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Impact of Inter-Relay Cooperation on the Performance of FSO 
Systems with any Number of Relays  

Zeina K. Noun 

ABSTRACT 

In recent times, FSO (Free Space Optics) technology placed itself as a powerful means to 
transport data in communication systems. Its great potential to provide relatively high 
data rates services amongst many other advantages led to a surge of interest and 
research in this field of communication. However, the chief element that hinders and 
limits many aspects of FSO technology is mostly the random aspect of the atmosphere 
such as temperature fluctuations, wind, fog, rainfall… Overcoming Atmospheric 
turbulence-induced fading has been mainly the major key research field. Many proposals 
have been discussed and considered in tackling this problem.  Some proposals targeted 
the hardware aspect of the photodetectors and transmitters. Others suggested for 
example the usage of extra standby power in case of fog. While some proposals aimed 
at taking advantage of the network topology and tackle this problem from an 
architectural point of view. The work in this thesis falls under the latter proposal and is 
pertinent to combating turbulence-induced fading in FSO systems in the context of 
cooperative diversity techniques in FSO systems. 

Unlike point-to-point communications where the source directly transmits the signal to 
the destination, in cooperative communications, the source takes advantage from the 
presence of neighboring nodes for increasing the chances of the information signal to 
reach the destination. These neighboring nodes will be denoted by relays in what 
follows. Typically, parallel relaying corresponds to a two-phase a communication scheme 
where the signal is first sent to the relays (and destination) while in the next phase the 
relays forward the received signals to the destination. This will be referred to as No Inter-
Relay Cooperation (NIRC) technique. For the Inter-Relay Cooperation Technique (IRC) 
that was introduced recently, the relays inter-cooperate with each other before 
transmitting the message to the destination. In other words, IRC corresponds to a three 
phase source-relay, relay-relay and relay-destination scheme. 
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Two variants of IRC are possible; one is unidirectional and will be named IRC1 and 
another bidirectional and will be named IRC2.  The well-known NIRC technique will be 
mainly used as a benchmark to test the performance of the proposed techniques IRC1 
and IRC2.  

We must note that the IRC techniques are worth being explored due to the fact that they 
take advantage of the already existing communication interoperability link; hence no 
extra resources need to be deployed. We are only benefitting from already available 
resources at a cost of an increased system complexity. 

The NIRC, IRC1 and IRC2 techniques will be thoroughly investigated throughout this 
thesis. A proper analysis will be conducted to weigh the gain stemming from adopting 
each one of them and under which conditions and what will be the impact they have on 
the performance of the FSO systems. While previous contributions targeted the 
performance of IRC1 and IRC2 with only two relays [1], these techniques will be explored 
with any number of relays in this work. 

Chapter one serves basically as a general introduction to FSO technology, citing its main 
limitations, advantages and diverse applications. It will also introduce the fading 
mitigations techniques and the main concept behind IRC. The channel model under 
which the IRC techniques are analyzed is also represented in this chapter as well as the 
modulation technique used. The outage probability and diversity orders analyses are 
conducted in chapters two and three respectively while chapter four illustrates the 
results of simulating the outage probabilities of each technique and validates the 
theoretical study. Proper conclusions are derived and the conditions under which each 
technique is more beneficial are examined. Finally, chapter five summarizes this work 
and the gives some insights as to how we can further develop and ameliorate the FSO 
systems. 

Keywords: Free-space optics, FSO, Wireless communication, Cooperation, Spatial 

diversity, Serial relaying, Parallel relaying, Interoperability relays, Relaying, Relay 

selection, NIRC, IRC1, IRC2, DF relaying, Decode and forward relaying, Outage, Diversity 

order, Gamma-gamma model, Atmospheric Turbulence, Fading mitigation techniques, 

Scintillation, Scattering. 
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Chapter 1 

 

 

Introduction 

1.1- FSO communications 

1.1.1- Concept 

1.1.1.1-  Historical View 

Optical communication has been used throughout history to carry useful information. 

The earliest historical witness being the epoch of the Trojan War by Aeschylus in 

“Agamemnon” [23]:  

“And I am waiting for the signal torch, 
That flame of fire. 

From Troy bringing the news, 
The tidings of its fall . . .” 

For example in ancient Greece, light towers were constructed on hills summits; then each 

tower could potentially transmit a signal to its neighbor through lit torches “at the speed 

of light”. Another example, polished shields used to send messages during battles. 

 
Figure 1. 1: Point-to-Point communication in FSO 

1.1.1.2-  What’s FSO? 

Using a very simple definition, Free Space Optics technology aims at using light to 

transmit data from source to destination [Fig.1.1]. The light can propagate through Free 

Space which can denote Air, Outer Space, Vacuum, or other similar media. In order to 

achieve communication over atmospheric FSO links, FSO employs a low-powered laser 

and a sensitive photodetector as the transmitter and receiver respectively. Hence the 

most basic point-to-point communication link is constructed. 

http://en.wikipedia.org/wiki/Shield
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FSO communication from a source “S” to a destination “D” can be feasible in a reversed 
way too, thus creating a duplex link. Hence transceivers need to be implemented on both 
sides while having a clear LoS: Line of Sight. Moreover, FSO communication can use a 
Multi-path architecture, which employs more than one sender and more than one 
receiver. These transceivers can be implemented on buildings’ rooftops or windows, 
towers, poles, space stations, etc… 

1.1.2- Advantages 

FSO technology comprises many advantages over other existing communication 

technologies. We can cite the following major advantages arising from the FSO 

technology: 

● Easy deployment, License Free and Low cost (Operating and Maintenance): 

Compared to fiber optics technology which requires more resources (conduits and cables 

provisioning and installation, etc…), FSO offers the advantage of fast deployment while 

using the standard optical telecommunications equipment. In addition, The FSO cost is 

further reduced since the cost of fibers is dismissed as well as the cost of obtaining their 

installation rights and the cost of the additional workforce needed to deploy the fibers. 

In addition to the ease of deployment, we have no concerns over damaged cables for 

example which renders the maintenance process much easier and cost-effective. 

Moreover, due to the laser beam wavelength being in micrometer, municipal license 

approvals are not required which reduces time and cost. 

● Ultra - high data rate services 

Some applications demand instant ultra - high data rates, and in case no optical fiber 

network already exists then FSO technology can offer a practical solution. FSO promises 

data rates higher than 10 Gb/s. Although currently the residential usage doesn’t require 

such high rates, future applications such as 3D High Definition videos may require even 

higher bandwidths. 

● Increased security (No Fresnel Zone necessary) 

RF systems have sidelobes and backlobes radiating off-axis energy that are vulnerable to 

interception. The reflected energy from buildings within or near Fresnel zone can be 

exploited by placing non-authorized receivers without being noticed not directly on the 

LoS. However due to the extremely narrow beam width in FSO communication, it’s very 

challenging to intercept the signal resulting in an enhanced communication security. 

● Deep space Communication 
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Deep space platforms located at high altitude (above 20 km) use the FSO technology in 

order to interact with other similar platforms since at this altitude, in contrast to the 

terrestrial applications, no interferences occur with laser light. 

● No safety concerns 

Since in FSO systems low-powered lasers are used, eye safety is ensured. 

Among other advantages, we can cite: 

● Low BER 

● Full duplex operation 

● Protocol transparency 

● It has the potential to cover a distance up to 10 km.  

1.1.3- Limitations 

The major drawback of FSO technology is that it is vulnerable to atmospheric conditions 

[6] since for terrestrial applications the laser beam propagates through the atmosphere. 

The atmosphere cannot be classified as a relatively stable medium compared to the 

dielectric fiber. The major atmospheric factors contributing to this instability are: 

atmospheric absorption, rain, fog, snow... 

Atmospheric attenuation occurs when some or all of the electromagnetic wave energy 

is lost when traversing the atmosphere. Hence, atmosphere prompts signal degradation 

and attenuation in a FSO system link through mainly scintillation, scattering, and 

absorption. 

● Scintillation 

Scintillation is classified as the most noticeable disadvantage in FSO systems. It occurs 

due to the variation in the refractive index of air which fluctuates arbitrarily due to the 

atmospheric turbulence. These fluctuations are generated mainly due to temperature 

oscillations among the atmosphere as well as wind shear which will lead to fluctuations 

in the intensity of the received optical signal. Turbulence is nondeterministic in nature, 

it poses as a challenging phenomenon with numerous unresolved traits. [Fig. 1.2] 

 
Figure 1. 2: Scintillation 
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● Scattering 

Light scattering [Fig 1.3] represents the deflection of a ray from a straight direction due 

to the existing of particles in the propagation medium. It’s a redirection of light that can 

result in remarkable reduction of the received light intensity at the receiver location thus 

degrading the performance of FSO systems. Scattering has different types as Rayleigh, 

Mie, Raman scattering… 

 
Figure 1. 3: Scattering 

Transmitted optical beams in free space are attenuated mostly by fog and haze droplets 

mainly due to dominance of Mie scattering effect in the wavelength band of interest in 

FSO. This makes fog and haze keys contributor to optical power/irradiance attenuation. 

The attenuation levels are too high and obviously are not desirable. FSO attenuation at 

thick fog can reach values of hundreds dB. Concerning scattering due to raindrops, since 

the radius of raindrops is larger than the wavelength of typical FSO systems in contrast 

to the haze particles which are very small and remain for a longer time in atmosphere, 

the laser is able to pass through the raindrop particle, with minimum scattering effect. 

● Absorption 

It is caused by the beam’s photons hitting various particles in the air such as water vapor, 

dust, ice... In the process of absorption, the energy of light is converted to different forms 

of internal energy of the medium; it may be re-emitted by the medium at frequencies 

other than the frequency of the absorbed radiation. 

Absorption has the effect of reducing link margin, distance and the availability of the link. 

However, since the atmospheric windows [Fig 1.4] due to absorption are created by 

atmospheric gases, but neither nitrogen nor oxygen, which are two of the most abundant 

gases, contribute to absorption in the infrared part of the spectrum, then absorption can 

generally be neglected at wavelength of interest for FSO communication. 
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Figure 1. 4: Atmospheric Windows due to Absorption 

Among other impairments affecting the FSO technology: 

● Beam dispersion 

Beam dispersion occurs as a result of diffraction stemming from turbulent atmospheres 

where the beam size widens beyond a certain acceptable threshold. 

● Housing design 

The operation conditions of the transmitter recommended by the manufacturer have to 

be respected, the transmitter has to operate within a certain range of temperature, 

humidity and power. Hence the need of a housing design for each transmitter to 

preserve these margins and provide pointing stability in wind as well. 

● Limited mobility: 

FSO requires extremely accurate alignment to preserve the line of sight. Light signals 

cannot propagate through obstacles and around corners. Hence both transmitter and 

receiver cannot be mobile which can be a hindrance. 

1.1.4- Applications 

The FSO systems can be employed in many diverse applications such as mainly: 

• Telecommunication and computer networking 

• Point-to-point LOS links 

• Temporary network installation (disaster recovery, events, while waiting for fiber 

infrastructure to be laid). 

• Communication between spacecraft 

• Security applications 
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• Fiber backup: FSO can be laid in redundant links as a backup instead of using another 

fiber link. 

• Backhaul: FSO can help transmit cellular telephone traffic from antenna towers back 

to facilities wired into the public switched telephone network. 

• Last-Mile access: In today’s cities, more than 95% of the buildings do not have access 

to the fiber optic infrastructure due to the development of communication systems after 

the metropolitan areas. FSO technology seems a promising solution to the connection of 

end users to the service providers or to other existing networks while providing high 

speed connection. 

• Interconnecting local area network segments that are housed in buildings divided by 

highways, or in areas where the deployment of optical fibers is extremely difficult. 

• Metro network extensions: carriers can deploy FSO to extend existing metropolitan 

area fiber rings. 

1.2- FSO channel model 

1.2.1- Gamma-gamma model and basic parameters 

Scintillation affects the performance of the wireless optical communication systems for 

the terrestrial links because it mainly induces fading of the signal arriving at the receiver 

with random intensity. Hence, in order to assess the optical signal arriving at the receiver 

it is important to study the appropriate statistical distribution which describes the fading 

statistics. Many statistical models have been proposed for the simulation of these fading 

statistics caused by the atmospheric turbulence effect. Some of them have been arising 

from experimental results, while, others, from theoretical studies. 

The Gamma - Gamma distribution has become the dominant fading channel model for 

FSO links due to its excellent agreement with measurement data for a wide range of 

turbulence conditions. 

In this work, we adopt the widely accepted gamma-gamma turbulence-induced fading 

channel model [14]–[15], [17], where the probability density function (pdf) of the 

irradiance (I > 0) is given by: 

“𝑓(𝐼) =
2(𝛼𝛽)

𝛼+𝛽
2

Γ(𝛼)Γ(𝛽)
 𝐼

𝛼+𝛽

2
−1𝐾𝛼−𝛽(2√𝛼𝛽𝐼)”   [1.1] 

With: 

-  Γ(. ): Gamma function  

- Kc(.): modified Bessel function of the second kind of order c. 
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- The parameters 𝛼 and 𝛽 are set as: 

“𝛼(𝑑) = [exp (0.49𝜎𝑅
2(𝑑) (1 + 1.11𝜎𝑅

12

5 (𝑑))

7

6

⁄ ) − 1] −1”   [1.2] 

“𝛽(𝑑) = [𝑒𝑥𝑝 (0.51𝜎𝑅
2(𝑑) (1 + 0.69𝜎𝑅

12

5 (𝑑))

5

6

⁄ ) − 1] −1 “   [1.3] 

Parameters 𝛼 and 𝛽 vary with Raytov Variance: 𝜎𝑅
2(𝑑) with the scintillation level 

being weighed using the variance of the beam amplitude or irradiance given by: 

“𝜎𝑅
2(𝑑) = 1.23𝐶𝑛

2𝑘7/6𝑑11/6”       [1.4] 

As seen in the above form [1.4], 𝜎𝑅
2(𝑑) varies according to the link distance between 

node”i” and node “j”. Thus parameters 𝛼 and 𝛽 will vary according to the same link 
distance leading us to conclude that fading variance is distance dependent in FSO 
systems. 

k represents the wave number and 𝐶𝑛
2 denotes the refractive index structure parameter 

representing the strength of the fluctuations in the refractive index. 

 
Figure 1. 5: Scintillation Parameters Variation with Distance 

As seen in [Fig. 1.5], scintillation effects vary with link distance. The parameters of the 
link between nodes “i” and “j” can be written as: 

“𝛼𝑖,𝑗 ≜ 𝛼(𝑑𝑖,𝑗);  𝛽𝑖,𝑗 ≜ 𝛽(𝑑𝑖,𝑗)”      [1.5] 

where 𝑑𝑖,𝑗  represents the length of link Ri-Rj or 𝑅𝑖,𝑗. 

Since the parameters 𝛼 and 𝛽 vary with the link distance, and since the pdf of the 

irradiance is strictly linked to these parameters [Formula 1.1], then f(I) will also vary with 

link distances as seen in [Fig 1.6]. As we shall see later, the outage probability is a cdf 
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(cumulative distribution function) of irradiance following the gamma-gamma model, 
hence the outage probability will vary with different link distances.  

 
Figure 1. 6: Gamma-Gamma Probability Density Functions 

1.3- Fading mitigation techniques for FSO Systems 

In order to enhance the FSO performance, turbulence-induced fading must be contained. 
Therefore similarly to the wireless RF (radio-frequency) technology, fading-mitigation 
techniques must be also customized to FSO systems. 

These techniques are mainly: 
- Localized diversity. 
- Distributed diversity. 

1.3.1- Localized Diversity Methods 

Localized diversity techniques correspond to Multiple-Input-Multiple-Output (MIMO) 

solutions where multiple apertures are installed at the transmitter and/or receiver [5]-

[9]. It is well reported in the literature that MIMO techniques are capable of achieving 

significant gains over fading links. 

1.3.2- Cooperative Diversity 

Cooperative diversity is widely used as a fading mitigation tool for FSO communication. 
The work shown in [3] highlights the importance of cooperation in FSO systems by 
conducting an outage probability analysis with serial and parallel relaying. 
Its main idea consists of integrating the neighboring nodes in aiding the source transmit 
its signal to its intended destination. Hence cooperative diversity takes advantage of 
the underlying spatial diversity in a distributed manner.  
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We can identify two possible implementations of cooperative diversity or relaying 
techniques: 

- Serial Relaying: usually employed to increase the signal coverage for limited 
power transmitters. 

- Parallel Relaying: battles fading effects in wireless environments and increases 
the diversity order 

1.3.2.1-  Serial relaying  

 
Figure 1. 7: Serial Relaying 

In serial relaying [Fig. 1.7], the source S forwards the signal to an interoperability relay 

𝑅1. If the signal to noise ratio (SNR) exceeds a certain detection threshold at R1, no 

outage occurs and the signal can be forwarded to the next node 𝑅2. This process is 

repeated until the signal finally reaches the destination node D. The number of phases 

in this scheme equals the number of hop-to-hop links. In serial relaying, all the system is 

in outage when any of the intermediate links happens to be in outage. 

Let’s consider example [Fig.1.8] with 2 interoperability relays, as a first step, the source 
sends the signal to 𝑅1 instead of the intended destination D. During step 2, 𝑅1 receives 
the signal and forwards it to 𝑅2. In the third step, R2 by its turn receives the signal and 
forwards it to the destination D. 
If DF (decode and forward) relaying is employed, every node decodes the signal after 
direct detection, modulates it with BPPM, and retransmits it to the next relay. 
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Figure 1. 8: Serial Relaying Example 

1.3.2.2-  Parallel relaying  

 
Figure 1. 9: Parallel Relaying 

To achieve LoS (line of sight), the source must be equipped with a multi-laser transmitter 
with each of the lasers pointing out in the direction of a neighboring relay. The source 
forwards the signal to N neighboring nodes and to destination D at the same time. Then 



 

11 
 

these nodes retransmit the received signal and forward it to the destination D. It’s a two-
phase parallel-relaying scheme [Fig. 1.9]. 

In parallel relaying [3], outage in one of the intermediate links does not necessarily 
result in an overall outage of the relaying scheme. In fact, total outage occurs when all 
the relays and the source fail to deliver the message to the destination. 
Keep in mind that if SNR exceeds a certain threshold at the receiver, the link is 
considered not in outage. 
Let’s consider the example [Fig.1.10] with 3 interoperability relays, in the first step, the 
source sends the signal to D, 𝑅1, 𝑅2 & 𝑅3 simultaneously. During step 2, 𝑅1, 𝑅2 & 𝑅3 
send the signal to D. 
Using Decode and Forward (DF) relaying method, the relays will decode then 
retransmit the signal from the source S to the destination D. 

 
Figure 1. 10: Parallel Relaying Example 
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1.4- Inter-relay cooperation 

1.4.1- Concept 

The parallel-relaying scheme assumes the presence of source-relay and relay-destination 
links, and certainly a source-destination link; however the inter-relay cooperation 
consists of integrating in addition to the above links the relay-relay links called 
interoperability links in transmitting the message from source to destination. In contrast 
to the existing all parallel-relaying scheme, the relays cooperate with each other before 
transmitting the signal to the destination. 

1.4.2- Variation from the known NIRC 

No Inter Relay Cooperation (NIRC) [Fig. 1.11] corresponds to the classical two-phase 
parallel-relaying scheme often considered in the literature. S first transmits the 
information message to D and the interoperability relays and, at a second time, the relays 
that successfully decoded the message retransmit it to D. 

 
Figure 1. 11: NIRC system 

However if the FSO system is employing the IRC schemes, then the main deviation from 
NIRC would take place after the first communication phase where the interoperability 
relays communicate with each other to ameliorate the fidelity of the reconstructed 
symbols before the retransmission phase to D. This inter-relay cooperation can be 
achieved either in a unidirectional or in a bidirectional manner resulting in two variants 
of this strategy; namely, IRC1 and IRC2. 
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Figure 1. 12: Exploited Interoperability Links 

[Fig. 1.12] depicts a cooperative FSO network where the communication between S and 
D is assisted by three nodes 𝑅1, 𝑅2 & 𝑅3. Nodes S, D, 𝑅1, 𝑅2 & 𝑅3 correspond to buildings 
for example where multiple transceivers are installed. Each transceiver must ensure a 
directive FSO link with neighboring buildings. Note that the links 𝑅1-𝑅2 & 𝑅2- 𝑅3 (as well 
as the links S-𝑅1, S-𝑅2, S-𝑅3, 𝑅1-D, 𝑅2-D and 𝑅3-D) are not installed to assist S in its 
communication with D but for the exchange of information between buildings [𝑅1 and 
𝑅2] & [𝑅2 and 𝑅3] so the infrastructure needed to implement the inter-relay cooperation 
already exists. In this context, cooperative communication benefit from the presence of 
the inter-relay links to ameliorate the FSO performance. In other words, these inter-relay 
cooperation schemes take advantage of the links 𝑅1-𝑅2 & 𝑅2-𝑅3 when present without 
requiring an expanded infrastructure. As a notation, S and D are referred to as 𝑅0 (node 
0) and 𝑅4 (node 4), respectively. 

Let’s consider that: 
- The source S is always referred to as 𝑅0 
- N or n equals the index number of the destination; in this case it’s 4 unless 

otherwise specified. 
For i ∈ [1    𝑛 − 1], 𝑅𝑖  is always chosen in a way that it’s closer to the source than 𝑅𝑖+1. 
For NIRC, the total number of links equals 2n-1 
For IRC1, the total number of links equals 3n-3 
For IRC2, the total number of links equals 4n-5 

Also note that link means a connection between two nodes while a path might include 
multiple links. 
[Fig. 1.13] shows a configuration of 3 interoperability relays with NIRC, IRC1 & IRC2. 
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Figure 1. 13: NIRC, IRC1 & IRC2 Strategies 

1.4.3- IRC1 cooperation scheme 

 
Figure 1. 14: IRC1 Strategy 

In IRC1 scheme [Fig 1.14], each interoperability relay retransmits the message to the next 
relay (if any) after receiving it from the source. In other words, the decision at 𝑅𝑖 will be 
based on the signals received from S and 𝑅𝑖−1(if any). These interoperability links will be 
denoted as direct links in case of IRC1. 
Since R1 is closer to S, this relay helps enhance the fidelity of the signal reconstruction at 
R2 that is farther from S. In this sense, IRC1 is a multi-phase cooperation protocol: 

A. A signal is transmitted from S to D and to the interoperability nodes. 
B. Each interoperability relay forwards the message to the next relay (if any) at the 

exception of the last interoperability relay. This way the decision at the 
interoperability relays won’t be solely dependent on the message it receives from 
the source but also it will be based on the message received through the previous 
interoperability relays. Intuitively speaking and as later proved, exploiting this 
relay- relay link must increase the probability that a given relay correctly decodes 
the information symbol since this strategy includes additional dependent paths. 

