Quality Aware Design and Analysis of FSO Link in
Wireless Optical System

Kappala Vinod Kiran, Vikram Kumar, Ashok Kumar Turuk#, Santos Kumar Das*
Department of Electronics and Communication
#Department of Computer Science and Engineering
National Institute of Technology Rourkela, India
*Email: dassk@nitrkl.ac.in

Abstract—Wireless optical system has an astounding potential
to support the next generation massive data transfer require-
ments. Free space optics (FSO) is one of such technology used
for long distance communication. Its a compelling alternative or
complementary solution to commonly deployed fiber optics and
wireless radio-frequency links. It provides a viable solution to the
first/last mile problem to the broadband communication. Despite
advantages, it remains sensitive to environmental conditions, like
fog, rain, snow, etc. This paper focuses on the performance
analysis of the FSO link held down to various atmospheric
conditions. Also, a novel quality based network routing on various
quality parameters are used for the evaluation of connection
availability. Link margin (L)) is used as one of the collective
quality parameters for the design and analysis of FSO link.
L based routing is used for finding the network route which
provides a high reliability to the FSO link even for the adverse
weather phenomenon.

Index Terms—FSO, Link margin (L), Atmospheric attenu-
ation, Routing.

I. INTRODUCTION

FSO is capable of providing high bandwidth communication
links between remote sites. The range of frequencies over
which it operates makes FSO free from licensing [1]. It
solves the last-mile problem in broadband internet access.
Next generation optical network with high speed connec-
tivity can deploy FSO links for point-to-point or point-to-
multipoint [2], [3]. Apart from many advantages, FSO link
is limited to different attenuation created by atmospheric
conditions such as rain, fog, snow, and haze. Establishing a
connection under adverse weather conditions with reliability
is the more challenging issue in the case of FSO network.
A brief review of the available literature on FSO, Maged
[4] evaluated the performance of FSO communication under
fog environment and proposed a unified empirical fog model.
Nadeem [5] analyzed the weather effects on an FSO link
under fog, rain, and snow. Wakamori [6] has compared the
cumulative distribution of meteorological data and experimen-
tal data to validate rain attenuation. It employed a cascade
connection of FSO links consisting of links spanning for a
long distance. The condition of the links cannot be determined
when there is a link failure. Vavoulas [7] proposed the use of
relay communication between two transceivers to mitigate the
weather effects. In this case, a multi-hop FSO network with
nodes distributed at fixed position on a given path/connection
was analyzed. It determined the service length of the known

FSO transceivers. It considered the one-dimensional network
architecture and doesn’t support network scalability. We pro-
pose a novel routing strategy based on collective quality
parameters of the FSO link is used to establish a connection.

Following to the introduction, the paper is organized as
follows: section II represents the system model, section III
elaborates the design of FSO link and network characterization
on atmospheric conditions, section IV explains the proposed
L based routing and blocking probability computation, sec-
tion V explains the simulation results and finally, section VI
concludes our work.

II. SYSTEM MODEL

The system model is shown in Fig. 1 consists of FSO
transceiver connected through different routers. Each router
forms an FSO transceiver with IoT interface node. These nodes
are connected to form an IoT cloud and are controlled by
a central management service with complete database. This
has the information about the link status and routing strategy.
A typical FSO transceiver module is shown in Fig. 2 with
transmitter, 73;; and receiver, R;;. It consists of transmit-
ter power, receiver sensitivity, beam divergence angle and
attenuation due to different environmental conditions. In an
FSO link, several effects are considered such as the losses
due to atmospheric absorption, scattering, and turbulence,
microclimate environment, localized effects, link distance and
link misalignment, etc. Based on these parameters a collective
parameter Lj; which form the basis for routing in the network.

III. FSO LINK AND NETWORK CHARACTERIZATION

Based on the proposed system model of Fig. 1, initially
a FSO link has to be characterized with various effective
quality parameters. Individual link analysis is used for the
FSO network characterization are explained in the subsequent
sections.

