impact of
relay assisted transmission techniques and different
cooperative strategies on the performance of FSO

systems against fading effects. In this paper authors
have provided an overview of contribution and limitation
of different transmissions techniques and their
comparison in terms of improving the performance of
FSO systems. The authors have also discussed about
the efficient power optimization techniques in relay
assisted FSO and the concept of power allocation
strategies depending upon CSl.

The authors have gathered the data by referring to
various available literatures on relaying techniques in
order to showcase the improvement in FSO using
cooperative networks. In the near future the complexity
of FSO system will continue to increase. Further
improvements in transmission rate maximization and
outage probability reduction are required to prove
cooperative communication as a powerful solution for
combating atmospheric turbulence induced fading.
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