C. The decision at D will be based on the signal it received along the links𝑅𝑖-D & S-
D. 
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1.4.4- IRC2 cooperation scheme 

 
Figure 1. 15: IRC2 Strategy 

In contrast to IRC1, IRC2 [Fig 1.15] forward-backward inter-relay cooperation is 
envisaged where the decision at 𝑅𝑖 will be based on the signals received not just from S, 
𝑅𝑖−1but also from 𝑅𝑖+11 (if any). Evidently, the IRC schemes entail a higher system 
complexity to control the additional relay-to-relay communication phase; however, 
these schemes increase the probability that a given relay correctly decodes the 
information symbol since the decision will not be based only on the signal received from 
S (as in NIRC). The interoperability links between 𝑅𝑖 & 𝑅𝑖−1will be denoted as indirect 
links whilst the interoperability links between 𝑅𝑖 & 𝑅𝑖+1will be denoted as direct links 
similarly to the IRC1 scheme. Steps (A), (B) & (C) of the previous IRC1 scheme are 
preserved, however during step B, Relay 𝑅𝑖 can receive the signal also from 𝑅𝑖+1 and 
base its decision on the signal it receives from the source, from 𝑅𝑖−1 & 𝑅𝑖+1. 
Among the IRC schemes, IRC2 is expected to achieve better performance levels at a cost 
of higher system complexity. 

N.B.: 
Throughout this document: 

- Source is denoted by S or 𝑅0 
- Destination is denoted by D or 𝑅𝑛; (n can be replaced by a numerical value) 
- Link from node “i” to node “j” is denoted by 𝑅𝑖,𝑗 or Ri-Rj or R[i j] 

- Node “i” is denoted by 𝑅𝑖 or Ri 
- Outage probability of link 𝑅𝑖,𝑗 is denoted by 𝑃𝑖,𝑗 

- Link 𝑅𝑖,𝑗  not in outage is denoted by (1-𝑃𝑖,𝑗) 

- 𝑃𝑖,𝑗=𝑃𝑗,𝑖 following from the reciprocity of the FSO channels  
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1.5- Goal of Thesis and work provided 

The main topic of this thesis is pertinent to combating turbulence-induced fading in FSO 
systems in the context of cooperative diversity techniques in FSO systems. The FSO 
system under study uses BPPM (Binary Pulse Position Modulation) with IM/DD 
(Intensity-Modulation and Direct-Detection). 

The goal of the thesis is to investigate the effect of inter-relay cooperation on the outage 
performance of relay-assisted FSO systems with any number of relays. In other words, 
the aim is to understand what would be the additional advantages of exploiting the inter-
Relay links and employing them to assist the source S in its communication with the 
Destination D, thus creating additional dependent paths to the well know NIRC scheme. 
This new dimension was explored under the strategy where all relays are active in the 
absence of CSI (channel state information) at the destination and relay nodes. The 
existing all active parallel-relaying scheme (NIRC) was compared to the two schemes that 
arise when inter-relay connection is exploited (IRC schemes: IRC1 & IRC2). 

In order to evaluate the gain arising from exploring the inter-relay links, an outage 
probability analysis (chapter 2) as well as a diversity order analysis (chapter 3) were 
conducted in order to measure the performance of the three schemes (NIRC, IRC1 & 
IRC2) under study. These schemes were analyzed over gamma-gamma channels and the 
conditions where inter-relay cooperation is profitable were derived. It was proven that 
the network structure will affect the choice of the best cooperation strategy. 

1.5.1- Noncoherent solution (IM/DD) with no CSI 

In systems where the receiver has no phase information, the traditional modulation 

formats adjusted for coherent optical communications cannot be employed to convey 

information. Therefore the noncoherent systems will be used, the information will be 

encoded onto the amplitude of the carrier and the envelope of the received signal will 

be detected at the receiver. The latter is dominant in FSO systems where the cost and 

complexity is a critical limitation. Such types of noncoherent systems are identified as 

the Intensity-Modulation and Direct-Detection systems. 

If we consider the link between transmitter “i” and receiver “j”, then the received 
electrical signal falling at j-th node stemming from the optical signal transmitted by the 
i-th node can be written as: 

[1.6] 
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Where: 

 𝑟𝑖,𝑗
𝑠 .and 𝑟𝑖,𝑗

𝑛 : received electrical signals that correspond to signal and non-signal 

slots of the BPPM symbol, respectively. 

  R: photodetector’s responsivity. 

 Tb: bit duration.  
 Pb: power of background radiation. 

 Pt: total transmitted optical signal power that is evenly split among N active links. 

 𝑛𝑗
𝑠and 𝑛𝑗

𝑛 : additive noise terms at the j-th receiver in the signal and non-signal 

slots, respectively. As in [3]–[15], [16]–[17], background noise limited receivers 
are employed, meaning each of the above noise terms can be modeled as a 
signal-independent white Gaussian noise with zero mean and variance 𝑁0/2. 

  𝐼𝑖,𝑗 : Irradiance fluctuations along Ri-Rj due to atmospheric turbulence. 

 𝐺𝑖,𝑗 : Gain factor related to link Ri-Rj shorter or equal to the direct link S-D with, 

𝐺0,𝐷= 1 and: 

“𝐺𝑖,𝑗 = (
𝑑0,𝐷

𝑑𝑖,𝑗
)2𝑒−𝜎(𝑑𝑖,𝑗−𝑑0,𝐷)”       [1.7] 

where 𝜎 is the attenuation coefficient. Note that 𝐺𝑖,𝑗 = 𝐺𝑗,𝑖 and 𝐼𝑖,𝑗 = 𝐼𝑗,𝑖 following 

from the reciprocity of the optical channel. 

As previously stated, in this work, we shall adopt the gamma-gamma turbulence-
induced fading channel model already described where the irradiance will be 
modelled according to Gamma-Gamma probability density function. 
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Chapter 2 

 

 

Outage analysis 

In wireless communication, outage probability is instrumental in evaluating the 
performance levels and is defined as “the probability of the SNR falling below a given 
threshold [3]”. 

Let’s find out what would be the outage probability of a link Ri-Rj with the signal being 

transmitted from node “i” to node “j”. First, the SNR of the link Ri-Rj (with Ri transmitting 

the signal to Rj) can be written as: 

        [2.1] 

The link Ri-Rj is in outage when the signal transmitted from Ri cannot ensure an SNR at 

Rj exceeding a certain threshold value. The outage probability of this link can be 

written as: 

    [2.2] 

Where  denotes the power margin and 𝛾𝑡ℎ is the SNR threshold above 
which no outage occurs and the signal can be decoded with an arbitrarily low error 
probability. Using the cumulative distribution function (cdf) of the Gamma-Gamma 

distribution, the outage probability of link Ri-Rj will be written as: 

   [2.3] 

where  𝐺p,q
m,n[.] “is the Meijer G-function”. 

Note that a serial two-hop path Ri-Rj–Rk is not in outage only when the two links Ri-Rj 

and Ri-Rk are not in outage resulting in: 

  [2.4] 

Note also that 𝑃𝑖,𝑗  = 𝑃𝑗,𝑖        [2.5] 

After defining the outage probability expression for one link, we need now to conduct 
an outage probability analysis concerning the three schemes under study (NIRC, IRC1 & 
IRC2). 
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In each scheme, we need to find the outage probability ensuring that the signal won’t 
reach the Destination D. The smaller the outage probability the better the performance 
of the scheme, since the probability of the signal not reaching the destination will be 
lower. In the upcoming sections of this chapter, we will be aiming at deriving general 
outage probability forms for the three schemes and then we shall analyze our findings in 
chapter 4 with numerical results. Bear in mind, that the outage probabilities will be 
explored when all relays are active (No- CSI) 

2.1- NIRC 

The performance of all-active relaying with non-interconnected relays is provided as a 

benchmark. 

Before extracting the general form of the outage probability in case of NIRC, let’s explore 

first the outage probability of NIRC in particular cases of 2, 3 or 4 relays. Note that in 

order to consider that the system is in outage, the signal must fail to reach its destination 

D. All the scenarios ensuring that this signal won’t reach D must be explored and taken 

into consideration in order to calculate the outage probability of each scheme under 

study. Let’s denote by 𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

 the outage probability of NIRC system. 

2.1.1- 2 relays 

Two methods to study the outage probability of NIRC in case of 2 interoperability relays 

[Fig. 2.1] are provided: 

 First method: 

A NIRC system is in outage only when parallel and independent paths 𝑅0-𝑅3, 𝑅0-𝑅1-𝑅3 

and 𝑅0-𝑅2-𝑅3 all suffer from outage. Consequently:  

 
Figure 2. 1: NIRC with 2 relays 

 

- 𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

=𝑃0,3𝑃0,1,3𝑃0,2,3      [2.1.1] 

Which at large SNR scales asymptotically as: 
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- 𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

 ≈ 𝑃0,3(𝑃0,1+ 𝑃1,3)(𝑃0,2+ 𝑃2,3)   [2.1.2] 

N.B: D is the same as 𝑅3 
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 Second method: 

In this method, we consider all the possible links status combinations between the 

interoperability relays and the Destination. Then in each scenario of every case, we must 

calculate the outage probability q that ensures the system will remain in outage. 

We have to keep in mind that the link between the source and destination must remain 

in outage otherwise the system will transmit the message. 

In case 0, we consider that all the links (between relays and destination) are in outage, 

which means links: 𝑅1,3& 𝑅2,3 are both in outage, we only have one scenario in this 

case. 

In case 1, we consider all the combination of links where only one link is not in outage. 

In this case, we have two scenarios: 

- 𝑅1,3 is not in outage whilst 𝑅2,3 is in outage 

- 𝑅1,3 is in outage whilst 𝑅2,3 is not in outage 

In case 2, we considered that all the links are not in outage, which means links: 𝑅1,3 & 

𝑅2,3 are both not in outage, we only have one scenario in this case. 

Now for each scenario of every case, we must calculate its corresponding q.  

 

𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

=𝑃0,3.[𝑃1,3𝑃2,3𝑞0
1 +  (1 − 𝑃1,3)𝑃2,3𝑞1

1 + 𝑃1,3(1 − 𝑃2,3)𝑞1
2 + (1 − 𝑃1,3)(1 − 𝑃2,3)𝑞2

1]

          [2.1.3] 

Refer to [Fig 2.2], where each scenario is identified, now let’s find q for every possible 

scenario: 

Case 0: Scenario 1 

Since Links R[1,3] & R[2,3] are in outage, then the system is in outage regardless of the 

state of links R[0,1] & R[0,2]. Both relays cannot transmitt the signal to the destination. 

𝑞0
1=1 

Case 1: Scenario 1 

Since R[2,3] is in outage, the relay R2 cannot transmit the signal to the Destination; 

However since link R[1,3] is not in outage and the only way R1 receives the signal is 

through link R[0,1]; then link R[0,1] must be in outage to ensure that the system is in 

outage. 𝑞1
1=𝑃0,1 

Case 1: Scenario 2 

Case 0  Case 1  Case 2  
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same analysis as case 1 - scenario 1, but this time link R[0,2] must be in outage to 

ensure that the system is in outage. 𝑞1
2=𝑃0,2 

Case 2 Scenario 1:  

Since both links R[1,3] & R[2,3] are not in outage then both links R[0,1] & R[0,2] must 

be in outage to ensure that the system is in outage and that R1 & R2 won’t be able to 

transmit any signal to the destination. 𝑞2
1=𝑃0,1𝑃0,2 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

. The 

work in [1] investigates the case of 2 Relays for NIRC, IRC1 & IRC2 schemes. 

 

 

Figure 2. 2: All Possible scenarios in case of NIRC - 2 relays 
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2.1.2- 3 relays 

Similarly to the 2 relays case with NIRC, two methods to study the outage probability of 

3 interoperability relays [Fig. 2.3] are provided: 

 First Method 

A NIRC system is in outage only when parallel and independent paths 𝑅0-𝑅4, 𝑅0-𝑅1-𝑅4, 

𝑅0-𝑅2-𝑅4 and 𝑅0-𝑅3-𝑅4 all suffer from outage. Consequently:  

 

Figure 2. 3: NIRC with 3 relays 

- 𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

=𝑃0,4𝑃0,1,4𝑃0,2,4𝑃0,3,4      [2.1.4] 

Which at large SNR scales asymptotically as: 

𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

 ≈ 𝑃0,4(𝑃0,1+ 𝑃1,4)(𝑃0,2+ 𝑃2,4)(𝑃0,3+ 𝑃3,4)  [2.1.5] 

N.B: D is the same as 𝑅4 

 

 Second method: 

Similarly to the 2 relays case with NIRC, we consider all the possible links status 

combinations between the interoperability relays and the Destination. Then for each 

scenario, we must calculate the outage probability q. 

In case 0, we consider that all the links (between relays and destination) are in outage, 

which means links: 𝑅1,4,𝑅2,4 and 𝑅3,4 are all in outage, we only have one scenario in 

this case. 

In case 1, we consider all the combination of links where only one link is not in outage. 

In this case, we have three scenarios: 

- 𝑅1,4 is not in outage whilst 𝑅2,4&𝑅3,4 are in outage 

- 𝑅2,4 is not in outage whilst 𝑅1,4&𝑅3,4 are in outage 

- 𝑅3,4 is not in outage whilst 𝑅1,4&𝑅2,4 are in outage 
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In case 2, we consider all the combination of links where two links are not in outage. In 

this case, we have three scenarios: 

- 𝑅1,4&𝑅2,4& are not in outage whilst 𝑅3,4 is in outage 

- 𝑅1,4&𝑅3,4& are not in outage whilst 𝑅2,4 is in outage 

- 𝑅2,4&𝑅3,4& are not in outage whilst 𝑅1,4 is in outage 

In case 3, we considered that all the links are not in outage, which means links: 

𝑅1,4,𝑅2,4& 𝑅3,4are all not in outage, we only have one scenario in this case. 

Now for each scenario, we must calculate its corresponding q. 

𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

=𝑃0,4.[𝑃1,4𝑃2,4𝑃3,4𝑞0
1 

+ (1 − 𝑃1,4)𝑃2,4𝑃3,4𝑞1
1 +  𝑃1,4(1 − 𝑃2,4)𝑃3,4𝑞1

2 + 𝑃1,4𝑃2,4(1 − 𝑃3,4)𝑞1
3 

+(1 − 𝑃1,4)(1 − 𝑃2,4)𝑃3,4𝑞2
1 + (1 − 𝑃1,4)𝑃2,4(1 − 𝑃3,4)𝑞2

2 + 𝑃1,4(1 − 𝑃2,4)(1 − 𝑃3,4)𝑞2
3 

+(1 − 𝑃1,4)(1 − 𝑃2,4)(1 − 𝑃3,4)𝑞4
1]       [2.1.6] 

 

Refer to [Fig 2.4], where each scenario is identified, now let’s find q for every possible 

scenario: 

Case 0: Scenario 1 

Since Links R[1,4], R[2,4] & R[3,4] are in outage, then the system is in outage regardless 

of the state of links R[0,1] , R[0,2] & R[0,3]. All relays cannot transmitt the signal to the 

destination. 𝑞0
1=1 

Case 1: Scenario 1 

R2 & R3 cannot transmit the signal to the Destination; However since link R[1,4] is not 

in outage and the only way R1 receives the signal is through link R[0,1]; then link R[0,1] 

must be in outage to ensure that the system is in outage. 𝑞1
1=𝑃0,1 

Case 1: Scenario 2 

same analysis as case 1- scenario 1, but this time link R[0,2] must be in outage to 

ensure that the system is in outage. 𝑞1
2=𝑃0,2 

Case 1: Scenario 3 

same analysis as case 1- scenario 1, but this time link R[0,3] must be in outage to 

ensure that the system is in outage. 𝑞1
3=𝑃0,3 

Case 2: Scenario 1 

R3 cannot transmit the signal to the Destination; However since links R[1,4] & R[2,4] 

are not in outage and the only way R1 receives the signal is through links R[0,1] & 

Case 0  

Case 1  

Case 2  

Case 4  
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R[0,2]; then both of these links R[0,1] & R[0,2] must be in outage to ensure that the 

system is in outage. 𝑞2
1=𝑃0,1𝑃0,2 

Case 2: Scenario 2 

same analysis. 𝑞2
2=𝑃0,1𝑃0,3 

Case 2: Scenario 3 

same analysis. 𝑞2
3=𝑃0,2𝑃0,3 

Case 3:Scenario 1:  

Since all links R[1,4] , R[2,4] & R[3,4] are in outage then links R[0,1], R[0,2] & R[0,3] 

must be in outage to ensure that the system is in outage and that R1 , R2 & R3 won’t be 

able to transmit any signal to the destination. 𝑞3
1=𝑃0,1𝑃0,2𝑃0,3 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

. 



 

26 
 

 

Figure 2. 4: All Possible scenarios in case of NIRC - 3 relays 

2.1.1- 4 relays 

Similarly, two methods to study the outage probability of NIRC in case of 4 

interoperability relays [Fig. 2.5] are provided: 

 First Method 

A NIRC system is in outage only when parallel and independent paths 𝑅0-𝑅5, 𝑅0-𝑅1-𝑅5, 

𝑅0-𝑅2-𝑅5 , 𝑅0-𝑅3-𝑅5 and 𝑅0-𝑅4-𝑅5 all suffer from outage. Consequently:  
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Figure 2. 5: NIRC with 4 relays 

 𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

=𝑃0,5𝑃0,1,5𝑃0,2,5𝑃0,3,5𝑃0,4,5      

 [2.1.7] 

Which at large SNR scales asymptotically as: 

𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

 ≈ 𝑃0,5(𝑃0,1+ 𝑃1,5)(𝑃0,2+ 𝑃2,5)(𝑃0,3+ 𝑃3,5) (𝑃0,4+ 𝑃4,5) 

   [2.1.8] 

N.B: D is the same as 𝑅5 

 

 Second method 

Similarly to the 2 & 3 relays cases, we must calculate the probability q for each 

scenario. 

In case 0, we consider that all the links (between relays and destination) are in outage, 

which means links:𝑅1,5, 𝑅2,5, 𝑅3,5 and 𝑅4,5 are all in outage, we only have one scenario 

in this case. 

In case 1, we consider all the combination of links where only one is not in outage. In 

this case, we have four scenarios: 

- 𝑅1,5 is not in outage whilst 𝑅2,5&𝑅3,5 &𝑅4,5 are in outage 

- 𝑅2,5 is not in outage whilst 𝑅1,5&𝑅3,5 &𝑅4,5 are in outage 

- 𝑅3,5 is not in outage whilst 𝑅1,5&𝑅2,5 &𝑅4,5 are in outage 

- 𝑅4,5 is not in outage whilst 𝑅1,5&𝑅2,5 &𝑅3,5 are in outage 

In case 2, we consider all the combination of links where two links are not in outage. In 

this case, we have six scenarios: 

- 𝑅1,5&𝑅2,5 are not in outage whilst 𝑅3,5 &𝑅4,5 are in outage 

- 𝑅1,5&𝑅3,5 are not in outage whilst 𝑅2,5 &𝑅4,5 are in outage 

- 𝑅15&𝑅4,5 are not in outage whilst 𝑅2,5 &𝑅3,5are in outage 
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- 𝑅2,5&𝑅3,5 are not in outage whilst 𝑅1,5&𝑅4,5 are in outage 

- 𝑅2,5&𝑅4,5 are not in outage whilst 𝑅1,5&𝑅3,5 are in outage 

- 𝑅3,5&𝑅4,5 are not in outage whilst 𝑅1,5&𝑅2,5 are in outage 

In case 3, we consider all the combination of links where three links are not in outage. 

In this case, we have four scenarios: 

- 𝑅1,5&𝑅2,5 &𝑅3,5 are not in outage whilst 𝑅4,5  is in outage 

- 𝑅1,5&𝑅2,5 &𝑅4,5 are not in outage whilst 𝑅3,5  is in outage 

- 𝑅1,5&𝑅3,5 &𝑅4,5 are not in outage whilst 𝑅2,5  is in outage 

- 𝑅2,5&𝑅3,5 &𝑅4,5 are not in outage whilst 𝑅1,5  is in outage 

In case 4, we considered that all the links (four) are not in outage, which means links: 

𝑅1,5,𝑅2,5, 𝑅3,5&𝑅4,5 are all not in outage, we only have one scenario in this case. 

Now for each scenario, we must calculate its corresponding q.  

𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

=𝑃0,5.[𝑃1,5𝑃2,5𝑃3,5𝑞0
1 

 

+ (1 − 𝑃1,5)𝑃2,5𝑃3,5𝑃4,5𝑞1
1 

+ 𝑃1,5(1 − 𝑃2,5)𝑃3,5𝑃4,5𝑞1
2 

+𝑃1,5𝑃2,5(1 − 𝑃3,5)𝑃4,5𝑞1
3 

+𝑃1,5𝑃2,5𝑃3,5(1 − 𝑃4,5)𝑞1
4 

 

+ (1 − 𝑃1,5)(1 − 𝑃2,5)𝑃3,5𝑃4,5𝑞2
1 

+ (1 − 𝑃1,5)𝑃2,5(1 − 𝑃3,5)𝑃4,5𝑞2
2 

+(1 − 𝑃1,5)𝑃2,5𝑃3,5(1 − 𝑃4,5)𝑞2
3 

+𝑃1,5(1 − 𝑃2,5)(1 − 𝑃3,5)𝑃4,5𝑞2
4 

+𝑃1,5(1 − 𝑃2,5)𝑃3,5(1 − 𝑃4,5)𝑞2
5 

+𝑃1,5𝑃2,5(1 − 𝑃3,5)(1 − 𝑃4,5)𝑞2
6 

 

+ (1 − 𝑃1,5)(1 − 𝑃2,5)(1 − 𝑃3,5)𝑃4,5𝑞3
1 

+ (1 − 𝑃1,5)(1 − 𝑃2,5)𝑃3,5(1 − 𝑃4,5)𝑞3
2 

+(1 − 𝑃1,5)𝑃2,5(1 − 𝑃3,5)(1 − 𝑃4,5)𝑞3
3 

+𝑃1,5(1 − 𝑃2,5)(1 − 𝑃3,5)(1 − 𝑃4,5)𝑞3
4 

 

+ (1 − 𝑃1,5)(1 − 𝑃2,5)(1 − 𝑃3,5)(1 − 𝑃4,5)𝑞4
1 ]     [2.1.9] 

Refer to [Fig 2.6] & [Fig 2.7], where each scenario is identified, now let’s find q for every 

possible scenario: 

Similarly to the other cases with NIRC (2 relays & 3 relays): 

Case 0: 

𝑞0
1=1; 

Case 0  

Case 1  

Case 2  

Case 3  

Case 4  
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Case 1: 

𝑞1
1=𝑃0,1; 𝑞1

2=𝑃0,2; 𝑞1
3=𝑃0,3; 𝑞1

4=𝑃0,4 

Case 2: 

𝑞2
1=𝑃0,1𝑃0,2; 𝑞2

2=𝑃0,1𝑃0,3; 𝑞2
3=𝑃0,1𝑃0,4; 𝑞2

4=𝑃0,2𝑃0,3 ; 𝑞2
5=𝑃0,2𝑃0,4; 𝑞2

6=𝑃0,3𝑃0,4 

Case 3: 

𝑞3
1=𝑃0,1𝑃0,2𝑃0,3; 𝑞3

2=𝑃0,1𝑃0,2𝑃0,4; 𝑞3
3=𝑃0,1𝑃0,3𝑃0,4;  𝑞3

4=𝑃0,2𝑃0,3𝑃0,4 

Case 4: 

𝑞4
1=𝑃0,1𝑃0,2𝑃0,3𝑃0,4 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

. 
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Figure 2. 6: All Possible scenarios in case of NIRC - 4 relays – Part 1 
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Figure 2. 7: All Possible scenarios in case of NIRC - 4 relays – Part 2 
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2.1.2- N relays 

We provided two methods to study the outage probability of NIRC in case of n-1 or N  

(n-1=N) interoperability relays [Fig, 2.8]: 

 First method: 

A NIRC system is in outage only when parallel and independent paths 𝑅0-𝑅𝑛, 

𝑅0-𝑅1-𝑛, 𝑅0-𝑅2-𝑅𝑛, 𝑅0-𝑅3-𝑅𝑛,……..,𝑅0-𝑅𝑛−2-𝑅𝑛and 𝑅0-𝑅𝑛−1-𝑅𝑛 all suffer from outage. 

Consequently:  

 

Figure 2. 8: NIRC with n-1 relays 

𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

=𝑃0,𝑛𝑃0,1,𝑛𝑃0,2,𝑛𝑃0,3,𝑛… 𝑃0,𝑛−2,𝑛𝑃0,𝑛−1,𝑛     

  [2.1.10] 

Which at large SNR scales asymptotically as: 

𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

 ≈ 𝑃0,𝑛(𝑃0,1+𝑃1,𝑛)(𝑃0,2+𝑃2,𝑛)(𝑃0,3+𝑃3,𝑛)… (𝑃0,𝑛−2+𝑃𝑛−2,𝑛)(𝑃0,𝑛−1+𝑃𝑛−1,𝑛) 

≈ 𝑃0,𝑛 ∏ (𝑃0,𝑖 + 𝑃𝑖,𝑛)𝑛−1
𝑖=1        

  [2.1.11] 
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 Second method 

General Concept: 

In order to calculate the outage probabilities of the three systems: NIRC, IRC1 & IRC2, 

we shall follow the same concept detailed here below 

Let’s consider we have n-1 interoperability Relays: 

 
Figure 2. 9: NIRC, IRC1 & IRC2 schemes 

Regardless of the system we’re adopting, the outage probability can be written as: 

𝑃𝑜𝑢𝑡,1=𝑃0,𝑛.[𝑃1,𝑛𝑃2,𝑛𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞0
1 +  

 

(1 − 𝑃1,𝑛)𝑃2,𝑛𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞1
1 +  𝑃1,𝑛(1 − 𝑃2,𝑛)𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞1

2 + ⋯ +

 𝑃1,𝑛𝑃2,𝑛 … 𝑃𝑛−2,𝑛(1 − 𝑃𝑛−1,𝑛)𝑞1
𝑛−1 +   

 

(1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞2
1 +  (1 − 𝑃1,𝑛)𝑃2,𝑛(1 − 𝑃3,𝑛) … 𝑃𝑛−1,𝑛𝑞2

2 + ⋯ +

 𝑃1,𝑛𝑃2,𝑛

…
(1 − 𝑃𝑛−2,𝑛)(1 − 𝑃

𝑛−1,𝑛
)𝑞2

𝐶𝑛−1
2

+ 

 

(1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … 𝑃𝑛−1,𝑛𝑞3
1 +  (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)𝑃3,𝑛(1 −

𝑃4,𝑛) … 𝑃𝑛−1,𝑛𝑞3
2 + ⋯ +  𝑃1,𝑛𝑃2,𝑛 … (1 − 𝑃𝑛−3,𝑛)(1 − 𝑃𝑛−2,𝑛)(1 − 𝑃𝑛−1,𝑛)𝑞3

𝐶𝑛−1
3

+ 

+ ….. + 
 

(1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … (1 − 𝑃𝑖,𝑛) … 𝑃𝑛−1,𝑛𝑞𝑖
1 +  (1 − 𝑃1,𝑛)(1 −

𝑃2,𝑛) … (1 − 𝑃𝑖−1,𝑛)𝑃𝑖,𝑛(1 − 𝑃𝑖+1,𝑛)𝑃𝑖+2,𝑛 … 𝑃𝑛−1,𝑛𝑞𝑖
2 + ⋯ +  𝑃1,𝑛𝑃2,𝑛 … (1 −

𝑃𝑛−𝑖,𝑛) … (1 − 𝑃𝑛−2,𝑛)(1 − 𝑃𝑛−1,𝑛)𝑞𝑖
𝐶𝑛−1

𝑖

+ 

+ ….. + 
 

Case 0 

Case 1 

Case 2 

Case 3 

Case i 
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(1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … (1 − 𝑃𝑛−1,𝑛)𝑞𝑛−1]   [2.1.12] 

 

In the above form, we considered all the possible link state (in outage or not) between 

the interoperability Relays and the Destination Relay. 

In case 0, we considered that all the links between interoperability relays and the 

destination are in outage. This case has one scenario. 

In case 1, we considered all the scenarios where only one link is not in outage. This case 

has 

𝐶𝑛−1
1  =n-1 scenarios. 

In case 2, we considered all the scenarios where only two links are not in outage. This 

case has 𝐶𝑛−1
2  scenarios. 

In case 3, we considered all the scenarios where only three links are not in outage. This 

case has 𝐶𝑛−1
3  scenarios. 

…. 

In case i, we considered all the scenarios where only i links are not in outage. This case 

has 𝐶𝑛−1
𝑖  scenarios. 

…. 

In case n-1, we considered that no link is in outage. This case has 𝐶𝑛−1
𝑛−1=1 scenario. 

By following this method we ensured that all the possible states between the 

interoperability relays and destination are covered. Hence we have to calculate the q 

probability of every scenario. 

“q probability” must ensure that the system will remain in outage in each scenario. 

All the three cases NIRC, IRC1 & IRC2 share this common form. 

However what differs are the 𝑞𝑖
𝑘 probabilities at the exception of 𝑞0 where the system 

will still be in outage irrespective of the other remaining links so 𝑞0
1 = 1. 

𝑞0
1 can be also denoted as 𝑞0 since in this case we only have one scenario. 

 

N.B: 

𝑃𝑖,𝑗 denotes that link 𝑅𝑖 to 𝑅𝑗 is in outage. 

(1-𝑃𝑖,𝑗) denotes that link 𝑅𝑖 to 𝑅𝑗 is not in outage. 

 

The general form of q has the following form: 

- 𝑞𝑖
𝑘 

o i denotes the case 

or denotes the number of nodes having their link with the destination not in 

outage 

i ∈ [0    𝑛 − 1] 

Case n-1 
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o k denotes a specific scenario of case i 

k ∈ [1    𝐶𝑛−1
𝑖 ]  

Let’s say, we have a system with 5 interoperability relays (destination node 

is then 𝑅6) 

if i=3; it means 3 relay-destination links are not in outage. 

 If k=1; it means links 𝑅1,6, 𝑅2,6 & 𝑅3,6 are not in outage 

 If k=2; it means links 𝑅1,6, 𝑅2,6 & 𝑅4,6 are not in outage 

And so on; until all the possible combinations of 3 links not in 

outage are achieved 

Let’s denote by 𝑆𝑖, the combination set of nodes having their link with the destination 

not in outage for a certain case i. 

With ∥ 𝑆𝑖 ∥= 𝐶𝑛−1
𝑖 ; 

𝑆𝑖
𝑘 represents the set of nodes having their link with the destination not in outage for 

certain scenario k - case i. 

𝑆𝑖
𝑘= {𝑅𝑘1, 𝑅𝑘2,…, 𝑅𝑘𝑖} 

2.1.2.1-  Calculating q probabilities  

In case of NIRC, Each interoperability Relay will receive its signal only from the source 

(no interconnection), hence if the link between a certain relay to the destination is not 

in outage, then we must ensure this relay won’t receive any signal from the source 

otherwise the signal will be forwarded to D; in this case, q must include the outage 

probabilities of the links between the source and the relays having their links with the 

destination not in outage. 

Let’s elaborate and detail the main concept for each case: 

Case 0: 𝑃1,𝑛𝑃2,𝑛𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞0
1 

The system will still be in outage irrespective of the other remaining links. So 𝑞0
1=1 

Case 1: (1 − 𝑃1,𝑛)𝑃2,𝑛𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞1
1 +  𝑃1,𝑛(1 − 𝑃2,𝑛)𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞1

2 + ⋯ +

 𝑃1,𝑛𝑃2,𝑛 … 𝑃𝑛−2,𝑛(1 − 𝑃𝑛−1,𝑛)𝑞1
𝑛−1 

Only one path between the interoperability relays to destination can forward the 

signal. 

- 𝑞1
1: Link 𝑅1,𝑛 is not in outage: 

Evaluating 𝑞1
1, links 𝑅0-𝑅𝑛 , 𝑅2-𝑅𝑛 ,…,𝑅𝑛−1-𝑅𝑛 are in outage and D receives a 

reliable signal (with a SNR exceeding threshold) only from 𝑅1. Since the link 𝑅1-

𝑅𝑛 is not in outage in this case, the decision at D is analogous to that at 𝑅1. In 

other words, if 𝑅1 decoded the signal from S correctly, then the correct symbol 

will be forwarded to D along the link 𝑅1-𝐷, ensuring a correct decision at D. On 
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the other hand, if the link 𝑆-𝑅1 is in outage, then no signal will be forwarded 

from 𝑅1 to D that in turn will suffer from outage. Consequently  𝑞1
1 = 𝑃0,1 

- 𝑞1
2: Link 𝑅2,𝑛 is not in outage: 

Same concept 

𝑞1
2 = 𝑃0,2 

…. 

- 𝑞1
𝑛−1: Link 𝑅𝑛−1,𝑛 is not in outage: 

Same concept 

𝑞1
𝑛−1 = 𝑃0,𝑛−1 

Case2: (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞2
1 + (1 − 𝑃1,𝑛)𝑃2,𝑛(1 − 𝑃3,𝑛) … 𝑃𝑛−1,𝑛𝑞2

2 +

⋯ +  𝑃1,𝑛𝑃2,𝑛

…
… (1 − 𝑃𝑛−2,𝑛)(1 − 𝑃

𝑛−1,𝑛
)𝑞2

𝐶𝑛−1
2

 

Only two paths between the interoperability relays to destination can forward the 

signal. 

- 𝑞2
1: Links 𝑅1,𝑛𝑎𝑛𝑑 𝑅2,𝑛 are not in outage: 

Evaluating 𝑞2
1, the decision at D is analogous to that at 𝑅1and 𝑅2. In other 

words, if 𝑅1or 𝑅2decoded the signal from S correctly, then the correct symbol 

will be forwarded to D along the links 𝑅1-𝐷 or/and 𝑅2-𝐷, ensuring a correct 

decision at D. On the other hand, if the links 𝑆-𝑅1 & 𝑆-𝑅2are in outage, then no 

signal will be forwarded from 𝑅1or 𝑅2to D that in turn will suffer from outage. 

Consequently  𝑞2
1 = 𝑃0,1𝑃0,2 

- 𝑞2
2: Links 𝑅1,𝑛𝑎𝑛𝑑 𝑅3,𝑛 are not in outage: 

Same concept 

𝑞2
2 = 𝑃0,1𝑃0,3 

…. 

- 𝑞2
𝑛−1: Links 𝑅𝑛−2,𝑛&𝑅𝑛−1,𝑛 are not in outage: 

Same concept 

𝑞2
𝑛−1 = 𝑃0,𝑛−2𝑃0,𝑛−1 

Case3:(1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … 𝑃𝑛−1,𝑛𝑞3
1 +  (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)𝑃3,𝑛(1 −

𝑃4,𝑛) … 𝑃𝑛−1,𝑛𝑞3
2 + ⋯ +  𝑃1,𝑛𝑃2,𝑛 … (1 − 𝑃𝑛−3,𝑛)(1 − 𝑃𝑛−2,𝑛)(1 − 𝑃𝑛−1,𝑛)𝑞3

𝐶𝑛−1
3

 

Only three paths between the interoperability relays to destination can forward the 

signal. 

- 𝑞3
1: Links 𝑅1,𝑛,  𝑅2,𝑛 𝑎𝑛𝑑  𝑅3,𝑛 are not in outage: 

Evaluating 𝑞3
1, the decision at D is analogous to that at 𝑅1, 𝑅2 𝑎𝑛𝑑  𝑅3. In other 

words, if 𝑅1or 𝑅2 or 𝑅3decoded the signal from S correctly, then the correct 
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symbol will be forwarded to D along the link 𝑅1-𝐷 or 𝑅2-𝐷 or 𝑅3 − 𝐷, ensuring 

a correct decision at D. On the other hand, if the links 𝑆-𝑅1& 𝑆-𝑅2 & 𝑆 − 𝑅3 are 

in outage, then no signal will be forwarded from 𝑅1or 𝑅2 or 𝑅3to D that in turn 

will suffer from outage. Consequently  𝑞3
1 = 𝑃0,1𝑃0,2𝑃0,3 

 

Case i:(1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … (1 − 𝑃𝑖,𝑛) … 𝑃𝑛−1,𝑛𝑞𝑖
1 +  (1 − 𝑃1,𝑛)(1 −

𝑃2,𝑛) … (1 − 𝑃𝑖−1,𝑛)𝑃𝑖,𝑛(1 − 𝑃𝑖+1,𝑛)𝑃𝑖+2,𝑛 … 𝑃𝑛−1,𝑛𝑞𝑖
2 + ⋯ +  𝑃1,𝑛𝑃2,𝑛 … (1 −

𝑃𝑛−𝑖,𝑛) … (1 − 𝑃𝑛−2,𝑛)(1 − 𝑃𝑛−1,𝑛)𝑞𝑖
𝐶𝑛−1

𝑖

 

 

In order to generalize, and evaluate 𝑞𝑖
𝑘, let’s consider that in this specific scenario, 

Nodes 𝑅𝑘1 …𝑅𝑘𝑖  can actually forward the signal to D, then we must ensure none of 

these nodes receive the signal through S (the only way they can receive the signal is 

through the source). We must note that the decision on each one of these 

interoperability relays is independent.  

 𝑞𝑖
𝑘 = ∏ 𝑃0,𝑘𝑚

𝑚=𝑖
1          

 [2.1.13] 

With: 

𝑆𝑖
𝑘= {𝑅𝑘1, 𝑅𝑘2,…, 𝑅𝑘𝑖} 
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2.2- IRC1 

Before extracting the general form of the outage probability in case of IRC1, let’s 

explore first the outage probability of IRC1 in particular cases of 2, 3 or 4 relays. Kindly 

note that in order to consider that the system is in outage, the signal must fail to reach 

its destination D. All the scenarios ensuring that this signal won’t reach D must be 

explored and taken into consideration in order to calculate the outage probability of 

each scheme under study. Let’s denote by 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

 the outage probability of NIRC 

system. 

2.2.1- 2 relays 

Similarly to NIRC Scheme – 2 relays – Method two:  

Let’s consider all the possible links status combinations between the interoperability 

relays and the Destination. Then for each scenario, we must calculate the probability q 

that ensures the system will remain in outage. We have to keep in mind that the link 

between source and destination must remain in outage otherwise the system will 

transmit the message. 

In case of 2 relays for IRC1, 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

  has the same form as [2.1.3].  

Refer to [Fig 2.10], where each scenario is identified, now let’s find q for every possible 

scenario: 

Case 0: Scenario 1 

Since Links R[1,3] & R[2,3] are in outage, then the system is in outage regardless of the 

state of all remaining links. Both relays cannot transmitt the signal to the 

destination.𝑞0=1 

Case 1: Scenario 1 

 Since R[2,3] is in outage, the relay R2 cannot transmit the signal to the Destination; 

However since link R[1,3] is not in outage and the only way R1 receives the signal is 

through link R[0,1]; then link R[0,1] must be in outage to ensure that the system is in 

outage. 𝑞1
1=𝑃0,1 

Case 1: Scenario 2 

In contrast to theNIRC case, this time relay R2 can get the message not just from the 

source but also from R1 due to the intercooperation; then to ensure that the system is 

in outage. 𝑞1
2=𝑃0,2𝑃0,1,2 

In order to approximate 𝑃0,1,2, we must consider the two possibilities, first if link R[1,2] 

is in outage in this case the state of link R[0,1] is irrelevent; the message cannot be 
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transmitted. Second if link R[1,2] is not in outage then R[0,1] must be in outage otherwise 

the message will be delivered through link R[0,1,2]. Hence: 

𝑃0,1,2≈𝑃1,2+(1-𝑃1,2)𝑃0,1 

𝑞1
2 ≈ 𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 2 Scenario 1:  

Since both links R[1,3] & R[2,3] are in outage then both links R[0,1] & R[0,2] must be in 

outage to ensure that the system is in outage and that R1 & R2 won’t be able to 

transmit any signal to the destination. 𝑞2
1=𝑃0,1𝑃0,2 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

. 

 
Figure 2. 10: All Possible scenarios in case of IRC1 - 2 relays 
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2.2.2- 3 relays 

Similarly to NIRC Scheme – 3 relays – Method two:  

Let’s consider all the possible links status combinations between the interoperability 

relays and the Destination. Then for each scenario, we must calculate the probability q 

that ensures the system will remain in outage. We have to keep in mind that the link 

between source and destination must remain in outage otherwise the system will 

transmit the message. 

In case of 3 relays for IRC1, 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

 has the same form as [2.1.6].  

Refer to [Fig 2.11], where each scenario is identified, now let’s find q for every possible 

scenario: 

Case 0: Scenario 1 

 Since Links R[1,4], R[2,4] & R[3,4] are in outage, then the system is in outage regardless 

of the state of all remaining links. All relays cannot transmitt the signal to the 

destination.𝑞0
1=1 

Case 1: Scenario 1 

R2 & R3 cannot transmit the signal to the Destination; However since link R[1,4] is not 

in outage and the only way R1 receives the signal is through link R[0,1]; then link R[0,1] 

must be in outage to ensure that the system is in outage. 𝑞1
1=𝑃0,1 

Case 1: Scenario 2 

In contrast to the NIRC case, this time relay R2 can get the message not just from the 

source but also from R1 due to the intercooperation; then to ensure that the system is 

in outage. 𝑞1
2=𝑃0,2𝑃0,1,2 

In order to approximate 𝑃0,1,2, we must consider the two possibilities, first if link R[1,2] 

is in outage in this case the state of link R[0,1] is irrelevent; the message cannot be 

transmitted. Second if link R[1,2] is not in outage then R[0,1] must be in outage 

otherwise the message will be delivered through link R[0,1,2]. Hence: 

𝑃0,1,2≈𝑃1,2+(1-𝑃1,2)𝑃0,1 

𝑞1
2 ≈ 𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 1: Scenario 3 

same analysis as case 1 - scenario 2, but this time relay R3 can get the message not just 

from the source but also from R1 or R2; then paths R[0,2]. R[0,2.3] & R[0,1,2,3] must be 

in outage to ensure that the system is in outage, however to avoid overlapping and 

repeating the same probabilities due to paths R[0,2.3] & R[0,1,2,3] sharing the same 

link: R[2,3]. 

Then starting from R3, let’s consider all the possiblities: 
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In case link R[2,3] is in outage then the system will be in outage regardless of the state 

of link R[0,2] and path R[0,1,2]; then 

𝑞1
3 ≈ 𝑃0,3[𝑃2,3 + …. 

In case link R[2,3] is in not in outage, then link R[0,2] & path R[0,1,2] must be in outage. 

Since the problem of trasmitting the signal shifts from R3 to R2 and we have the same 

scenario as case 1 – scenario 2. 

𝑞1
3 ≈ 𝑃0,3[𝑃2,3+(1-𝑃2,3)𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1]] 

Case 2: Scenario 1 

Same as NIRC:𝑞2
1=𝑃0,1𝑃0,2 

Case 2: Scenario 2 

Same analysis as case 1: Scenario 3 – IRC1, but in this case we must consider that link 

R[0,1] must be in outage since R1 can also forward the signal to D. 