A. FSO Link Characterization

FSO link is primarily characterized on the atmospheric
attenuation and geometrical attenuation, a brief discussion of
the individual parameters is as explained below:
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Fig. 2: A Typical FSO Transceiver Link Model

1) Geometrical Attenuation (aga): As the light beam
travels in free space for a long distance, the beam diverges, and
a very less amount of power is received due to small receiver
capture area as shown in Fig. 2. This leads to geometrical
attenuation (GA), aga(i,j), which is expressed as [8],

Ta(i)
acali,j) = : ey
cali) Re(j)
where, T4 (i) = F(d(i,j)0)* is the transmitter illumination

area; f light beam divergence angle; d(i, j) corresponds to the
distance between transmitter T); to receiver R.j; Rc(j) is the
capture area.

2) Atmospheric Attenuation (aps): There are different
types of attenuation occurred due to variation in weather con-
ditions such as rain, fog, snow, scintillation etc. To quantify the
attenuation, empirical models were taken into consideration,
since the theoretical approach has an increased mathematical
complexity.

e Rain Attenuation (ap4)

Atmospheric attenuation, aga(i,j) due to rain is ex-
pressed as per unit distance. Using the Carbonneau
model [9], it can be expressed as,

ara(i,j) = 1.076 x R%7 )

where, R is the precipitation intensity in mm/hr.

« Fog Attenuation (ap4)
Attenuation due to fog is mainly caused by Mie-
scattering [10], this predicts the droplets of fog and

attenuation coefficient [11]. Here, it depends on the
meteorological visibility, V wavelength, (\) and size
distribution of diffusing particles, ¢, attenuation due to
fog is expressed as [8],
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ara(i,j) = T(W) 3
where,
1.6, if V > 50km.
1.3, if 6km < V < S0km.
q = < 0.16, if 1Ikm < V < 6km.
V —0.5, if 0.5km < V < 1km.
0, if 0.5km < V.

o Snow Attenuation (as4)
The attenuation caused due to snow can be classified as
dry and wet snow. Attenuation due to low humidity snow
fall (dry snow) is higher than the wet snowfall. Specific
attenuation due to snow is expressed as [8],

asa(i,j) =ax S° 4)

where, a and b are constants with values for dry snow
ta = 5.42 x 1073\ + 5.4958776;b = 1.3 and for wet
snow: a = 1.023 x 10™%\ + 3.7855466; b = .72, X is the
operating wavelength and S is the precipitation intensity
in mm/hr.

Apart from the above, there is scintillation effect, mis-
alignment losses, etc., also important but not taken into
consideration as we focused on the attenuation created
by the adverse weather effect. Now, based on (1), (2),
(3) and (4) an important collective quality parameter of
FSO link is the link margin, L/ (i, /), which is expressed
as follows [8],

L (i,j) = Pi(i) + [Rs ()] — [10logroaga(inj) > d(i,j)]—
[10logioacaa(i,j) x d(i,j)] — es(i.))

®)

where, P, (i) is i'" transmitter power; R, (j) is j'" receiver
sensitivity; aga(i,j) represents the geometrical attenua-
tion between link (i,/); asr(i,/) is the system losses and

aa4(i,j) is the attenuation due to atmospheric conditions
expressed as,

aRA(iaj)
OF A (lm])
asa(i,j)

aaa(i,j) =

B. FSO Network Characterization

Network characterization is based on the routing strategy
and network traffic. Typically three types of routing techniques
are mostly used, they are fixed routing, fixed-alternative rout-
ing and adaptive routing [12]-[15]. Once the route is selected,
a particular wavelength is assigned to it. If no route or wave-
length is available for a (s, d) pair, then the connection request
is termed as blocked [16]. Blocking probability (BP) is a key



parameter for the evaluation of optical network performance.
This can be investigated at each node and link [17] in a given
network.

All available paths in the given FSO network is represented
with a n x n matrix [18]- [19], A, for a network load, fiyct-
The corresponding network load, Ny, between each link can
be expressed as [20],

Mnet
—A (6)
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where, n is the number of nodes in the network; A(i, j) is the
number of supported paths for link (i, j) belongs to A.
The BP for links, By (i,j), with A(i, j) can be expressed by
using the Erlang—B formula given as [21],

NL(i’j) =

N (i, )" 9
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where, W(i, j) is the number of wavelengths available on link
(i,j). BP of the overall network, By, can be expressed as,

Z?:l Z?:l BL(Zaj) X A(Z,j)
Node-wise BP, Byn,deB, can be expressed as follows [20],
Z?:l BL(Z7J) X A(Zv.7>

Z;‘L:1 A(Z7])

The above parameters are used to analyze the network perfor-
mance under different scenario.