. 𝑞2
2 ≈ 𝑃0,1𝑃0,3[𝑃2,3+(1-𝑃2,3)𝑃0,2] 

Case 2: Scenario 3 

same analysis. 𝑞2
3=𝑃0,2𝑃0,3[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

 

Case 3: Scenario 1:  

Since all links R[1,4] , R[2,4] & R[3,4] are in outage then links R[0,1], R[0,2] & R[0,3] 

must be in outage to ensure that the system is in outage and that R1 , R2 & R3 won’t be 

able to transmit any signal to the destination. 𝑞3
1=𝑃0,1𝑃0,2𝑃0,3; the state of the 

intercooperation links is irrelevant in this case and the system will remain in outage 

regardless. 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

. 
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Figure 2. 11: All Possible scenarios in case of IRC1 - 3 relays 

2.2.3- 4 relays 

Similarly to NIRC Scheme – 4 relays – Method two:  

Let’s consider all the possible links status combinations between the interoperability 

relays and the Destination. Then for each scenario, we must calculate the probability q 

that ensures the system will remain in outage. We have to keep in mind that the link 

between source and destination must remain in outage otherwise the system will 

transmit the message. 
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In case of 4 relays for IRC1, 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

 has the same form as [2.1.9].  

Refer to [Fig 2.12] & [Fig 2.13], where each scenario is identified, now let’s find q for 

every possible scenario: 

Case 0: Scenario 1 

Similarly to 3 relays case; 𝑞0
1=1 

Case 1: Scenario 1 

Similarly to 3 relays case; 𝑞1
1=𝑃0,1 

Case 1: Scenario 2 

Similarly to 3 relays case; 𝑞1
2 ≈ 𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 1: Scenario 3 

Similarly to 3 relays case; 𝑞1
3 ≈ 𝑃0,3[𝑃2,3+(1-𝑃2,3)𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1]] 

Case 1: Scenario 4 

Similarly to Case 1 Senario 3; 𝑞1
4=𝑃0,4[𝑃3,4+(1-𝑃3,4) 𝑞1

3] 

Case 2: Scenario 1 

If any of the Links S-R1 & S-R2 is not in outage, the signal will be delivered to D; So both 

of these links must in outage. Since R1 receives its signal only from the source and since 

link S-R1 must be in outage then R2 won’t be able to receive any signal from R1 and its 

link S-R2 is in outage; so we ensured that both relays R1 & R2 in this case cannot 

transmit any signal to D ; 𝑞2
1 = 𝑃0,1𝑃0,2. 

Case 2: Scenario 2 

We must ensure R1 won’t receive any signal; and to achieve this target, it’s sufficient to 

ensure that link S-R1 is in outage. We must ensure also that R3 won’t receive any 

signal; so first link S-R3 must be in outage as well as path [S-R2-R3]; the status of link 

R1-R2 is irrelvant in this case since we made sure R1 won’t receive any signal. 

 𝑞2
2 = 𝑃0,1𝑃0,3[𝑃2,3+(1-𝑃2,3) 𝑃0,2] 

Case 2: Scenario 3 

Similar interpretation to case 2- scenario 2. 𝑞2
3=𝑃0,1𝑃0,4[𝑃3,4 + (1 − 𝑃3,4) 𝑃0,3(𝑃2,3 +

(1 − 𝑃2,3)𝑃0,2)] 

Case 2: Scenario 4:  

We must ensure links S-R2 & S-R3 in outage; and we must ensure that path [S-R1-R2] is 

in outage similarly to case 2 – scenario 2 
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𝑞2
4=𝑃0,2𝑃0,3[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 2: Scenario 5:  

Similar to case 2 – scenario 2: 𝑞2
5=𝑃0,2𝑃0,4[𝑃1,2+(1-𝑃1,2)𝑃0,1] [𝑃3,4+(1-𝑃3,4)𝑃0,3] 

Case 2: Scenario 6: 

𝑞2
6=𝑃0,3𝑃0,4[𝑃2,3+(1-𝑃2,3)𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1]] 

Case 3: Scenario 1:  

Similar interpretation as case 2 – scenario 1. 𝑞3
1=𝑃0,1𝑃0,2𝑃0,3 

Case 3: Scenario 2:  

We must ensure in this case that R1, R2 & R4 receive no signal; so links S-R1, S-R2 & S-

R4 must be in outage in addition to path [S-R3-R4]. The status of link R2-R3 is irrelvant 

in this case since we made sure R2 won’t receive any signal so R3 by its turn won’t 

receive any signal from R2 through direct link. 𝑞3
2=𝑃0,1𝑃0,2𝑃0,4[𝑃3,4+(1-𝑃3,4) 𝑃0,3] 

Case 3: Scenario 3:  

Same interpretation as case 3 – scenario 2. 𝑞3
3=𝑃0,1𝑃0,3𝑃0,4[𝑃2,3+(1-𝑃2,3) 𝑃0,2] 

Case 3: Scenario 4:  

𝑞3
4=𝑃0,2𝑃0,3𝑃0,4[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 4: 

Since all links R[1,5] , R[2,5], R[3,5] & R[4,5] are in outage then links R[0,1], R[0,2], 

R[0,3] & R[0,4] must be in outage to ensure that the system is in outage and that R1 , 

R2, R3 & R4 won’t be able to transmit any signal to the destination. 𝑞4
1=𝑃0,1𝑃0,2𝑃0,3𝑃0,4; 

the state of the intercooperation links is irrelevant in this case and the system will 

remain in outage regardless. 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

. 
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Figure 2. 12: All Possible scenarios in case of IRC1 - 4 relays - Part 1 
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Figure 2. 13: All Possible scenarios in case of IRC1 - 4 relays - Part 2 
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2.2.4- N relays 

2.2.4.1-  Calculating direct probabilities  

Similarly to NIRC, we need to calculate q probabilities and replace them by their 

corresponding values in the general form shared by the three techniques NIRC, IRC1 & 

IRC2. To check the general form, refer to NIRC – N relays case – Form: [2.1.12] 

But before calculating q in this general case, let’s calculate in case of IRC1 what will be 

the outage probability between two relays 𝑅𝑥 & 𝑅𝑦having their links with the 

destination not in outage while all of their intermediate nodes have their 

corresponding links with the destination in outage. 

The outage probability 𝑃_𝐼𝑅𝐶1𝑥,𝑦 that will be calculated does not reflect the outage 

probability of the overall system but rather strictly the outage probability between two 

relays. We shall use these probabilities in order to calculate each q later on. They can 

be referred to throughout this document as the direct probabilities. 

The following example [Fig. 2.14] will help us understand how to calculate the outage 

probabilities between two relays: 
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Example [Fig. 2.14]: 

- This example depicts a particular scenario of a 10 interoperability relays. 

- 𝑅3& 𝑅7 are the two nodes passing the signal to 𝐷, in other words the links 𝑅3,8 

& 𝑅7,8 are not in outage while all other intermediate nodes have their links with 

destination in outage. 

- Keep in mind that we will calculate 𝑃_𝐼𝑅𝐶13,7 in this example and not q 

probability of this scenario. 

 
Figure 2. 14: Calculating direct probability example in IRC1 case 
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The outage probability between these two relays is denoted by: 𝑃_𝐼𝑅𝐶13,7; it can be 

written as: 

𝑃_𝐼𝑅𝐶13,7=𝑃0,7𝑃0,6,7𝑃0,5,6,7𝑃0,4,5.6,7𝑃0,3,4,5.6,7 

The above form includes all the paths that might lead to allowing the signal to reach 𝑅7  

thus D. 

In order to simplify the above equation and avoid overlapping, we should use the 

following logic detailing step by step how to stop the signal from reaching 𝑅7 , in case 

of 𝑃_𝐼𝑅𝐶13,7, we only investigate the paths and links between 𝑅3  & 𝑅7 : 

1. 𝑅7 is forwarding the message to D, so link S-𝑅7 must be in outage regardless of 

the other paths.  

 Then 𝑃_𝐼𝑅𝐶13,7=𝑃0,7x…. 

 
2. After ensuring that link S-𝑅7 is in outage, the only way 𝑅7 can receive the signal 

is through the interoperability link 𝑅6-𝑅7 or node 𝑅6, in this case if 𝑅6-𝑅7 is in 

outage then 𝑅7 can no longer forward the signal, on the other hand if 𝑅6-𝑅7 can 

forward the signal (not in outage) then we must ensure in this case that 

𝑅6won’t receive any signal and the problem shift from 𝑅7 to 𝑅6. In a similar 

fashion to step 1, we must now make sure that the link 𝑅0-𝑅6 is in outage 

otherwise the signal can be forwarded through path 𝑅0-𝑅6- 𝑅7 

  



 

50 
 

 Then 𝑃_𝐼𝑅𝐶13,7=P0,7[P6,7 + (1-P6,7) P0,6x… 

 

 

 

 
3. Following the above case, even though 𝑅0-𝑅6 is in outage, 𝑅6 can still receive 

the signal and forward it to 𝑅7 through the interoperability link 𝑅5-𝑅6 or node 

𝑅5, the same analysis is repeated similarly to step 2, in this case if 𝑅5-𝑅6 is in 

outage then 𝑅6 can no longer forward the signal, on the other hand if 𝑅5-𝑅6 can 

forward the signal (not in outage) then we must ensure 𝑅5 receives no signal 

and the problem shift from 𝑅6 to 𝑅5 so link  𝑅0-𝑅5 must be in outage otherwise 

the signal can be forwarded through path 𝑅0-𝑅5- 𝑅6 

 Then 𝑃_𝐼𝑅𝐶13,7=P0,7[P6,7 + (1-P6,7) P0,6[P5,6 + (1-P5,6) P0,5x… 

 

 

 

 
4. We keep repeating step 2 until we reach node R4 and we make sure it won’t 

receive the signal through the source, however it can still receive it through the 

interoperability link R3,4; we will check this issue in step 5. 
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𝑃_𝐼𝑅𝐶13,7=P0,7[P6,7 + (1-P6,7) P0,6[P5,6 + (1-P5,6) P0,5[P4,5 + (1-P4,5) P0,4x… 

 

 

 

 
5. Now we must ensure 𝑅4 is not receiving any signal through the interoperability 

link R3,4 or node 𝑅3 , however since S-𝑅3 must be in outage (𝑅3 can actually 

forward the link to Destination) and since a similar direct outage probability 

𝑃_𝐼𝑅𝐶1x,3 between node 𝑅𝑥 and 𝑅3 is ensuring that 𝑅3 won’t receive any signal 

through previous interoperability links then we can conclude that the only ways 

by which 𝑅3 can receive the signal are obstructed. In this case 𝑅3 receives no 

signal, so the fact that 𝑅4  can receive the signal through node 𝑅3 is impossible, 

thus the status of the interoperability link 𝑅3-𝑅4 is irrelevant. No further 

condition should be imposed to ensure the outage: 

Then 𝑃_𝐼𝑅𝐶13,7=P0,7[P6,7 + (1-P6,7) P0,6[P5,6 + (1-P5,6) P0,5[P4,5 + (1-P4,5) P0,4]]] 

N.B.1:  

- Node 𝑅𝑥 has a lower index than node 𝑅3 (in case no other relay with a lower 

index has its link with destination not in outage, then 𝑅𝑥 will be denoted as 𝑅1) 

- Probability P0,3 wasn’t considered in 𝑃_𝐼𝑅𝐶13,7 in order to avoid considering it 

twice. Probability P0,3 will be shown in 𝑃_𝐼𝑅𝐶1x,3. 

Now we ensured ultimate outage between 𝑅3 and 𝑅7 or in other words we 

ensured that 𝑅7 will receive no signal due to the source in a similar way to NIRC 

or due to the interoperability links; thus no signal stemming from 𝑅7 will be 

forwarded to D. 

A general form can be deduced. The only way a node “i” can receive a signal is 

through S or through a neighboring interoperability node with index “i-1”. 

Hence the logic remain the same over a different number of interoperability 
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nodes. The outage probability between nodes 𝑅𝑥 & 𝑅𝑦 must have the following 

form: 

𝑃_𝐼𝑅𝐶1x,y=P0,y[Py−1,y + (1-Py−1,y) P0,y−1[Py−2,y−1 + (1-Py−2,y−1) P0,y−2[… [Px+1,x+2 + (1-Px+1,x+2) P0,x+1]]]] 
          [2.2.1] 

N.B.2: 

- We must note that in case 𝑅1-D is in not outage then the general form 

becomes: 

𝑃_𝐼𝑅𝐶11,y=P0,yP0,1 [Py−1,y + (1-Py−1,y) P0,y−1[Py−2,y−1 + (1-Py−2,y−1) P0,y−2[… [P2,3 + (1-P2,3) P0,2]]]]
          [2.2.2] 

With 𝑅y as the first node having 𝑅y-D link not in outage. As we notice P0,1 must 

be considered since node R1 has the lowest index in this case. 
- In case 𝑅1-D is in outage then the general form becomes: 

𝑃_𝐼𝑅𝐶11,y=P0,y[Py−1,y + (1-Py−1,y) P0,y−1[Py−2,y−1 + (1-Py−2,y−1) P0,y−2[… [P1,2 + (1-P1,2) P0,1]]]] 
[2.2.3] 

As we notice, the status of the interoperability link R1,2 matters in this case. 

- 𝑃_𝐼𝑅𝐶1x,y can be calculated once and employed in multiple scenarios with 

diverse q probabilities when needed. 

  



 

53 
 

Now how to calculate 𝑞𝑖
𝑘 based on the above direct probabilities 𝑃_𝐼𝑅𝐶1x,y. The main 

idea is to dissect the problem into sub-parts. In order to better understand the concept 

let’s check out this example where calculating 𝑞𝑖
𝑘 is sought and as you shall see the 

direct probabilities 𝑃_𝐼𝑅𝐶1x,y will be employed to help finding 𝑞𝑖
𝑘 in this particular 

scenario. 

Let’s consider first the below example [Fig. 2.15], where not just two interoperability 

relays are allowing the signal to pass to destinations but rather 3 interoperability relays 

𝑅3, 𝑅7& 𝑅9 

 
Figure 2. 15: Calculating q probability example in IRC1 case 

In order to calculate 𝑞3
𝑘, we must ensure that only nodes 𝑅3, 𝑅7 & 𝑅9 will receive no 

signal due to the source in a similar way to NIRC or due to the interoperability links; 

thus no signal stemming from them will be forwarded to D. To achieve this target, we 

need to follow the steps below: 
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1- 𝑅3 can receive the signal due to S or through 𝑅2, thus by considering 

𝑃_𝐼𝑅𝐶11,3 we can ensure that 𝑅3 won’t receive the signal and thus it won’t 

be able to forward it to D.  

2- 𝑅7 can receive the signal due to S or through 𝑅6, thus by considering 

𝑃_𝐼𝑅𝐶13,7 we can ensure that 𝑅7 won’t receive the signal and thus it won’t 

be able to forward it to D. No need to consider again 𝑃_𝐼𝑅𝐶11,3. By 

following step 1, we ensured that 𝑅3 cannot receive any signal, so the 

outage problem shifts from 𝑅1 to 𝑅3 

3- Same concept for 𝑅9, 𝑃_𝐼𝑅𝐶17,9 must be considered 

By covering all the possibilities for the signal to reach D through 𝑅3, 𝑅7 &  𝑅9 

and dissecting our problem into sub-parts for this scenario, we can calculate 𝑞3
𝑘 

𝑞3
𝑘=𝑃_𝐼𝑅𝐶11,3 x 𝑃_𝐼𝑅𝐶13,7 x 𝑃_𝐼𝑅𝐶17,9  

With: 

𝑆3
𝑘= {𝑅𝑘1, 𝑅𝑘2, 𝑅𝑘3}; 

𝑅𝑘1=𝑅3; 𝑅𝑘2=𝑅7; 𝑅𝑘3=𝑅9 

 

The general form of 𝑞𝑖
𝑘, with 𝑆𝑖

𝑘= {𝑅𝑘1, 𝑅𝑘2, 𝑅𝑘3, … , 𝑅𝑘𝑖}; is then: 

𝑞𝑖
𝑘=𝑃_𝐼𝑅𝐶11,k1 * 𝑃_𝐼𝑅𝐶1k1,k2 ∗ … ∗ 𝑃_𝐼𝑅𝐶1ki−1,ki     

 [2.2.4] 

N.B: In case 𝑆1
0= {𝑅1}; we must consider 𝑃_𝐼𝑅𝐶11,1=𝑃0,1 

2.2.4.2-  Calculating q probabilities  

Let’s calculate now 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

 based on the general form already developed in [2.1.12]. 

Case 0: 𝑃1,𝑛𝑃2,𝑛𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞0 

The system will still be in outage irrespective of the other remaining links. Then 𝑞0=1 

Case 1: (1 − 𝑃1,𝑛)𝑃2,𝑛𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞1
1 +  𝑃1,𝑛(1 − 𝑃2,𝑛)𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞1

2 + ⋯ +

 𝑃1,𝑛𝑃2,𝑛 … 𝑃𝑛−2,𝑛(1 − 𝑃𝑛−1,𝑛)𝑞1
𝑛−1 

Only one path between the interoperability relays to destination can forward the 

signal. 

- 𝑞1
1: Link 𝑅1,𝑛 is not in outage:𝑞1

1= 𝑃_𝐼𝑅𝐶11,1=𝑃0,1 

- 𝑞1
2: Link 𝑅2,𝑛 is not in outage:𝑞1

2= 𝑃_𝐼𝑅𝐶11,2 

- 𝑞1
3: Link 𝑅3,𝑛 is not in outage:𝑞1

3= 𝑃_𝐼𝑅𝐶11,3 

- …. 

- 𝑞1
𝑛−1:Link 𝑅𝑛−1,𝑛 is not in outage:𝑞1

𝑛−1= 𝑃_𝐼𝑅𝐶11,n−1 
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Case 2: (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞2
1 +  (1 − 𝑃1,𝑛)𝑃2,𝑛(1 − 𝑃3,𝑛) … 𝑃𝑛−1,𝑛𝑞2

2 +

⋯ +  𝑃1,𝑛𝑃2,𝑛

…
(1 − 𝑃𝑛−2,𝑛)(1 − 𝑃

𝑛−1,𝑛
)𝑞2

𝐶𝑛−1
2

 

Only two paths between the interoperability relays to destination can forward the 

signal. 

- 𝑞2
1: Links 𝑅1,𝑛𝑎𝑛𝑑 𝑅2,𝑛 are not in outage: 𝑞2

1=𝑃_𝐼𝑅𝐶11,2 

- 𝑞2
2: Links 𝑅1,𝑛𝑎𝑛𝑑 𝑅3,𝑛 are not in outage: 𝑞2

2=𝑃_𝐼𝑅𝐶11,3 

- … 

- 𝑞2
𝐶𝑛−1

2

: Links 𝑅𝑛−2,𝑛𝑎𝑛𝑑 𝑅𝑛−1,𝑛 are not in outage: 

𝑞2
𝐶𝑛−1

2

=𝑃_𝐼𝑅𝐶11,n−2𝑃_𝐼𝑅𝐶1n−2,n−1 

Case 3: (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … 𝑃𝑛−1,𝑛𝑞3
1 +  (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)𝑃3,𝑛(1 −

𝑃4,𝑛) … 𝑃𝑛−1,𝑛𝑞3
2 + ⋯ +  𝑃1,𝑛𝑃2,𝑛 … (1 − 𝑃𝑛−3,𝑛)(1 − 𝑃𝑛−2,𝑛)(1 − 𝑃𝑛−1,𝑛)𝑞3

𝐶𝑛−1
3

 

- 𝑞3
1: Links 𝑅1,𝑛 , 𝑅2,𝑛&𝑅3,𝑛 are not in outage: 𝑞3

1=𝑃_𝐼𝑅𝐶11,2𝑃_𝐼𝑅𝐶12,3 

- 𝑞2
2: Links 𝑅1,𝑛 , 𝑅2,𝑛&𝑅4,𝑛 are not in outage: 𝑞3

2=𝑃_𝐼𝑅𝐶11,2𝑃_𝐼𝑅𝐶12,4 

- … 

- 𝑞3
𝐶𝑛−1

3

: Links 𝑅𝑛−3,𝑛 , 𝑅𝑛−2,𝑛&𝑅𝑛−1,𝑛 are not in outage: 

𝑞3
𝐶𝑛−1

3

=𝑃_𝐼𝑅𝐶11,n−3𝑃_𝐼𝑅𝐶1n−3,n−2𝑃_𝐼𝑅𝐶1n−2,n−1 

 

Case i:(1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … (1 − 𝑃𝑖,𝑛) … 𝑃𝑛−1,𝑛𝑞𝑖
1 +  (1 − 𝑃1,𝑛)(1 −

𝑃2,𝑛) … (1 − 𝑃𝑖−1,𝑛)𝑃𝑖,𝑛(1 − 𝑃𝑖+1,𝑛)𝑃𝑖+2,𝑛 … 𝑃𝑛−1,𝑛𝑞𝑖
2 + ⋯ +  𝑃1,𝑛𝑃2,𝑛 … (1 −

𝑃𝑛−𝑖,𝑛) … (1 − 𝑃𝑛−2,𝑛)(1 − 𝑃𝑛−1,𝑛)𝑞𝑖
𝐶𝑛−1

𝑖

 

 

In order to generalize, and evaluate 𝑞𝑖
𝑘, let’s consider that in this specific scenario, 

Nodes 𝑅𝑘1 …𝑅𝑘𝑖  can actually forward the signal to D, then we must ensure total 

outage between these nodes by using 𝑃_𝐼𝑅𝐶1x,y as previously seen. So: 

  𝑞𝑖
𝑘 = 𝑃_𝐼𝑅𝐶11,𝑘2 ∏ 𝑃_𝐼𝑅𝐶1𝑘𝑚,𝑘𝑚+1

𝑚=𝑖−1
2  ; In case 𝑅𝑘1 =  𝑅1;  

  [2.2.5] 

With: 𝑃_𝐼𝑅𝐶11,𝑘2 having the same form as [2.2.2] 

  𝑞𝑖
𝑘 = 𝑃_𝐼𝑅𝐶11,𝑘1 ∏ 𝑃_𝐼𝑅𝐶1𝑘𝑚,𝑘𝑚+1

𝑚=𝑖−1
1  ; In case 𝑅𝑘1 ≠  𝑅1;  

  [2.2.6] 