BL(Zvj) =
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IV. PROPOSED L ; BASED PATH AND BLOCKING
PROBABILITY COMPUTATION

Based on FSO link and network characterization in the given
network, a novel path and BP computation algorithm has been
proposed. Algorithm 1 provides the steps for computation of
available paths (routes) based on L, i.e., for each (s, d) pair,
all possible paths are computed based on [22] Lj,; within
each link. The path with maximum L,; is selected for the
establishment of connection, also an Lj; based BP computa-
tion mechanism is evaluated by checking the availability of
wavelengths and on the number of available paths based on
threshold Lj,.

Algorithm 1 Available Path and BP computation based on
L M

1: Compute all possible paths ’A’ based on [22]

2: fori=1—ndo

3 for j =1—ndo

4 Estimate the LM for each link (i, j)

5 end for

6: Calculate the Minimum LM for each path

7: end for

8: Lps = Minimum Link Margin of all paths

9: A = Sort the no of paths based on threshold of Link Margin
10: Compute NL(i,j), BL(i,j), BNetB(iyj), BNodeB
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Fig. 3: Co-Simulation for the moderate fog (V = 500m) in
OptiSystem 14.0

V. SIMULATION RESULTS AND DISCUSSION

The FSO link characterization has been verified, using
numerical as well as software simulation. The numerical
simulation work is being done using MATLAB environment,
and software simulation is performed using Optisystem [23].
Parameters considered for the simulation are as mentioned in
Table 1. Following performance analysis have been evaluated
based on link and network topology.

A. Performance Analysis of FSO Link

FSO link performance is evaluated based on geometrical
attenuation (GA) and atmospheric attenuation. Appropriate
channel condition is simulated using the specific attenuation
due to (2), (3) and (4) in the MATLAB environment. Using
the co-simulation of the Optisystem corresponding channel
condition is interfaced, and individual link analysis under
different channel conditions is explained below:

1) Evaluation of FSO Link Affected by Fog: Fig. 4 shows
the performance of link under GA and for different fog events.
Fig. 4b and Fig. 4c shows the effect due to moderate and
thick fog events. The eye diagram is used to evaluate the
quality of received data; it also evaluates the bit error rate
(BER) and signal to noise ratio. Corresponding analysis of
the parameters like BER and eye height from the eye diagram
is shown in Table II, which represents that the link fails for the
moderate and as well as thick fog events. L, under different
fog events is calculated using (5) and is shown in Table II. It
can be observed that L), for thick and dense fog is below the
minimum threshold level (0 dB), i.e., thick fog with L,; of
-17.392 and dense fog with Lj; of -134.76 has a deep impact
leading to catastrophic link failure.

2) Evaluation of FSO Link Affected by Rain: The perfor-
mance is evaluated for different precipitation intensity. Fig 5
shows the eye diagram for light, medium and heavy rainfall.
Corresponding analysis of the parameters like BER and eye
height is shown in Table II. Here, the rain precipitation
increases the BER has increased, and corresponding height
of the eye has also been decreased leading to link failure. It
is observed that Fig. 5c, 5b with medium and heavy rain the
eye completely closes degrading the performance. L,; with
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Fig. 4: Eye Diagram for different Visibility of Fog Event

TABLE I: Parameters for Simulation

Parameters FSO link
Range (d) 1 km
Transmission Speed 10 Gbps
Wavelength 850 nm
Transmitter power 14 dBm
Receiver sensitivity -31 dBm
Transmitter Aperture 5 cm
Receiver Aperture 20 cm
System losses 3 dB

TABLE II: Ly, for different atmospheric events

Type of Event | BER Eye. Height (dl]gl:n) (1:111\}/1)
‘(’sfy:‘ilgo‘gogb’ 129e-122 | 4.89¢-05 15795 | 152
1\(’1\(["15‘513"02)‘0’ 0.00189194 | -2.32¢-07 -25.002 | 5.99
(\T/hicl;of(())f1 | 1 0 -48.393 | -17.392
(liler;se5 gcl;g) 1 0 -100 -134.76
® I;igzﬁ;;mr) 2.47¢-98 4.13e-05 16408 | 14.59
(Rhie‘igf?n;;i;r) 0.000196411 | 1.24¢-06 -24.051 | 6.94
(RHzeazvSymr;j/r;1 |1 0 -31.031 | -0.03
(Slzyzilmr) 1 0 -35.789 | -4.78
(S"Ze;z‘r‘r’l‘/‘;]r) 5.85¢-10 6.88¢-06 21.904 | 9.09

"RP: Received Power
“LM: Link Margin
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Fig. 5: Eye Diagram for different Precipitation of Rain Event

GA under different scenario using (5) is evaluated and shown
in Table II. Heavy rain with Lj,; of -0.03 dB predominantly
leads to link failure.

3) Evaluation of FSO Link Affected by Snow: The eye
diagram for dry snow with different precipitation is shown
in Fig. 6a and Fig. 6b. As the precipitation increases the
eye completely closes. Fig. 6¢ and Fig. 6d represents the eye
diagram for wet snow, it is observed that dry snow has a high
impact than the wet snow. It is observed that for a dry snow
BER is high and eye height is zero leading to link failure as
shown in the Table II. Also, L,,; under different snow events
is calculated using (6) and is shown in Table II. The effect of
dry snow with Ly, of -4.78 dB degraded the FSO link.

Based on the performance analysis of FSO link, we propose
a Lj; based network routing under different channel condi-
tions.

B. Performance Analysis Using Network Topology

Consider an FSO network similar to NSFNet topology for
performance analysis is shown in Fig. 7 with 10 nodes and
16 links having FSO transceivers. Here, the link length with 1
span corresponds to a distance of 1 km or link margin of 5 dB.
Network performance is evaluated on computing the reliable
route preliminary and also based on the network traffic which
is explained below:

1) Computation of Lj; Based Available Paths : Computa-
tion of all possible paths based on algorithm 1 is shown in
Fig. 8. The vertical bar represents all available routes from
each source to the other destination nodes based on distance
(Lps > 0dB). For example, a source node 2 —destination
node 3, (2, 3) pair has 21 routes, similarly a (4,10) has 31
routes. Here, routing algorithm based on shortest distance
does not add any information on the status of the network
which is dynamic in nature, since the link condition is purely
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Fig. 6: Performance of FSO Link under different conditions

Fig. 7: An FSO network topology with 1 span = 1km, Ly; =
5dB
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Fig. 8: All available paths from each node to other destination
node based on distance or L,; > 0dB
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Fig. 9: Lj; plot for all possible routes of
source—destination pair (2, 3) in sorted order
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dependent on L ;. There can be situations where the link may
be unavailable due to different attenuation. Since the network
is not cognizant which limits the reliability of communication
system. The topology is to be controlled by selecting a path
using the current scenario of the network. An adaptive routing
algorithm based on the Lj;; was proposed to choose the path
with maximum availability even on the adverse environmental
affects. Consider a source-destination pair (2, 3) for (L >
0dB), it has 21 all possible paths with different Lj,;. These
paths are sorted in decreasing order of L is shown in Fig. 9.
Unlike the path with the shortest distance, the best paths are
selected based on the L, threshold. As the L), increases the
number of supported paths decreases but the link reliability
increases.

Overall Network BP, LM > 5dB

BP

8 10 12 14 16 18 20
Network Load[E]

Fig. 11: Overall network BP for network load (1E to 20E)
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2) Analysis of Network Traffic Load: The performance
analysis of the network is based on (8) and (9). Fig. 10
represents the blocking probabilities at each node with L, >
5dB and number of wavelengths (A = 8) as 8. It is observed
that node 5 offers least BP among the other nodes. A path
having node 5 is better chosen than the other paths. The
overall network performance based on the network traffic and
a number of available wavelengths per link is shown Fig. 11.
It is observed, the paths with L,; > 5dB, as the number
of available wavelengths is increased, there is a considerable
decrease in BP. Also, the network blocking performance of
the overall network based on shortest distance and L, based
routing is shown in Fig. 12. It is observed that the proposed
routing outperforms the existing algorithms.

VI. CONCLUSION

The primary goal of this work is to analyze the performance
of FSO link under various atmospheric conditions. It also
evaluated an efficient routing technique for a reliable commu-
nication link under adverse weather condition providing a high
reliability. An FSO network topology is used for the validation
of link margin based path computation and analysis of network
traffic load regarding BP. It may be beneficial to the future link
design guidance and can be extended by considering different
quality parameters.
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