With: 𝑃_𝐼𝑅𝐶11,𝑘1 having the same form as [2.2.3] 

 

With: 

 𝑆𝑖
𝑘= {𝑅𝑘1, 𝑅𝑘2, 𝑅𝑘3, … , 𝑅𝑘𝑖}; 
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Now let’s calculate 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

 in case of 4 relays, based on the q probabilities derived form 

for general case scenario and replace them in [2.1.9]: 

 

𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

=𝑃0,5.[𝑃1,5𝑃2,5𝑃3,5𝑞0  𝑞0=1; All links in outage 

 

+ (1 − 𝑃1,5)𝑃2,5𝑃3,5𝑃4,5𝑞1
1  𝑞1

1= 𝑃_𝐼𝑅𝐶11,1 = 𝑃0,1; only 𝑅1 is in outage; with 

(𝑅𝑘1 =  𝑅1) 

+ 𝑃1,5(1 − 𝑃2,5)𝑃3,5𝑃4,5𝑞1
2  𝑞1

2= 𝑃_𝐼𝑅𝐶11,2=𝑃0,2[𝑃1,2+(1-𝑃1,2) 𝑃0,1]; 

 with(𝑅𝑘1 ≠  𝑅1) 

+𝑃1,5𝑃2,5(1 − 𝑃3,5)𝑃4,5𝑞1
3  𝑞1

3 = 𝑃_𝐼𝑅𝐶11,3=𝑃0,3[𝑃2,3+(1-𝑃2,3) 𝑃0,2[𝑃1,2+(1-

𝑃1,2) 𝑃0,1]];       with(𝑅𝑘1 ≠  𝑅1) 

+𝑃1,5𝑃2,5𝑃3,5(1 − 𝑃4,5)𝑞1
4  𝑞1

4=𝑃_𝐼𝑅𝐶11,4=𝑃0,4[𝑃3,4+(1-𝑃3,4)𝑃0,3[𝑃2,3+(1-𝑃2,3) 𝑃0,2[𝑃1,2+(1-

𝑃1,2) 𝑃0,1]]];      with(𝑅𝑘1 ≠  𝑅1) 

 

+ (1 − 𝑃1,5)(1 − 𝑃2,5)𝑃3,5𝑃4,5𝑞2
1 𝑞2

1=𝑃_𝐼𝑅𝐶11,2=𝑃0,2𝑃0,1;         

with (𝑅𝑘1 =  𝑅1) 

+ (1 − 𝑃1,5)𝑃2,5(1 − 𝑃3,5)𝑃4,5𝑞2
2 𝑞2

2=𝑃_𝐼𝑅𝐶11,3=𝑃0,3𝑃0,1[𝑃2,3+(1-𝑃2,3) 𝑃0,2] ; with 

(𝑅𝑘1 =  𝑅1) 

+(1 − 𝑃1,5)𝑃2,5𝑃3,5(1 − 𝑃4,5)𝑞2
3 𝑞2

3=𝑃_𝐼𝑅𝐶11,4=𝑃0,4𝑃0,1[𝑃3,4+(1-𝑃3,4) 𝑃0,3[𝑃2,3+(1-

𝑃2,3) 𝑃0,2]] ; with (𝑅𝑘1 =  𝑅1) 

+𝑃1,5(1 − 𝑃2,5)(1 − 𝑃3,5)𝑃4,5𝑞2
4  𝑞2

4=𝑃_𝐼𝑅𝐶11,2𝑃_𝐼𝑅𝐶12,3=𝑃0,3𝑃0,2[𝑃1,2+(1-

𝑃1,2) 𝑃0,1];        with (𝑅𝑘1 ≠  𝑅1) 

+𝑃1,5(1 − 𝑃2,5)𝑃3,5(1 − 𝑃4,5)𝑞2
5 𝑞2

5=𝑃_𝐼𝑅𝐶11,2𝑃_𝐼𝑅𝐶12,4=𝑃0,4𝑃0,2[𝑃1,2+(1-𝑃1,2) 𝑃0,1] [𝑃3,4+(1-

𝑃3,4) 𝑃0,3]; with (𝑅𝑘1 ≠  𝑅1) 

+𝑃1,5𝑃2,5(1 − 𝑃3,5)(1 − 𝑃4,5)𝑞2
6  𝑞2

6=𝑃_𝐼𝑅𝐶11,3𝑃_𝐼𝑅𝐶13,4=𝑃0,4𝑃0,3[𝑃2,3+(1-

𝑃2,3) 𝑃0,2[𝑃1,2+(1-𝑃1,2) 𝑃0,1]];      with (𝑅𝑘1 ≠  𝑅1) 

 

+ (1 − 𝑃1,5)(1 − 𝑃2,5)(1 − 𝑃3,5)𝑃4,5𝑞3
1  𝑞3

1=𝑃_𝐼𝑅𝐶11,2𝑃_𝐼𝑅𝐶12,3=𝑃0,1𝑃0,2𝑃0,3; 

with (𝑅𝑘1 =  𝑅1) 

+ (1 − 𝑃1,5)(1 − 𝑃2,5)𝑃3,5(1 − 𝑃4,5)𝑞3
2 𝑞3

2=𝑃_𝐼𝑅𝐶11,2𝑃_𝐼𝑅𝐶12,4=𝑃0,1𝑃0,2𝑃0,4 [𝑃3,4+(1-

𝑃3,4) 𝑃0,3]; with (𝑅𝑘1 =  𝑅1) 

+(1 − 𝑃1,5)𝑃2,5(1 − 𝑃3,5)(1 − 𝑃4,5)𝑞3
3 𝑞3

3=𝑃_𝐼𝑅𝐶11,3𝑃_𝐼𝑅𝐶13,4=𝑃0,1𝑃0,3𝑃0,4[𝑃2,3+(1-

𝑃2,3) 𝑃0,2]; with (𝑅𝑘1 =  𝑅1) 

+𝑃1,5(1 − 𝑃2,5)(1 − 𝑃3,5)(1 − 𝑃4,5)𝑞3
4 𝑞3

4=𝑃_𝐼𝑅𝐶11,2𝑃_𝐼𝑅𝐶12,3𝑃_𝐼𝑅𝐶13,4=𝑃0,2𝑃0,3𝑃0,4[𝑃1,2+(1-

𝑃1,2) 𝑃0,1]; with(𝑅𝑘1 ≠  𝑅1) 
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+ (1 − 𝑃1,5)(1 − 𝑃2,5)(1 − 𝑃3,5)(1 − 𝑃4,5)𝑞4
1 ]

 𝑞4
1=𝑃_𝐼𝑅𝐶11,2𝑃_𝐼𝑅𝐶12,3𝑃_𝐼𝑅𝐶13,4=𝑃0,1𝑃0,2𝑃0,3𝑃0,4;     

   with (𝑅𝑘1 =  𝑅1) 
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2.3- IRC2 

The performance of all-active relaying with non-interconnected relays is provided as a 

benchmark. 

Before extracting the general form of the outage probability in case of IRC2, let’s 

explore first the outage probability of IRC2 in particular cases of 2, 3 or 4 relays. Kindly 

note that in order to consider that the system is in outage, the signal must fail to reach 

its destination D. All the scenarios ensuring that this signal won’t reach D must be 

explored and taken into consideration in order to calculate the outage probability of 

each scheme under study. Let’s denote by 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

 the outage probability of IRC2 

system. 

2.3.1- 2 relays 

Similarly to NIRC Scheme – 2 relays – Method two:  

Let’s consider all the possible links status combinations between the interoperability 

relays and the Destination. Then for each scenario, we must calculate the probability q 

that ensures the system will remain in outage. We have to keep in mind that the link 

between source and destination must remain in outage otherwise the system will 

transmit the message. 

 
Figure 2. 16: IRC2 in case of 2 relays 

In case of 2 relays for IRC2, 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

  has the same form as [2.1.3].  

Refer to [Fig 2.17], where each scenario is identified, now let’s find q for every possible 

scenario: 

Case 0: Scenario 1 

Since Paths R[1,3] & R[2,3] are in outage, then the system is in outage regardless of the 

state of all remaining links. Both relays cannot transmitt the signal to the destination 

𝑞0
1=1 

Case 1: Scenario 1 
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Since R[2,3] is in outage, the relay R2 cannot transmit the signal to the Destination; 

However since link R[1,3] is not in outage, then R1 receives the signal not just through 

link R[0,1]; but also through path R[0,2,1]. 

Then link R[0,1] must be in outage to ensure that the system is in outage and also path 

R[0,2,1]. 𝑞1
1=𝑃0,1𝑃0,2,1 ≈ 𝑃0,1[𝑃1,2+(1-𝑃1,2)𝑃0,2] 

Case 1: Scenario 2 

Similarly to case 1, scenario 1 but in a reversed manner;  

𝑞1
2=𝑃0,2𝑃0,1,2 

In order to approximate 𝑃0,1,2, we must consider the two possibilities, first if link R[1,2] 

is in outage in this case the state of link R[0,1] is irrelevent; the message cannot be 

transmitted. Second if link R[1,2] is not in outage then R[0,1] must be in outage 

otherwise the message will be delivered through path R[0,1,2]. Hence: 

𝑃0,1,2≈𝑃1,2+(1-𝑃1,2)𝑃0,1 

𝑞1
2 ≈ 𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 2 Scenario 1:  

Since both paths R[1,3] & R[2,3] are in outage then both paths R[0,1] & R[0,2] must be 

in outage to ensure that the system is in outage and that R1 & R2 won’t be able to 

transmit/receive any signal. 𝑞2
1=𝑃0,1𝑃0,2 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

. 
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Figure 2. 17: All Possible scenarios in case of IRC2 - 2 relays 
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2.3.2- 3 relays 

Similarly to NIRC Scheme – 3 relays – Method two:  

Let’s consider all the possible links status combinations between the interoperability 

relays and the Destination. Then for each scenario, we must calculate the probability q 

that ensures the system will remain in outage. We have to keep in mind that the link 

between source and destination must remain in outage otherwise the system will 

transmit the message. 

 
Figure 2. 18: IRC2 with 3 relays 

In case of 3 relays for IRC2, 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

 has the same form as [2.1.6].  

Refer to [Fig 2.19], where each scenario is identified, now let’s find q for every possible 

scenario: 

Case 0: Scenario 1 

 Since Links R[1,4], R[2,4] & R[3,4] are in outage, then the system is in outage regardless 

of the state of the remaining links. All relays cannot transmitt the signal to the 

destination.𝑞0
1=1 

Case 1: Scenario 1 

R2 & R3 cannot transmit the signal to the Destination; However since link R[1,4] is not 

in outage and R1 receives the signal through link R[0,1]; then link R[0,1] must be in 

outage to ensure that the system is in outage. In addition R1 can receive the signal 

through node R2 due to the indirect link. If link R[1,2] is in outage no signal reaches R1, 

otherwise if link R[1,2] is not in outage, then we must ensure R2 won’t receive the 

signal through the source and through path R[0,3,2]. 

𝑞1
1=𝑃0,1[𝑃1,2+(1-𝑃1,2) 𝑃0,2(𝑃2,3+(1-𝑃2,3) 𝑃0,3)] 

Case 1: Scenario 2 



 

62 
 

R2 can get the signal in this scenario through the source, R1 (direct link) , R2 (indirect 

link), then link S-R2, path S-R1-R2, path S-R3-R2 must in outagre respectively to ensure 

complete outage by forbidding the signal from reaching D. 

𝑞1
2=𝑃0,2𝑃0,1,2𝑃0,3,2=𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1] [𝑃2,3+(1-𝑃2,3)𝑃0,3] 

 

Case 1: Scenario 3 

Same analysis as case 1 - scenario 3 in IRC1 scheme for 3 relays 

𝑞1
3 ≈ 𝑃0,3[𝑃2,3+(1-𝑃2,3)𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1]] 

Case 2: Scenario 1 

The only deviation from IRC1 is that R2 can receive the signal also through path S-R3-R2 

in this case. 

𝑞2
1=𝑃0,1𝑃0,2𝑃0,3,2=𝑃0,1𝑃0,2[𝑃2,3+(1-𝑃2,3)𝑃0,3] 

Case 2: Scenario 2 

R1 can receive the signal through link S-R1 and S-R2-R1 (indirect link); 

R3 can receive the signal through link S-R3 and S-R2-R3 (direct link); 

Links S-R1 & S-R3 are independent, therefore they shall be be considered in the q 

probability without further investigation, however link S-R2 is shared by both paths S-

R2-R1 & S-R2-R3. 

In this case, we must consider two scenarios: 

- If S-R2 is in outage: No signal will reach both R1 and R3 

- If S-R2 is not in outage then we must ensure that both links R2-R1 (or R1-R2) 

and R2-R3 are in outage.  

𝑞2
2 ≈ 𝑃0,1𝑃0,3[𝑃0,2+(1-𝑃0,2) 𝑃1,2𝑃2,3] 

Case 2: Scenario 3 

Same analysis as case 2 - scenario 3 in IRC1 scheme for 3 relays 

𝑞2
3=𝑃0,2𝑃0,3[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 3: Scenario 1:  

Since all links R[1,4] , R[2,4] & R[3,4] are in outage then links R[0,1], R[0,2] & R[0,3] 

must be in outage to ensure that the system is in outage and that R1 , R2 & R3 won’t be 

able to transmit any signal to the destination. 𝑞3
1=𝑃0,1𝑃0,2𝑃0,3; the state of the 

intercooperation links is irrelevant in this case and the system will remain in outage 

regardless. 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

. 
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Figure 2. 19: All Possible scenarios in case of IRC2 - 3 relays 

2.3.3- 4 relays 

Similarly to NIRC Scheme – 4 relays – Method two:  

Let’s consider all the possible links status combinations between the interoperability 

relays and the Destination. Then for each scenario, we must calculate the probability q 

that ensures the system will remain in outage. We have to keep in mind that the link 

between source and destination must remain in outage otherwise the system will 

transmit the message. 
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Figure 2. 20: IRC2 with 4 relays 

In case of 4 relays for IRC1, 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

  has the same form as [2.1.9].  

Refer to [Fig 2.21] & [Fig 2.22], where each scenario is identified, now let’s find q for 

every possible scenario: 

Case 0: Scenario 1 

Similarly to 3 relays case; 𝑞0
1=1 

Case 1: Scenario 1 

Similarly to 3 relays case; (same analysis but with additional interoperability node); 

𝑞1
1=𝑃0,1[𝑃1,2+(1-𝑃1,2) 𝑃0,2(𝑃2,3+(1-𝑃2,3) 𝑃0,3 (𝑃3,4+(1-𝑃3,4) 𝑃0,4))] 

Case 1: Scenario 2 

R2 receives the signal though S, R1 (direct links) and R3 (indirect links). 

Therefore link S-R2 must be in outage, path S-R1-R2 (due to direct link) & paths S-R3-

R2; S-R4-R3-R2 (due to indirect links) must be in outage. 

𝑞1
2 ≈ 𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1][𝑃2,3+(1-𝑃2,3) 𝑃0,3(𝑃3,4+(1-𝑃3,4) 𝑃0,4)] 

Case 1: Scenario 3 

Similarly to case 1 – scenario 2; 𝑞1
3 ≈ 𝑃0,3[𝑃2,3+(1-𝑃2,3)𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1]] [𝑃3,4+(1-

𝑃3,4) 𝑃0,4] 

Case 1: Scenario 4 

Same analysis as case 1 - scenario 4 in IRC1 scheme for 4 relays 

𝑞1
4=𝑃0,4[𝑃3,4+(1-𝑃3,4) 𝑃0,3[𝑃2,3+(1-𝑃2,3)𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1]]] 

Case 2: Scenario 1 

Same analysis as case 1 – scenario 1 ; 𝑞2
1 = 𝑃0,1𝑃0,2[𝑃2,3+(1-𝑃2,3) 𝑃0,3 (𝑃3,4+(1-𝑃3,4) 𝑃0,4)] 
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Case 2: Scenario 2 

R1 can receive the signal through S-R1 & S-R2-R1 

R3 can receive the signal through S-R3, S-R4-R3 & S-R2-R3. 

We notice that paths S-R2-R1 & S-R2-R3 share the same link S-R2 

In this case, we must consider two scenarios: 

- If S-R2 is in outage: no signal will reach both R1 and R3 

- If S-R2 is not in outage then we must ensure that both links R2-R1 (or R1-R2) 

and R2-R3 are in outage.  

 𝑞2
2 = 𝑃0,1𝑃0,3 [𝑃0,2+(1-𝑃0,2) 𝑃1,2𝑃2,3] [𝑃3,4+(1-𝑃3,4)𝑃0,4] 

Case 2: Scenario 3 

R1 can receive the signal through S-R1 (similar to NIRC case) & through intermediate 

Node R2 (due to indirect links). 

R4 can receive the signal through S-R4(similar to NIRC case) & through intermediate 

Node R3 (due to direct links). 

So links S-R1 & S-R4 must in outage first.  

In addition, to avoid overlapping, we must consider the following scenarios between R1 

& R4 ensuring in every scenario totatl outage, similarly to finding q (for more details, 

check R probabilities). 

In this case, we have 4 scenarios concerning the source to intermediate links statuses: 

- If S-R2 & S-R3 are in outage, no signal will reach R1 and R4 

- If only S-R3 in outage then R3-R2-R1 must in outage as well as R3-R4 

- If only S-R2 in outage then R2-R1 must in outage as well as R2-R3-R4 

- If both are not in outage, then links R2-R1 & R3-R4 must be in outage 

. 𝑞2
3=𝑃0,1𝑃0,4[𝑃0,2𝑃0,3+ (1-𝑃0,2) 𝑃0,3𝑃3,2,1𝑃3,4 + 𝑃0,2(1-𝑃0,3)𝑃2,1𝑃2,3,4+ (1-𝑃0,2)(1-

𝑃0,3) 𝑃2,1𝑃3,4 

Case 2: Scenario 4:  

Same interpretation as case 2- scenario 1, but in this scenario, R2 & R3 can transmit the 

signal to D and R2 can receive the signal also from direct links. 

𝑞2
4=𝑃0,2𝑃0,3[𝑃1,2+(1-𝑃1,2)𝑃0,1] [𝑃3,4+(1-𝑃3,4)𝑃0,4] 

Case 2: Scenario 5: 

Same analysis as case 2 – Scenario 2, but this time we consider the two scenarios of link 

S-R3. 

𝑞2
5=𝑃0,2𝑃0,4[𝑃0,3+(1-𝑃0,3) 𝑃2,3𝑃3,4] [𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 2: Scenario 6: 

Same analysis as case 2 - scenario 6 in IRC1 scheme for 4 relays 

𝑞2
6=𝑃0,3𝑃0,4[𝑃2,3+(1-𝑃2,3)𝑃0,2[𝑃1,2+(1-𝑃1,2)𝑃0,1]] 
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Case 3: Scenario 1:  

Similar interpretation as case 2 – scenario 1 in IRC1 scheme, however R3 can also 

receive the signal through path S-R4-R3 (indirect link). 

. 𝑞3
1=𝑃0,1𝑃0,2𝑃0,3[𝑃3,4+(1-𝑃3,4)𝑃0,4] 

Case 3: Scenario 2:  

Same analysis as case 2 – Scenario 5, However in this case R1 can transmit the signal to 

D, so we must ensure it won’t receive the signal in the first place. The only way R1 

receives the signal is through link S-R1. Link R1-R2 becomes inefficient in transmitting 

the signal from R1 to R2, since R1 has no signal to deliver. 

𝑞3
2=𝑃0,2𝑃0,4[𝑃0,3+(1-𝑃0,3) 𝑃2,3𝑃3,4]  

Case 3: Scenario 3:  

Same interpretation as case 2 – scenario 2, but this time link R3-R4 must not be 

considered (same interpretation as link R1-R2 in case 3 – scenario 2 but in a reversed 

manner) 

. 𝑞3
3=𝑃0,1𝑃0,3 𝑃0,4[𝑃0,2+(1-𝑃0,2) 𝑃1,2𝑃2,3]  

Case 3: Scenario 4: 

Same analysis as case 3 - scenario 4 in IRC1 scheme for 4 relays 

Same interpretation as case 3 – scenario 3. 𝑞3
4=𝑃0,2𝑃0,3𝑃0,4[𝑃1,2+(1-𝑃1,2)𝑃0,1] 

Case 4: 

Since all links R[1,5] , R[2,5], R[3,5] & R[4,5] are in outage then links R[0,1], R[0,2], 

R[0,3] & R[0,4] must be in outage to ensure that the system is in outage and that R1 , 

R2, R3 & R4 won’t be able to transmit any signal to the destination. 𝑞4
1=𝑃0,1𝑃0,2𝑃0,3𝑃0,4; 

the state of the intercooperation links is irrelevant in this case and the system will 

remain in outage regardless. 

By replacing each q by its corresponding value in the general form, we find 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

. 
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Figure 2. 21: All Possible scenarios in case of IRC2 - 4 relays – Part 1 
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Figure 2. 22: All Possible scenarios in case of IRC2 - 4 relays – Part 2 
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2.3.4- N relays 

2.3.4.1-  Calculating q probabilities  

Following the same concept as NIRC & IRC1, we need to calculate q in each scenario, 

however to better understand the concept behind q calculations which might be 

complex in case of IRC2, let’s check out the example below first [Fig. 2.23]. It shall cover 

all the needed tools to calculate q in every scenario: 

Example [Fig. 2.23]: 

This example depicts a particular scenario of a 10 interoperability relays system. 

- 𝑅3&𝑅7 are the only nodes able to pass the signal to 𝐷, in other words the links 

𝑅3,8&𝑅7,8 are not in outage while all other links between interoperability nodes 

and destination are in outage. 

 
Figure 2. 23: Scenario Example in IRC2 

- In this particular scenario, in order to achieve total outage, we must ensure that 

𝑅3 & 𝑅7 won’t receive any signal. 

- What are the means allowing 𝑅3& 𝑅7 to receive the signal? 

o 𝑅3 can receive the signal through the following: 
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A.1- Source S (similar to NIRC case) 

A.2- Node 𝑅2 (due to the direct link of IRC1) 

A.3- Node 𝑅4 (due to the reversed link implemented in IRC2 case) 

o 𝑅7 can receive the signal through the following: 

B.1- Source S (similar to NIRC case) 

B.2- Node 𝑅6 (due to the direct link of IRC1) 

B.3- Node 𝑅8 (due to the reversed link in IRC2 case) 

 

Now the main question is how to calculate q, in order to achieve this target we need to 

dissect this problem into smaller sections and make sure these sections do not 

interfere with each other. Let’s check out the diverse sub-outage probabilities that 

need to be considered in order to reach ultimate outage and thus calculate q. 

2.3.4.2-  Calculating outage probabilities similar to NIRC scheme 

First, since links 𝑅3-D & 𝑅7-D aren’t in outage then links S-𝑅3 & S-𝑅7 must be in outage 

to ensure the signal won’t reach D as seen in “A.1” & “B.1” above.  

These conditions are similar to the NIRC scheme, the interoperability links do not play 

any role and in this case, the only links that matter are the Source to Destination links. 

Let’s denote by this probability:  𝑃𝑁_𝐼𝑅𝐶2. 

Then for this example 𝑃𝑁_𝐼𝑅𝐶2𝑖
𝑘= 𝑞𝑖

𝑘=∏ 𝑃0,𝑘𝑚

𝑚=𝑖
1 =𝑃0,3𝑃0,7 ;  

With: 

i=2 & 𝑆2
𝑘= {𝑅𝑘1, 𝑅𝑘2};  

𝑅𝑘1=𝑅3; 𝑅𝑘2=𝑅7 

 

This outage probability is similar to NIRC form in [2.1.13] and it will have the following 

general form: 

𝑃𝑁_𝐼𝑅𝐶2𝑖
𝑘= 𝑞𝑖

𝑘 = ∏ 𝑃0,𝑘𝑚

𝑚=𝑖
1        

 [2.3.1] 

After taking into consideration  𝑃𝑁_𝐼𝑅𝐶2, check [Fig. 2.24], where the new outage 

conditions are implemented. 

With: 𝑆𝑖
𝑘= {𝑅𝑘1, 𝑅𝑘2,…, 𝑅𝑘𝑖} 
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Figure 2. 24: Scenario Example in IRC2 after PN_IRC2 

2.3.4.3-  Calculating direct probabilities  

While calculating 𝑃𝑁_𝐼𝑅𝐶2, we have ensured that 𝑅3 won’t receive the signal 

from the source. Now we need to ensure 𝑅3 won’t receive the signal through 

direct link 𝑅2-𝑅3. We shall call this outage probability the direct probability 

𝑃𝐷_𝐼𝑅𝐶2 since it represents the outage probabilities stemming from exploiting 

the direct link as in IRC1. 

In this case, we consider that 𝑅3 must not receive any signal through link 𝑅2-𝑅3. 

o If link 𝑅2-𝑅3 is in outage then no signal would reach 𝑅3 through direct 

links and: 

 𝑃𝐷_𝐼𝑅𝐶21,3=P2,3+… 

o If link 𝑅2-𝑅3 is not in outage then we must ensure 𝑅2 won’t receive the 

signal similarly to IRC1 case. Same interpretation until reaching 𝑅1 (The 

first interoperability relay) and  𝑃𝐷_𝐼𝑅𝐶21,3 becomes: 

 𝑃𝐷_𝐼𝑅𝐶21,3= [P2,3+ (1-P2,3) P0,2[P1,2+ (1-P1,2) P0,1]] 
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The general form in this case similarly to IRC1 starting from the first 

interoperability node R1 till reaching the first interoperability node Ry having its 

link with the destination not in outage is: 

- If 𝑅1≠ 𝑅𝑦; 

𝑃𝐷_𝐼𝑅𝐶21,𝑦=[Py−1,y + (1-Py−1,y) P0,y−1[Py−2,y−1 + (1-Py−2,y−1) P0,y−2[… [P1,2 + (1-

P1,2) P0,1]]]] [2.3.2] 
Or 

- If 𝑅1= 𝑅𝑦; 

𝑃𝐷_𝐼𝑅𝐶21,𝑦=1; (or 𝑃𝐷_𝐼𝑅𝐶2 can be discarded completely while calculating q in 

this scenario) 

 

N.B: The only deviation from IRC1 case is that P0,y was omitted in 𝑃𝑁_𝐼𝑅𝐶21,𝑦 

since it was already covered in 𝑃𝑁_𝐼𝑅𝐶2𝑖
𝑘. 

We have now insured that no signal will reach the destination from node R1 till 

Ry. 

After taking into consideration  𝑃𝐷_𝐼𝑅𝐶2, check [Fig. 2.25], where the new 

outage conditions are implemented. 

 
Figure 2. 25: Scenario Example in IRC2 after PD_IRC2 
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2.3.4.4-  Calculating indirect probabilities  

While calculating 𝑃𝑁_𝐼𝑅𝐶2, we have ensured that 𝑅7 won’t receive the signal 

from the source. Now we need to ensure 𝑅7 won’t receive the signal through 

indirect link 𝑅7-𝑅8. We shall call this outage probability the indirect probability 

𝑃𝐼_𝐼𝑅𝐶2 since it represents the outage probabilities stemming from exploiting 

the indirect link as due to IRC2. 

In this case, we consider that 𝑅7 must not receive any signal through link 𝑅7-𝑅8. 

This outage probability is similar to 𝑃𝐷_𝐼𝑅𝐶2 but this time the indirect 

interoperability links are responsible of transmitting the signal to 𝑅7. 

o If link 𝑅7-𝑅8 is in outage then no signal would reach 𝑅7 through indirect 

links and: 

 𝑃𝐼_𝐼𝑅𝐶27,10=P7,8+… 

o If link 𝑅7-𝑅8 is not in outage then we must ensure 𝑅8 won’t receive the 

signal similarly to IRC1 case but in a reversed order. Same interpretation 

until reaching 𝑅10 (The last interoperability relay) and  𝑃𝐼_𝐼𝑅𝐶27,10 

becomes: 

 𝑃𝐼_𝐼𝑅𝐶27,10= [P7,8+ (1-P7,8) P0,8[P8,9+ (1-P8,9) P0,9[P9,10+ (1-P9,10) P0,10]]] 

The general form in this case similarly to 𝑃𝐷_𝐼𝑅𝐶2 but in a reversed manner 

starting from the last interoperability node Rx having its link with the 

destination not in outage till reaching the last interoperability node Rn−1 is: 

- If 𝑅𝑛−1≠ 𝑅𝑥: 

- 𝑃𝐼_𝐼𝑅𝐶2𝑥,𝑛−1=[Px,x+1 + (1-Px,x+1) P0,x+1[Px+1,x+2 + (1-Px+1,x+2) P0,x+2[… [Pn−2,n−1 + (1-

Pn−2,n−1) P0,n−1]]]]        [2.3.3] 

Or 

- If  𝑅𝑛−1= 𝑅𝑥: 

 𝑃𝐼_𝐼𝑅𝐶2𝑥,𝑛−1=1 ; (or 𝑃𝐼_𝐼𝑅𝐶2 can be discarded completely while calculating q in 

this scenario) 

We have now insured that no signal will reach the destination from node Rx till 

Rn−1. 

After taking into consideration  𝑃𝐼_𝐼𝑅𝐶2, check [Fig. 2.26], where the new 

outage conditions are implemented. 
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Figure 2. 26: Scenario Example in IRC2 after PI_IRC2 

2.3.4.5-  Calculating R probabilities  

Now the only remaining part that needs to be covered is the area between 𝑅3 and 𝑅7; 

in other words: 

- No signal must reach 𝑅3 through 𝑅4 

- No signal must reach 𝑅7 through 𝑅6 

We shall call this outage probability the R probability 𝑅_𝐼𝑅𝐶2 and it shall represents 

the outage between two interoperability nodes. In this example, these two nodes 

are 𝑅3 and 𝑅7, thus we need to calculate 𝑅_𝐼𝑅𝐶23,7. 

In order to calculate _𝐼𝑅𝐶2 , we shall consider a similar method as to calculating 

𝑃𝑜𝑢𝑡,1 probability by considering all the possible scenarios and cases. Before 

considering the general case of 𝑅_𝐼𝑅𝐶2, let’s solve 𝑅_𝐼𝑅𝐶23,7, below we detailed all 

the steps to be followed. 

We must keep in mind first that: 

- Links 𝑅3-D & 𝑅7-D are in outage in this example. 

- Links S- 𝑅3 & S- 𝑅7must be in outage as already covered. 

Thus while calculating the R probability and covering the area between 𝑅3 and 𝑅7, 

nodes 𝑅4, 𝑅5 & 𝑅6 will be responsible of forwarding the signal to 𝑅3 or/and 𝑅7. 

𝑅_𝐼𝑅𝐶23,7 can be written as:  

 

𝑅_𝐼𝑅𝐶23,7=  [𝑃0,4𝑃0,5𝑃0,6ℎ0
1 +  Case 0 
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(1 − 𝑃0,4)𝑃0,5𝑃0,6ℎ1
1+ 

𝑃0,4(1 − 𝑃0,5)𝑃0,6ℎ1
2+ 

𝑃0,4𝑃0,5(1 − 𝑃0,6)ℎ1
3+ 

 

(1 − 𝑃0,4)𝑃0,5𝑃0,6ℎ2
1+ 

(1 − 𝑃0,4)𝑃0,5𝑃0,6ℎ2
2+ 

(1 − 𝑃0,4)𝑃0,5𝑃0,6ℎ2
3+ 

 

(1 − 𝑃0,4)(1 − 𝑃0,5)(1 − 𝑃0,6)ℎ3
1] 

 

In the above form, we considered all the possible link states (in outage or not) between 

the source and the intermediate interoperability Relays 𝑅4, 𝑅5 & 𝑅6. 

In case 0, we considered that all the links are in outage. It contains one scenario. 

In case 1, we considered all the scenarios where only one link is not in outage. It 

contains three scenarios. 

In case 2, we considered all the scenarios where only two links are not in outage. It 

contains three scenarios. 

In case 3, we considered that none of the links is in outage. It contains one scenario. 

By representing 𝑅𝐼𝑅𝐶23,7
 under this form, we have taken into consideration all the 

possible scenarios between the source and the intermediate links thus covering all the 

possibilities in our system between 𝑅3 & 𝑅7. Now similarly to q probabilities, we must 

calculate h probabilities. 

In this example: 

Case 0: Scenario 1: 

- ℎ0
1=1 ; Since no intermediate node is receiving the signal from the source; 

there’s no extra outage probability to implement. 

Case 1: Scenario 1: 

The only intermediate node receiving the signal is 𝑅4; thus through 𝑅4 the signal 

can reach 𝑅3 or 𝑅7. 

How to prevent it? 

- Link 𝑅3,4 must be in outage, otherwise the signal will reach D through path 

𝑅0,4,3,𝐷. 

𝑃3,4 should be then considered. 

- Path 𝑅4,5,6,7 must be also in outage, otherwise the signal will reach D through 

path 𝑅0,4,5,6,7,𝐷. 

Case 1 

Case 2 

Case 3 
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Bearing in mind that a serial multi-hop path is not in outage only when all its 

links are not in outage resulting in: 

𝑃𝑖,𝑗,…,𝑚,𝑛=1-(1-𝑃𝑖,𝑗)*…* (1-𝑃𝑚,𝑛); 

In this case: 𝑃4,5,6,7=1- (1-𝑃4,5)(1-𝑃5,6) (1-𝑃6,7); 

If the above conditions are respected no signal will reach 𝑅3 or 𝑅7 due to the 

intermediate nodes in this scenario. 

ℎ1
1=𝑃3,4*𝑃4,5,6,7=𝑃3,4*[1- (1-𝑃4,5)(1-𝑃5,6)(1-𝑃6,7)] ; 

Case 1: Scenario 2: 

Similar interpretation to case 1, scenario 1: 

ℎ1
2=𝑃3,4,5*𝑃5,6,7=[1- (1-𝑃3,4)(1-𝑃4,5)]*[1- (1-𝑃5,6)(1-𝑃6,7)] ; 

Case 1: Scenario 3: 

Similarly: 

ℎ1
3=𝑃3,4,5,6*𝑃6,7=[1- (1-𝑃3,4)(1-𝑃4,5)(1-𝑃5,6)]*𝑃6,7; 

Case 2: Scenario 1: 

The intermediate nodes receiving the signal are 𝑅4 & 𝑅5; thus through 𝑅4 the signal 

can reach 𝑅3 and through 𝑅5, it can reach 𝑅7. The status of the interoperability link 

between 𝑅4 & 𝑅5 in this case is irrelevant. 

Why is it irrelevant? 

- Since while calculating R probability, the only way 𝑅3 receives the signal is 

through 𝑅4 and 𝑅4 already has the signal then the fact that link 𝑅4,5 can 

transmit the signal to 𝑅4 is irrelevant. 𝑅4 already has it. Similar interpretation as 

to using 𝑅4,5 to transmit the signal to 𝑅5 

Now what are the conditions ensuring the outage probability in this scenario? 

- Link 𝑅3,4 must be in outage, otherwise the signal will reach D through path 

𝑅0,4,3,𝐷. 

𝑃3,4 should be then considered. 

- Path 𝑅5,6,7 must be also in outage, otherwise the signal will reach D through 

path 𝑅0,5,6,7,𝐷. 

𝑃5,6,7=1- (1-𝑃5,6) (1-𝑃6,7); then: 

ℎ2
1=𝑃3,4*𝑃5,6,7=𝑃3,4*[1- (1-𝑃5,6)(1-𝑃6,7)] ; 

Case 2: Scenario 2: 

Similarly 

ℎ2
2=𝑃3,4*𝑃6,7; 

Case 2: Scenario 3: 

Similarly 

ℎ2
3=𝑃3,4,5*𝑃6,7=[1- (1-𝑃3,4)(1-𝑃4,5)] *𝑃6,7; 
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Case 3: Scenario 1: 

The intermediate nodes receiving the signal are 𝑅4, 𝑅5 &𝑅6  ; thus through 𝑅4 the 

signal can reach 𝑅3 and through 𝑅6, it can reach 𝑅7. The status of the 

interoperability links between 𝑅4 & 𝑅6 in this case are irrelevant. Same explanation 

as case 2; scenario 1. 

ℎ3
1=𝑃3,4*𝑃6,7; 

Now by replacing h probabilities, we can find 𝑅_𝐼𝑅𝐶23,7. 

Kindly note that R probabilities 𝑅_𝐼𝑅𝐶2 between two nodes can be found only once 

and implemented later on in diverse scenarios. 

After taking into consideration  𝑅_𝐼𝑅𝐶2, check [Fig. 2.27], where the new outage 

conditions are implemented as well as the diverse scenarios. 

 

 
Figure 2. 27: Scenario Example in IRC2 after R_IRC2 

  



 

78 
 

Calculating q of Example Fig 2.23 

 

After finding 𝑃𝑁_𝐼𝑅𝐶2, 𝑃𝐷_𝐼𝑅𝐶2, 𝑃𝐼_𝐼𝑅𝐶2 & 𝑅_𝐼𝑅𝐶2, the q probability for this 

example (scenario) becomes: 

𝑞2
𝑘=𝑃𝑁_𝐼𝑅𝐶22

𝑘*𝑃𝐷_𝐼𝑅𝐶21,3*𝑅_𝐼𝑅𝐶23,7*𝑃𝐼_𝐼𝑅𝐶27,10. 

 

With: 

i=2 & 𝑆2
𝑘= {𝑅𝑘1, 𝑅𝑘2};  

𝑅𝑘1=𝑅3; 𝑅𝑘2=𝑅7 

 

2.3.4.6-  Calculating h probabilities  

Regardless of the system we’re adopting, the R outage probability can be written as the 

below form bearing in mind that the R probability depicted in this general case is 

between two relays 𝑅𝑥 & 𝑅𝑦having their links with the destination not in outage while 

all of their intermediate nodes have their corresponding links with the destination in 

outage:  

𝑅_𝐼𝑅𝐶2𝑥,𝑦=[𝑃0,𝑥+1𝑃0,𝑥+2 … . 𝑃0,𝑦−2𝑃0,𝑦−1ℎ0
1 +  

 

(1 − 𝑃0,𝑥+1)𝑃0,𝑥+2 … . 𝑃0,𝑦−1ℎ1
1 +  𝑃0,𝑥+1(1 − 𝑃0,𝑥+2) … . 𝑃0,𝑦−1ℎ1

2 +  …. + 

𝑃0,𝑥+1𝑃0,𝑥+2 … . (1 − 𝑃0,𝑦−1)ℎ1

𝐶𝑦−𝑥−1
1

+ 

 

(1 − 𝑃0,𝑥+1)(1 − 𝑃0,𝑥+2) … . 𝑃0,𝑦−1ℎ2
1 +  (1 − 𝑃0,𝑥+1)𝑃0,𝑥+2(1 − 𝑃0,𝑥+3) … . 𝑃0,𝑦−1ℎ2

2 +  

…. + 

𝑃0,𝑥+1𝑃0,𝑥+2 … . (1 − 𝑃0,𝑦−2)(1 − 𝑃0,𝑦−1)ℎ2

𝐶𝑦−𝑥−1
2

+ 

 

+ ….. + 

 

(1 − 𝑃0,𝑥+1)(1 − 𝑃0,𝑥+2)(1 − 𝑃0,𝑥+3) … (1 − 𝑃0,𝑖) … 𝑃0,𝑦−1ℎ𝑖
1 +  (1 − 𝑃0,𝑥+1)(1 −

𝑃0,𝑥+2) … (1 − 𝑃0,𝑖−1)𝑃0,𝑖(1 − 𝑃0,𝑖+1)𝑃0,𝑖+2 … 𝑃0,𝑦−1ℎ𝑖
2 + ⋯ +  𝑃0,𝑥+1𝑃0,𝑥+2 … (1 −

𝑃0,𝑦−𝑖) … (1 − 𝑃0,𝑦−2)(1 − 𝑃0,𝑦−1)ℎ
𝑖

𝐶𝑦−𝑥−1
𝑖

+ 

 

+ ….. + 

 

 

(1 − 𝑃0,𝑥+1)(1 − 𝑃0,𝑥+2)(1 − 𝑃0,𝑥+3) … (1 − 𝑃0,𝑦−1)ℎ𝑦−𝑥−1
1   ]   [2.3.4] 

Case 0 

Case 1 

Case y-x-1 

Case i 

Case 2 



 

79 
 

𝑃𝑖,𝑗 denotes that link 𝑅𝑖 to 𝑅𝑗 is in outage. 

(1-𝑃𝑖,𝑗 ) denotes that link 𝑅𝑖 to 𝑅𝑗 is not in outage. 

 

In the above form, we considered all the possible links state (in outage or not) between 

the source and the intermediate interoperability Relays. 

For example in case 0, we considered that all the links are in outage. It has one scenario 

In case 1, we considered all the scenarios where only one link is not in outage. It has 

𝐶𝑦−𝑥−1
1  scenarios 

In case 2, we considered all the scenarios where only two links are not in outage. It has 

𝐶𝑦−𝑥−1
2  scenarios 

…. 

In case i, we considered all the scenarios where only i links are not in outage. . It has 

𝐶𝑦−𝑥−1
𝑖  scenarios 

…. 

In case y-x-1, we considered that no link is in outage. . It has 𝐶𝑦−𝑥−1
𝑦−𝑥−1

 =1 scenario. 

 

In the above form, we considered all the possible link states (in outage or not) between 

the source and the intermediate interoperability Relays. Hence we have to calculate 

the h probability of every scenario. 

“h probability” must ensure that the system will remain in outage in each scenario. 

 

The general form of h has the following form: 

- ℎ𝑖
𝑘 

o i denotes the case 

or denotes the number of nodes having their link with the destination not in 

outage 

i ∈ [0    𝑦 − 𝑥 − 1] 

o k denotes a specific scenario of case i 

k ∈ [1   𝐶𝑦−𝑥−1
𝑖 ]  

 

Let’s denote by 𝑇𝑖, the combination set of intermediate nodes having their link with the 

source not in outage for a certain case i. 

With ∥ 𝑇𝑖 ∥= 𝐶𝑛−1
𝑖 ; 

𝑇𝑖
𝑘 represents the set of intermediate nodes having their link with the source not in 

outage for certain scenario k - case i. 

𝑇𝑖
𝑘= {𝑅𝑘1, 𝑅𝑘2,…, 𝑅𝑘𝑖} 
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Case 0: 𝑃0,𝑥+1 … . 𝑃0,𝑦−1ℎ0
1 

The system will still be in outage irrespective of the intermediate interoperability links 

state. Then ℎ0
1=1 

 

Case 1:  

(1 − 𝑃0,𝑥+1)𝑃0,𝑥+2 … . 𝑃0,𝑦−1ℎ1
1 +  𝑃0,𝑥+1(1 − 𝑃0,𝑥+2) … . 𝑃0,𝑦−1ℎ1

2 +  …. + 

𝑃0,𝑥+1𝑃0,𝑥+2 … . (1 − 𝑃0,𝑦−1)ℎ1

𝐶𝑦−𝑥−1
1

+ 

 

Only one intermediate node can forward the signal to 𝑅𝑥 & 𝑅𝑦 

- ℎ1
1: Only Node 𝑅𝑥+1 received the signal:ℎ1

1= 𝑃𝑥,𝑥+1𝑃𝑥+1,…,𝑦 

- ℎ1
2: Only Node 𝑅𝑥+2 received the signal:ℎ1

2= 𝑃𝑥,𝑥+1,𝑥+2𝑃𝑥+2,…,𝑦 

- …. 

- ℎ1

𝐶𝑦−𝑥−1
1

: Only Node 𝑅𝑦−1 received the signal:ℎ1

𝐶𝑦−𝑥−1
1

= 𝑃𝑥,…,𝑦−1𝑃𝑦−1,𝑦 

 

Case 2: (1 − 𝑃0,𝑥+1)(1 − 𝑃0,𝑥+2) … . 𝑃0,𝑦−1ℎ2
1 +  (1 − 𝑃0,𝑥+1)𝑃0,𝑥+2(1 −

𝑃0,𝑥+3) … . 𝑃0,𝑦−1ℎ2
2 +  …. + 

𝑃0,𝑥+1𝑃0,𝑥+2 … . (1 − 𝑃0,𝑦−2)(1 − 𝑃0,𝑦−1)ℎ2

𝐶𝑦−𝑥−1
2

 

Only two intermediate nodes can forward the signal to 𝑅𝑥 & 𝑅𝑦 

- ℎ2
1: Nodes 𝑅𝑥+1 & 𝑅𝑥+2 received the signal:ℎ2

1= 𝑃𝑥,𝑥+1𝑃𝑥+2…,𝑦 

- ℎ2
2: Nodes 𝑅𝑥+1 & 𝑅𝑥+3 received the signal:ℎ2

2= 𝑃𝑥,𝑥+1𝑃𝑥+3,…,𝑦 

- …. 

- ℎ2

𝐶𝑦−𝑥−1
2

: Nodes 𝑅𝑦−2 & 𝑅𝑦−1 received the signal:ℎ2

𝐶𝑦−𝑥−1
2

= 𝑃𝑥,…,𝑦−2𝑃𝑦−1,𝑦 

 

 

Case i:(1 − 𝑃0,𝑥+1)(1 − 𝑃0,𝑥+2)(1 − 𝑃0,𝑥+3) … (1 − 𝑃0,𝑖) … 𝑃0,𝑦−1ℎ𝑖
1 +  (1 −

𝑃0,𝑥+1)(1 − 𝑃0,𝑥+2) … (1 − 𝑃0,𝑖−1)𝑃0,𝑖(1 − 𝑃0,𝑖+1)𝑃0,𝑖+2 … 𝑃0,𝑦−1ℎ𝑖
2 + ⋯ +

 𝑃0,𝑥+1𝑃0,𝑥+2 … (1 − 𝑃0,𝑦−𝑖) … (1 − 𝑃0,𝑦−2)(1 − 𝑃0,𝑦−1)ℎ
𝑖

𝐶𝑦−𝑥−1
𝑖

+ 

 

In order to generalize, and evaluate ℎ𝑖
𝑘, let’s consider that in this general scenario, 

Intermediate Nodes 𝑅𝑘1 …𝑅𝑘𝑖  received the signal from S, then we must ensure that 

nodes 𝑅𝑥 & 𝑅𝑦 won’t receive the signal from these intermediate nodes: 

  ℎ𝑖
𝑘 = 𝑃𝑥,…,𝑘1𝑃𝑘𝑖…,𝑦−1 ;      

 [2.3.5] 
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Bearing in mind that a serial multi-hop path is not in outage only when all its links are 

not in outage resulting in: 

𝑃𝑖,𝑗,…,𝑚,𝑛=1-(1-𝑃𝑖,𝑗)*…* (1-𝑃𝑚,𝑛); 

 

  ℎ𝑖
𝑘 = 𝑃𝑥,…,𝑘1𝑃𝑘𝑖…,𝑦−1=[1-(1-𝑃𝑥,𝑥+1)*…* (1-𝑃𝑘1−1,𝑘1)]*[1-(1-𝑃𝑘𝑖,𝑘𝑖+1)*…* (1-

𝑃𝑦−2,𝑦−1)]; [2.3.6] 

 

With: 𝑇𝑖
𝑘= {𝑅𝑘1, 𝑅𝑘2,…, 𝑅𝑘𝑖} 

 

N.B.1: 

𝑅_𝐼𝑅𝐶2𝑥,𝑦=1  

In case nodes 𝑅𝑥 & 𝑅𝑦 are consecutive, no intermediate interoperability relay exists in 

this case; so no further conditions need to be implemented. R probability will equal 1. 

(or 𝑅_𝐼𝑅𝐶2 can be discarded completely while calculating q in this scenario) 

 

N.B.2: 

In case, only one node 𝑅𝑥 has a link not in outage with destination D in a certain 

scenario. Then no R probability should be considered while calculating q. 
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2.3.4.7-  Calculating q probabilities  

Let’s calculate now 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

 based on the general form already developed in [2.1.12]. 

Case 0: 𝑃1,𝑛𝑃2,𝑛𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞0 

The system will still be in outage irrespective of the other remaining links. Then 𝑞0=1 

 

Case 1: (1 − 𝑃1,𝑛)𝑃2,𝑛𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞1
1 +  𝑃1,𝑛(1 − 𝑃2,𝑛)𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞1

2 + ⋯ +

 𝑃1,𝑛𝑃2,𝑛 … 𝑃𝑛−2,𝑛(1 − 𝑃𝑛−1,𝑛)𝑞1
𝑛−1 

 

Only one link between the interoperability relays to destination can forward the signal. 

(No R probability considered in this case) 

- 𝑞1
1: Link 𝑅1,𝑛 is not in outage:𝑞1

1= 𝑃𝑁_𝐼𝑅𝐶21
1*𝑃𝐷_𝐼𝑅𝐶21,1*𝑃𝐼_𝐼𝑅𝐶21,n−1 

- 𝑞1
2: Link 𝑅2,𝑛 is not in outage:𝑞1

2= 𝑃𝑁_𝐼𝑅𝐶21
2*𝑃𝐷_𝐼𝑅𝐶21,2*𝑃𝐼_𝐼𝑅𝐶22,n−1 

- 𝑞1
3: Link 𝑅3,𝑛 is not in outage:𝑞1

3= 𝑃𝑁_𝐼𝑅𝐶21
3*𝑃𝐷_𝐼𝑅𝐶21,3*𝑃𝐼_𝐼𝑅𝐶23,n−1 

-  

- …. 

- 𝑞1
𝑛−1:Link 𝑅𝑛−1,𝑛 is not in outage:𝑞1

𝑛−1= 

𝑃𝑁_𝐼𝑅𝐶21
𝑛−1*𝑃𝐷_𝐼𝑅𝐶21,n−1*𝑃𝐼_𝐼𝑅𝐶2n−1,n−1 

 

Case 2: (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)𝑃3,𝑛 … 𝑃𝑛−1,𝑛𝑞2
1 +  (1 − 𝑃1,𝑛)𝑃2,𝑛(1 − 𝑃3,𝑛) … 𝑃𝑛−1,𝑛𝑞2

2 +

⋯ +  𝑃1,𝑛𝑃2,𝑛

…
(1 − 𝑃𝑛−2,𝑛)(1 − 𝑃

𝑛−1,𝑛
)𝑞2

𝐶𝑛−1
2

 

Only two links between the interoperability relays to destination can forward the 

signal. 

- 𝑞2
1: Links 𝑅1,𝑛𝑎𝑛𝑑 𝑅2,𝑛 are not in outage: 

𝑞2
1=𝑃𝑁_𝐼𝑅𝐶22

1*𝑃𝐷_𝐼𝑅𝐶21,1*𝑅_𝐼𝑅𝐶21,2*𝑃𝐼_𝐼𝑅𝐶22,n−1 

- 𝑞2
2: Links 𝑅1,𝑛𝑎𝑛𝑑 𝑅3,𝑛 are not in outage: 

𝑞2
2=𝑃𝑁_𝐼𝑅𝐶22

2*𝑃𝐷_𝐼𝑅𝐶21,1*𝑅_𝐼𝑅𝐶21,3*𝑃𝐼_𝐼𝑅𝐶23,n−1 

- … 

- 𝑞2
𝐶𝑛−1

2

: Links 𝑅𝑛−2,𝑛𝑎𝑛𝑑 𝑅𝑛−1,𝑛 are not in outage: 

𝑞2
𝐶𝑛−1

2

=𝑃𝑁_𝐼𝑅𝐶22
𝑛−1*𝑃𝐷_𝐼𝑅𝐶21,n−2*𝑅_𝐼𝑅𝐶2n−2,n−1*𝑃𝐼_𝐼𝑅𝐶2n−1,n−1 

 

Case 3: (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … 𝑃𝑛−1,𝑛𝑞3
1 +  (1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)𝑃3,𝑛(1 −

𝑃4,𝑛) … 𝑃𝑛−1,𝑛𝑞3
2 + ⋯ +  𝑃1,𝑛𝑃2,𝑛 … (1 − 𝑃𝑛−3,𝑛)(1 − 𝑃𝑛−2,𝑛)(1 − 𝑃𝑛−1,𝑛)𝑞3

𝐶𝑛−1
3

 

- 𝑞3
1: Links 𝑅1,𝑛 , 𝑅2,𝑛&𝑅3,𝑛 are not in outage: 

𝑞3
1=𝑃𝑁_𝐼𝑅𝐶23

1*𝑃𝐷_𝐼𝑅𝐶21,1*𝑅_𝐼𝑅𝐶21,2*𝑅_𝐼𝑅𝐶22,3*𝑃𝐼_𝐼𝑅𝐶23,n−1 
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- 𝑞2
2: Links 𝑅1,𝑛 , 𝑅2,𝑛&𝑅4,𝑛 are not in outage: 

𝑞3
2=𝑃𝑁_𝐼𝑅𝐶23

2*𝑃𝐷_𝐼𝑅𝐶21,1*𝑅_𝐼𝑅𝐶21,2*𝑅_𝐼𝑅𝐶22,4*𝑃𝐼_𝐼𝑅𝐶24,n−1 

- … 

- 𝑞3
𝐶𝑛−1

3

: Links 𝑅𝑛−3,𝑛 , 𝑅𝑛−2,𝑛&𝑅𝑛−1,𝑛 are not in outage: 

𝑞3
𝐶𝑛−1

3

=𝑃𝑁_𝐼𝑅𝐶23
𝑛−1*𝑃𝐷_𝐼𝑅𝐶21,1*𝑅_𝐼𝑅𝐶2n−3,n−2*𝑅_𝐼𝑅𝐶2n−2,n−1*

𝑃𝐼_𝐼𝑅𝐶2n−1,n−1 

 

Case i:(1 − 𝑃1,𝑛)(1 − 𝑃2,𝑛)(1 − 𝑃3,𝑛) … (1 − 𝑃𝑖,𝑛) … 𝑃𝑛−1,𝑛𝑞𝑖
1 +  (1 − 𝑃1,𝑛)(1 −

𝑃2,𝑛) … (1 − 𝑃𝑖−1,𝑛)𝑃𝑖,𝑛(1 − 𝑃𝑖+1,𝑛)𝑃𝑖+2,𝑛 … 𝑃𝑛−1,𝑛𝑞𝑖
2 + ⋯ +  𝑃1,𝑛𝑃2,𝑛 … (1 −

𝑃𝑛−𝑖,𝑛) … (1 − 𝑃𝑛−2,𝑛)(1 − 𝑃𝑛−1,𝑛)𝑞𝑖
𝐶𝑛−1

𝑖

 

 

In order to generalize, and evaluate 𝑞𝑖
𝑘, let’s consider that in this specific scenario, 

Nodes 𝑅𝑘1 …𝑅𝑘𝑖 can actually forward the signal to D: 

 𝑞𝑖
𝑘 = 𝑃𝑁_𝐼𝑅𝐶2𝑖

𝑘 ∗ 𝑃𝐷_𝐼𝑅𝐶21,k1 ∗ 𝑃𝐼_𝐼𝑅𝐶2ki,n−1 ∏ 𝑅_𝐼𝑅𝐶2km,km+1
𝑚=𝑖−1
1  ; 

  [2.3.10] 

 

With: 

𝑆𝑖
𝑘= {𝑅𝑘1, 𝑅𝑘2,…, 𝑅𝑘𝑖} 

 

By using 𝑃𝑁_𝐼𝑅𝐶2, 𝑃𝐷_𝐼𝑅𝐶2, 𝑃𝐼_𝐼𝑅𝐶2 & 𝑅_𝐼𝑅𝐶2, we dissected each scenario. 

- 𝑃𝑁_𝐼𝑅𝐶2 will make sure that the source won’t forward the signal to the 

interoperability nodes that can transmit it to D similarly to NIRC case. 

- 𝑃𝐷_𝐼𝑅𝐶2 will cover the area between 𝑅1 and the first interoperability node 𝑅𝑘1 

having its link with the destination not in outage. Only the direct links will be 

responsible of transmitting the signal to 𝑅𝑘1. 𝑃𝐷_𝐼𝑅𝐶2 will have a similar form 

to IRC1. 

- 𝑅_𝐼𝑅𝐶2 will be used inside the system to cover the outage probabilities 

between every two nodes 𝑅𝑘𝑖 & 𝑅𝑘𝑖+1. 

𝑅𝑘𝑖+1 must be the closest node to 𝑅𝑘𝑖 having its link with the destination not in 

outage. 

𝑅_𝐼𝑅𝐶2 can be employed multiple times inside a system depending on the 

number of nodes having their link with the destination not in outage. 

- 𝑃𝐼_𝐼𝑅𝐶2 similarly to 𝑃𝐷_𝐼𝑅𝐶2 but in a reversed manner will cover the area 

between the last interoperability node having its link with the destination not in 

outage and 𝑅𝑛−1. 

 

The above probabilities are calculated only once and then implemented when needed.  
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Chapter 3 

 

 

Diversity order 

The outage probability expressions seen in chapter 2 contain lots of terms and are 

difficult to analyze, hence the need of an asymptotic analysis through the diversity order 

which allow us to compare the considered cooperation schemes under different network 

setups.  

“For large values of the SNR, the outage performance is dominated by the behavior of 

the pdf near the origin where it can be approximated by”: 

       [3.1] 

Where 𝑎𝑖,𝑗  is defined as: 

     [3.2] 

The outage probability can be approximated then by: 

      [3.3] 

“Based on the approximation in [3.3] that scales asymptotically as 𝑃 𝑀
−𝛽𝑖,𝑗”, the diversity 

orders of each scheme will be derived using 𝛽𝑖,𝑗  parameters. As we previously seen, 𝛽𝑖,𝑗  

are affected by the link distances. Thus the diversity orders will be affected by the system 

topology in every scheme. 

- Example as to how the diversity orders are calculated, let’s consider: 

𝑃𝑜𝑢𝑡,1=𝑃0,1𝑃0,2; 

𝐿𝑜𝑔(𝑃𝑜𝑢𝑡,1) = 𝐿𝑜𝑔(𝑃0,1𝑃0,2) 

  ∼ 𝐿𝑜𝑔(𝑃𝑀

−𝛽0,1𝑃𝑀

−𝛽0,2) 

  ∼ 𝐿𝑜𝑔(𝑃𝑀

−𝛽0,1) + 𝐿𝑜𝑔(𝑃𝑀

−𝛽0,2) 
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  ∼ −𝛽0,1𝐿𝑜𝑔(𝑃𝑀) −𝛽0,2𝐿𝑜𝑔(𝑃𝑀) 

  ∼ −(𝛽0,1+𝛽0,2) 𝐿𝑜𝑔(𝑃𝑀) 

𝑃𝑜𝑢𝑡,1 forms might change from one scheme to another but when we consider the 

logarithmic scale as the above case then -𝐿𝑜𝑔(𝑃𝑀) will always be present in this form so it 

must be discarded since it doesn’t vary. The parameters that will change are the 𝛽𝑖,𝑗 

parameters depending on 𝑃𝑜𝑢𝑡,1 form thus drawing comparisons between diverse 

schemes in this case will be possible. (𝛽0,1+𝛽0,2) will represent then the diversity order 

of this example. 

 

We shall denote by 𝑑1
(𝑁𝐼𝑅𝐶)

, 𝑑1
(𝑁𝐼𝑅𝐶)

 & 𝑑1
(𝑁𝐼𝑅𝐶)

 the diversity orders of schemes NIRC, IRC1 

& IRC2 respectively. Notation d(IRC) is also used in some parts of this document. 

3.1- NIRC 

3.1.1- N relays 

 
Figure 3. 1: NIRC Scheme with N relays 

At large SNR, the outage probability of NIRC scheme scales asymptotically as: 

𝑃𝑜𝑢𝑡,1
(𝑁𝐼𝑅𝐶)

 ≈ 𝑃0,𝑛(𝑃0,1+𝑃1,𝑛)(𝑃0,2+𝑃2,𝑛)(𝑃0,3+𝑃3,𝑛)… (𝑃0,𝑛−2+𝑃𝑛−2,𝑛)(𝑃0,𝑛−1+𝑃𝑛−1,𝑛) 

≈ 𝑃0,𝑛 ∏ (𝑃0,𝑖 + 𝑃𝑖,𝑛)𝑛−1
𝑖=1  

Based on the approximation that scales asymptotically as 𝑃𝑀

(−𝛽𝑖,𝑗)
, then the diversity 

order of this scheme is given by: 

𝑑1
(𝑁𝐼𝑅𝐶)

= 𝛽0,𝑛 + min {𝛽0,1+𝛽1,𝑛} + min {𝛽0,2+𝛽2,𝑛} + min {𝛽0,3+𝛽3,𝑛} +… 

 + min {𝛽0,𝑛−2+𝛽𝑛−2,𝑛} + min {𝛽0,𝑛−1+𝛽𝑛−1,𝑛} 
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= 𝛽0,𝑛 + ∑ min {𝛽0,𝑖 + 𝛽𝑖,𝑛}   
𝑛−1

𝑖=1
      [3.4] 

Example in case of 3 relays, the diversity order of NIRC becomes: 

𝑑1
(𝑁𝐼𝑅𝐶)

= 𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽0,1, 𝛽2,4+𝛽3,4+𝛽1,4, 𝛽1,4+𝛽3,4+𝛽0,2, 

𝛽1,4+𝛽2,4+𝛽0,3,𝛽3,4+𝛽0,1+𝛽0,2, 𝛽2,4+𝛽0,1+𝛽0,3, 𝛽1,4+𝛽0,2+𝛽0,3, 𝛽0,1+𝛽0,2+𝛽0,3} [3.5] 

3.2- IRC1 

3.2.1- 2 relays 

In case of 2 relays, the outage probability of IRC1 has the following form (by replacing 

the q probabilities in the general form 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

 in case of two relays): 

𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

=𝑃0,3.[𝑃1,3𝑃2,3𝑞0 +  (1 − 𝑃1,3)𝑃2,3𝑞1
1 +  𝑃1,3(1 − 𝑃2,3)𝑞1

2 + (1 − 𝑃1,3)(1 −

𝑃2,3)𝑞2
1] 

𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

=𝑃0,3.[𝑃1,3𝑃2,3 +  (1 − 𝑃1,3)𝑃2,3𝑃0,1 +  𝑃1,3(1 − 𝑃2,3)𝑃0,2[𝑃1,2 + (1 − 𝑃1,2)𝑃0,1] +

(1 − 𝑃1,3)(1 − 𝑃2,3)𝑃0,1𝑃0,2] 

Now we can derive the diversity order form: 

𝑑1
(𝐼𝑅𝐶1)

= 𝛽0,3 + min {𝛽0,1+𝛽0,2, 𝛽1,3+𝛽2,3, 𝛽0,1+𝛽2,3, 𝛽0,2+𝛽1,2+𝛽1,3}   [3.6] 

Note that since the parameters 𝛽𝑖,𝑗 can take arbitrary values depending on the relay 

positions, further simplifications of the above expression are not possible. 

3.2.2- 3 relays 

In case of 3 relays, the outage probability of IRC1 has the following form: 

𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

 =𝑃0,4.[𝑃1,4𝑃2,4𝑃3,4 +  (1 − 𝑃1,4)𝑃2,4𝑃3,4𝑃0,1  +  𝑃1,4(1 − 𝑃2,4)𝑃3,4𝑃0,2[𝑃1,2 +

(1 − 𝑃1,2)𝑃0,1] +  𝑃1,4𝑃2,4(1 − 𝑃3,4)𝑃0,3{𝑃2,3 + (1 − 𝑃2,3)𝑃0,2[𝑃1,2 + (1 − 𝑃1,2)𝑃0,1]} +

(1 − 𝑃1,4)(1 − 𝑃2,4)𝑃3,4𝑃0,1𝑃0,2 + (1 −  𝑃1,4)𝑃2,4(1 − 𝑃3,4)𝑃0,1𝑃0,3[𝑃2,3 +

(1 − 𝑃2,3)𝑃0,2] + 𝑃1,4(1 − 𝑃2,4)(1 − 𝑃3,4)𝑃0,2𝑃0,3[𝑃1,2 + (1 − 𝑃1,2)𝑃0,1] + (1 −

 𝑃1,4)(1 − 𝑃2,4)(1 − 𝑃3,4)𝑃0,1𝑃0,2𝑃0,3] 

𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶1)

≈ 𝑃0,4.[𝑃1,4𝑃2,4𝑃3,4 +  𝑃2,4𝑃3,4𝑃0,1− 𝑃1,4𝑃2,4𝑃3,4𝑃0,1  +  𝑃1,4𝑃3,4𝑃0,2𝑃1,2 +

𝑃3,4𝑃0,1𝑃0,2 − 𝑃2,4𝑃3,4𝑃0,1𝑃0,2 + 𝑃1,4𝑃2,4𝑃0,3𝑃2,3  + 𝑃2,4𝑃0,1𝑃0,3𝑃2,3 + 𝑃1,4𝑃0,2𝑃0,3𝑃1,2 +

𝑃0,1𝑃0,2𝑃0,3−𝑃3,4𝑃0,1𝑃0,2𝑃0,3] 

Now let’s derive the diversity order form: 
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𝑑1
(𝐼𝑅𝐶1)

=𝛽0,4+min{𝛽2,4+𝛽3,4+𝛽0,1,𝛽2,4+𝛽3,4+𝛽1,4,𝛽1,4+𝛽3,4+𝛽0,2+𝛽1,2,𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3,

𝛽3,4+𝛽0,1+𝛽0,2, 𝛽2,4+𝛽0,1+𝛽0,3+𝛽2,3, 𝛽1,4+𝛽0,2+𝛽0,3+𝛽1,2, 𝛽0,1+𝛽0,2+𝛽0,3}  [3.7] 

Note that since the parameters 𝛽𝑖,𝑗 can take arbitrary values depending on the relay 

positions, further simplifications of the above expression are not possible. 

3.2.3- 4 relays 

Similarly to the 3 relays case, the diversity order in case of IRC1 is derived: 

𝑑1
(𝐼𝑅𝐶1)

= 𝛽0,4 + min {𝛽1,5+𝛽0,2+𝛽0,3+𝛽0,4+𝛽1,2, 𝛽0,1+𝛽0,2+𝛽0,3+𝛽0,4, 

𝛽2,5+𝛽0,1+𝛽0,3+𝛽0,4+𝛽2,3, 𝛽3,5+𝛽0,1+𝛽0,2+𝛽0,4+𝛽3,4 , 𝛽4,5+𝛽0,1+𝛽0,2+𝛽0,3, 

𝛽1,5+𝛽2,5+𝛽0,3+𝛽0,4+𝛽2,3, 𝛽2,5+𝛽3,5+𝛽4,5+𝛽0,1, 𝛽1,5+𝛽4,5+𝛽0,2+𝛽0,3+𝛽1,2, 

𝛽2,5+𝛽3,5+𝛽0,1+𝛽0,4+𝛽3,4, 𝛽3,5+𝛽4,5+𝛽0,1+𝛽0,2, 𝛽1,5+𝛽2,5+𝛽3,5+𝛽0,4+𝛽3,4, 

𝛽1,5+𝛽2,5+𝛽4,5+𝛽0,3+𝛽2,3, 𝛽1,5+𝛽3,5+𝛽4,5+𝛽0,2+𝛽1,2, 𝛽1,5+𝛽2,5+𝛽3,5+𝛽4,5, 

𝛽1,5+𝛽3,5+𝛽0,2+𝛽0,4+𝛽1,2+𝛽3,4, 𝛽2,5+𝛽4,5+𝛽0,1+𝛽0,3+𝛽2,3}    [3.8] 

Note that since the parameters 𝛽𝑖,𝑗 can take arbitrary values depending on the relay 

positions, further simplifications of the above expression are not possible. 

3.3- IRC2 

3.3.1- 2 relays 

In case of 2 relays, the outage probability of IRC2 has the following Form (by replacing 

the q probabilities in the general form 𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

 in case of two relays): 

𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

=𝑃0,3.[𝑃1,3𝑃2,3𝑞0 +  (1 − 𝑃1,3)𝑃2,3𝑞1
1 +  𝑃1,3(1 − 𝑃2,3)𝑞1

2 + (1 − 𝑃1,3)(1 −

𝑃2,3)𝑞2
1] 

𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

=𝑃0,3.[𝑃1,3𝑃2,3 +  (1 − 𝑃1,3)𝑃2,3𝑃0,1[𝑃1,2 + (1 − 𝑃1,2)𝑃0,2] +  𝑃1,3(1 −

𝑃2,3)𝑃0,2[𝑃1,2 + (1 − 𝑃1,2)𝑃0,1] + (1 − 𝑃1,3)(1 − 𝑃2,3)𝑃0,1𝑃0,2] 

Now we can derive the diversity order form: 

𝑑1
(𝐼𝑅𝐶2)

= 𝛽0,3 + min {𝛽0,1+𝛽0,2, 𝛽1,3+𝛽2,3, 𝛽0,1+𝛽1,2+𝛽2,3, 𝛽0,2+𝛽1,2+𝛽1,3}  [3.9] 

 

Note that since the parameters 𝛽𝑖,𝑗 can take arbitrary values depending on the relay 

positions, further simplifications of the above expression is not possible. 

3.3.2- 3 relays 

In case of 3 relays, the outage probability has the following form for IRC2: 
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𝑃𝑜𝑢𝑡,1
(𝐼𝑅𝐶2)

=𝑃0,4.[ 𝑃1,4𝑃2,4𝑃3,4 +  (1 − 𝑃1,4)𝑃2,4𝑃3,4𝑃0,1{𝑃1,2 + (1 − 𝑃1,2)𝑃0,2[𝑃2,3 +

(1 − 𝑃2,3)𝑃03]} 

+𝑃1,4(1 − 𝑃2,4)𝑃3,4𝑃0,2[𝑃1,2 + (1 − 𝑃1,2)𝑃0,1][𝑃2,3 + (1 − 𝑃2,3)𝑃03] + 𝑃1,4𝑃2,4(1 −

𝑃3,4)𝑃0,3{𝑃2,3 + (1 − 𝑃2,3)𝑃0,2[𝑃1,2 + (1 − 𝑃1,2)𝑃01]} + (1 −  𝑃1,4)(1 −

𝑃2,4)𝑃3,4𝑃0,1𝑃0,2[𝑃2,3 + (1 − 𝑃2,3)𝑃03] + (1 −  𝑃1,4)𝑃2,4(1 − 𝑃3,4)𝑃0,1𝑃0,3[𝑃0,2 +

(1 − 𝑃0,2)𝑃1,2𝑃2,3] + 𝑃1,4(1 − 𝑃2,4)(1 − 𝑃3,4)𝑃0,3𝑃0,2[𝑃1,2 + (1 − 𝑃1,2)𝑃0,1] + (1 −

 𝑃1,4)(1 − 𝑃2,4)(1 − 𝑃3,4)𝑃0,1𝑃0,2𝑃0,3] 

𝑑1
(𝐼𝑅𝐶2)

= 𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽0,1+𝛽1,2,𝛽2,4+𝛽3,4+𝛽1,4, 

𝛽1,4+𝛽3,4+𝛽0,2+𝛽1,2+𝛽2,3,𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3,𝛽3,4+𝛽0,1+𝛽0,2+𝛽2,3, 

𝛽2,4+𝛽0,1+𝛽0,3+𝛽2,3+𝛽1,2, 𝛽1,4+𝛽0,2+𝛽0,3+𝛽1,2, 𝛽0,1+𝛽0,2+𝛽0,3}  [3.10] 

Note that since the parameters 𝛽𝑖,𝑗 can take arbitrary values depending on the relay 

positions, further simplifications of the above expression is not possible. 

3.3.3- 4 relays 

Similarly to the 3 relays case, the diversity order in case of IRC2 is derived: 

𝑑1
(𝐼𝑅𝐶2)

= 𝛽0,4 + min {𝛽1,5+𝛽0,2+𝛽0,3+𝛽0,4+𝛽1,2, 𝛽0,1+𝛽0,2+𝛽0,3+𝛽0,4, 

𝛽2,5+𝛽0,1+𝛽0,3+𝛽0,4+𝛽2,3+𝛽2,1, 𝛽3,5+𝛽0,1+𝛽0,2+𝛽0,4+𝛽3,4+𝛽3,2, 𝛽4,5+𝛽0,1+𝛽0,2+𝛽0,3+𝛽4,3, 

𝛽1,5+𝛽2,5+𝛽0,3+𝛽0,4+𝛽2,3, 𝛽2,5+𝛽3,5+𝛽4,5+𝛽0,1+𝛽2,1, 𝛽1,5+𝛽4,5+𝛽0,2+𝛽0,3+𝛽1,2+𝛽4,3, 

𝛽2,5+𝛽3,5+𝛽0,1+𝛽0,4+𝛽3,4+𝛽2,1, 𝛽3,5+𝛽4,5+𝛽0,1+𝛽0,2+𝛽3,2, 𝛽1,5+𝛽2,5+𝛽3,5+𝛽0,4+𝛽3,4, 

𝛽1,5+𝛽2,5+𝛽4,5+𝛽0,3+𝛽2,3+𝛽4,3, 𝛽1,5+𝛽3,5+𝛽4,5+𝛽0,2+𝛽1,2+𝛽3,2, 𝛽1,5+𝛽2,5+𝛽3,5+𝛽4,5, 

𝛽1,5+𝛽3,5+𝛽0,2+𝛽0,4+𝛽1,2+𝛽3,4+𝛽3,2, 𝛽2,5+𝛽4,5+𝛽0,1+𝛽0,3+𝛽2,3+𝛽2,1+𝛽4,3}  [3.11] 

Note that since the parameters 𝛽𝑖,𝑗 can take arbitrary values depending on the relay 

positions, further simplifications of the above expression are not possible. 

3.4- Comparison and discussion 

The diversity orders in all cases rely on 𝛽𝑖,𝑗 parameters (based on the approximation that 

scales asymptotically as 𝑃𝑀

(−𝛽𝑖,𝑗)
). Since 𝛽𝑖,𝑗 varies with the link distance between the i-th 

node and j-th node and can take arbitrary values depending on the relay positions as in 
[1.3] ; then the system topology and nodes placement will influence which technique 
among NIRC, IRC1 and IRC2 offers the highest diversity order thus the best performance.  

Let’s discuss the 3 relays case; the interoperability nodes can have the setups shown in 
[Fig. 3.2]. 
In order to shed more light on the impact of inter-relay cooperation, we next analyze the 
eight typical setups that might arise depending on the relay positioning. Note that 
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parameter 𝛽𝑖,𝑗 is positive and decreases with the link distance resulting in 𝛽𝑥,𝑦> 𝛽𝑖,𝑗  if 

𝑑𝑥,𝑦< 𝑑𝑖,𝑗 and vice versa. 

 
Figure 3. 2: Different system setups 

The diversity orders in case of IRC1 and IRC2 can be thus extracted for each setup since 

for example if d0,1 < d1,4 , d0,2 < d2,4 and d0,3 < d3,4 then  𝛽0,1>𝛽1,4 , 𝛽0,2>𝛽2,4 and 

𝛽0,3>𝛽3,4 (𝛽 decreases with the link distance). 

Hence the minimum part of the diversity order form in both IRC1 and IRC2 techniques 

can be further reduced in each setup. Table 3.1 & Table 3.2 sum up the diversity orders 

of the three strategies and compare them. We must keep in mind that the higher the 

diversity order the better the performance.  

N.B: 

Notation dx,y represent link distance between node Rx & Ry whilst notation 𝑑1
(𝐼𝑅𝐶)

 or 

d(IRC) represents the diversity order, they must not be confused. 
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Setup 
Number 

Setup NIRC IRC1 

1 d0,1 < d1,4 , d0,2 < d2,4 
and d0,3 < d3,4 

𝛽0,4 

+𝛽1,4+𝛽2,4+
𝛽3,4 

𝛽0,4+𝛽1,4+ 𝛽2,4+𝛽3,4 

2 d0,1 < d1,4 , d0,2 < d2,4 
and d0,3 > d3,4 

𝛽0,4 

+𝛽1,4+𝛽2,4+
𝛽0,3 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 
𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3,𝛽1,4+𝛽0,2+𝛽0,3+𝛽1,2, 
𝛽0,1+𝛽0,2+𝛽0,3} 

3 d0,1 < d1,4 , d0,2 > d2,4 
and d0,3 < d3,4 

𝛽0,4 

+𝛽1,4+𝛽0,2+
𝛽3,4 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 𝛽1,4+𝛽0,2+𝛽3,4+𝛽1,2, 
𝛽0,1+𝛽0,2+𝛽3,4, 𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3} 

4 d0,1 < d1,4 , d0,2 > d2,4 
and d0,3 > d3,4 

𝛽0,4 

+𝛽1,4+𝛽0,2+
𝛽0,3 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 
𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3,𝛽1,4+𝛽0,2+𝛽0,3+𝛽1,2, 

𝛽0,1+𝛽0,2+𝛽0,3} 

5 d0,1 > d1,4 , d0,2 < d2,4 
and d0,3 < d3,4 

𝛽0,4 

+𝛽0,1+𝛽2,4+
𝛽3,4 

𝛽0,4 +𝛽0,1+𝛽2,4+𝛽3,4 

6 d0,1 > d1,4 , d0,2 < d2,4 
and d0,3 > d3,4 

𝛽0,4 

+𝛽0,1+𝛽2,4+
𝛽0,3 

𝛽0,4 + min {𝛽0,1+𝛽0,2+𝛽0,3, 𝛽0,1+𝛽2,4+𝛽3,4, 
𝛽0,1+𝛽2,4+𝛽0,3+𝛽2,3} 

7 d0,1 > d1,4 , d0,2 > d2,4 
and d0,3 < d3,4 

𝛽0,4 

+𝛽0,1+𝛽0,2+
𝛽3,4 

𝛽0,4 +𝛽0,1+𝛽0,2+𝛽3,4 

8 d0,1 > d1,4 , d0,2 > d2,4 
and d0,3 > d3,4 

𝛽0,4 

+𝛽0,1+𝛽0,2+
𝛽0,3 

𝛽0,4 +𝛽0,1+𝛽0,2+𝛽0,3 

Table 3. 1: Diversity orders in case of 3 relays for NIRC & IRC1 
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Setup 
Number 

Setup IRC2 Summary 

1 d0,1 < d1,4 , d0,2 < 
d2,4 
and d0,3 < d3,4 

𝛽0,4+𝛽1,4+ 𝛽2,4+𝛽3,4 𝑑1
(𝐼𝑅𝐶2)

=𝑑1
(𝐼𝑅𝐶1)

=𝑑1
(𝑁𝐼𝑅𝐶)

 

2 d0,1 < d1,4 , d0,2 < 
d2,4 
and d0,3 > d3,4 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 

𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3,𝛽1,4+𝛽0,2

+𝛽0,3+𝛽1,2, 𝛽0,1+𝛽0,2+𝛽0,3} 

𝑑1
(𝐼𝑅𝐶2)

=𝑑1
(𝐼𝑅𝐶1)

>𝑑1
(𝑁𝐼𝑅𝐶)

 

3 d0,1 < d1,4 , d0,2 > 
d2,4 
and d0,3 < d3,4 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 
𝛽1,4+𝛽0,2+𝛽3,4+𝛽1,2+𝛽2,3, 

𝛽0,1+𝛽0,2+𝛽3,4, 
𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3} 

𝑑1
(𝐼𝑅𝐶2)

>𝑑1
(𝐼𝑅𝐶1)

>𝑑1
(𝑁𝐼𝑅𝐶)

 

4 d0,1 < d1,4 , d0,2 > 
d2,4 
and d0,3 > d3,4 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 
𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3,𝛽1,4+𝛽0,2

+𝛽0,3+𝛽1,2, 𝛽0,1+𝛽0,2+𝛽0,3} 

𝑑1
(𝐼𝑅𝐶2)

=𝑑1
(𝐼𝑅𝐶1)

>𝑑1
(𝑁𝐼𝑅𝐶)

 

5 d0,1 > d1,4 , d0,2 < 
d2,4 
and d0,3 < d3,4 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 
𝛽0,1+𝛽0,2+𝛽0,3, 𝛽0,1+𝛽2,4+
𝛽3,4+𝛽1,2, 𝛽0,1+𝛽2,4+𝛽0,3 +
𝛽2,3+𝛽1,2, 
𝛽0,1+𝛽0,2+𝛽3,4+𝛽2,3} 

𝑑1
(𝐼𝑅𝐶2)

>𝑑1
(𝐼𝑅𝐶1)

=𝑑1
(𝑁𝐼𝑅𝐶)

 

6 d0,1 > d1,4 , d0,2 < 
d2,4 
and d0,3 > d3,4 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 

𝛽0,1+𝛽0,2+𝛽0,3, 𝛽0,1+𝛽2,4+
𝛽3,4+𝛽1,2, 
𝛽1,4+𝛽2,4+𝛽0,3+𝛽2,3, 
𝛽0,1+𝛽2,4+𝛽0,3+𝛽2,3+𝛽1,2} 

𝑑1
(𝐼𝑅𝐶2)

>𝑑1
(𝐼𝑅𝐶1)

>𝑑1
(𝑁𝐼𝑅𝐶)

 

7 d0,1 > d1,4 , d0,2 > 
d2,4 
and d0,3 < d3,4 

𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 
𝛽0,1+𝛽0,2+𝛽0,3, 𝛽0,1+𝛽2,4+
𝛽3,4+𝛽1,2, 
𝛽0,1+𝛽2,4+𝛽3,4+𝛽1,2}, 
𝛽0,1+𝛽0,2+𝛽3,4+𝛽2,3} 

𝑑1
(𝐼𝑅𝐶2)

>𝑑1
(𝐼𝑅𝐶1)

=𝑑1
(𝑁𝐼𝑅𝐶)

 

8 d0,1 > d1,4 , d0,2 > 
d2,4 
and d0,3 > d3,4 

𝛽0,4 +𝛽0,1+𝛽0,2+𝛽0,3 𝑑1
(𝐼𝑅𝐶2)

=𝑑1
(𝐼𝑅𝐶1)

=𝑑1
(𝑁𝐼𝑅𝐶)

 

Table 3. 2: Diversity orders in case of 3 relays for IRC2 & Comparison 

The work in [1] investigates the diversity orders in case of 2 Relays for NIRC, IRC1 & 

IRC2 schemes by comparing them in a similarly to the case of 3 relays in this document. 

Same analysis can be conducted for four relays case, but this time we have 16 setups 

instead of 8. 
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3.5- Example 1 – Setup 1 – 3 relays  

Now let’s calculate the diversity orders based on a certain network topology. Here’s an 

example where 3 interoperability relays were used, the coordinate system is: 

S (0,0); D(5,0); N1(0.84, 0.55); N2(1.43, 0.45); N3(1.93, -0.49). Hence d0,1< d1,4 , d0,2 < 

d2,4 and d0,3 < d3,4 (Setup 1). Check [Fig. 3.3] for more insights concerning the 

topology. 

 
Figure 3. 3: Example Setup 1 - 3 relays 

Let’s consider also the following inputs: 

The refractive index structure constant and the attenuation constant are set to 𝐶𝑛
2= 

1×10−14 m−2/3 and 𝜎= 0.44 dB/km. The operating wavelength is=1550nm. The distance 

between S and D is considered as 5 km. 

 

In order to calculate 𝛽 values for each link, we need to calculate first the Raytov variances 

by using [1.4] then replace in [1.3]. Check below the numerical results: 

𝛽0,1=10.0955 

𝛽0,2=5.13262 

𝛽0,3=3.32490 

𝛽0,4=1.32768 

𝛽1,2=25.4251 

𝛽2,3=9.11559 

𝛽1,4=1.48020 

𝛽2,4=1.66940 
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𝛽3,4=1.91527 

In this case, using the general form of each technique [3.5] for NIRC, [3.7] for IRC1 & 

[3.10] for IRC2 in case of 3 relays, we can calculate the diversity orders: 

 𝑑1
(𝑁𝐼𝑅𝐶)

=6.3926 

𝑑1
(𝐼𝑅𝐶1)

=6.3926 

𝑑1
(𝐼𝑅𝐶2)

=6.3926 

Referring Tables 3.1 & 3.2 – Setup 1, we can simply calculate the diversity orders of this 

particular setup [d0,1< d1,4 , d0,2 < d2,4 and d0,3 < d3,4] by using the reduced 

diversity orders forms for this particular setup; The values match as predicted: 

𝑑1
(𝐼𝑅𝐶2)

=𝑑1
(𝐼𝑅𝐶1)

=𝑑1
(𝑁𝐼𝑅𝐶)

=𝛽0,4+𝛽1,4+ 𝛽2,4+𝛽3,4= 6.3926 

3.6- Example 2 – Setup 5 – 3 relays 

Here’s an example where 3 interoperability relays were used, the coordinate system is: 

S (0,0); D(5,0); N1(3,0.1), N2(1, -3); N3(1.5, -4); Hence d0,1> d1,4 , d0,2 < d2,4 and d0,3 

< d3,4. Check [Fig. 3.4] for more insights concerning the topology. 

 
Figure 3. 4: Example Setup 5 - 3 relays 

Check below the numerical results: 
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𝛽0,1= 1.9861 

𝛽0,2= 1.8826 

𝛽0,3= 1.4618 

𝛽0,4= 1.3276 

𝛽1,2= 1.6343 

𝛽2,3= 8.3783 

𝛽1,4= 3.2980 

𝛽2,4= 1.3276 

𝛽3,4= 1.28656 

 

In this case, using the general form of each technique [3.5] for NIRC, [3.7] for IRC1 & 

[3.10] for IRC2 in case of 3 relays, we can derive the diversity orders: 

𝑑1
(𝑁𝐼𝑅𝐶)

=5.9281 

𝑑1
(𝐼𝑅𝐶1)

=5.9281 

𝑑1
(𝐼𝑅𝐶2)

=6.6584 

 

Referring to Tables 3.1 & 3.2 – Setup 5, we can simply calculate the diversity orders of 

this particular setup [d0,1> d1,4 , d0,2 < d2,4 and d0,3 < d3,4] by using the reduced 

diversity orders forms for this particular setup; The values match: 

 

𝑑1
(𝐼𝑅𝐶1)

=𝑑1
(𝑁𝐼𝑅𝐶)

=𝛽0,4 +𝛽0,1+𝛽2,4+𝛽3,4= 5.9281 

𝑑1
(𝐼𝑅𝐶2)

=𝛽0,4 + min {𝛽2,4+𝛽3,4+𝛽1,4, 𝛽0,1+𝛽0,2+𝛽0,3, 𝛽0,1+𝛽2,4+𝛽3,4+𝛽1,2, 𝛽0,1+𝛽2,4+𝛽0,3 +

𝛽2,3+𝛽1,2, 𝛽0,1+𝛽0,2+𝛽3,4+𝛽2,3} 

𝑑1
(𝐼𝑅𝐶2)

= 6.6584 

In this case, as predicted: 

𝑑1
(𝐼𝑅𝐶2)

>𝑑1
(𝐼𝑅𝐶1)

=𝑑1
(𝑁𝐼𝑅𝐶)
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Chapter 4 

 

 

Numerical Results 

We modelled the outage probabilities derived in chapter 2 for each technique using 

Matlab and plotted some examples under different topologies. 

Next, we shall present some numerical results that support the theoretical claims made 

in the previous sections. The main inputs and diverse parameters under which we will be 

modelling the outage probabilities consist of the following numerical data. The refractive 

index structure constant and the attenuation constant are set to 𝐶𝑛
2= 1×10−14 m−2/3 and 

𝜎= 0.44 dB/km. In all scenarios, the operating wavelength is=1550nm. The distance 

between S and D is considered as 5 km.  

 

The presented results show the variation of the outage probability as a function of the 

power margin PM. Power margins ranging from 5 dB to 45 dB are often included for 

compensating the losses arising from scintillation, changing weather conditions, building 

sway, or temperature fluctuations. 

 

We will provide simulations under different network configurations reflecting the 

following four scenarios that might arise when comparing the IRC and NIRC schemes: 

- Scenario 1: d(IRC2) = d(IRC1) = d(NIRC) 

- Scenario 2: d(IRC2) = d(IRC1) > d(NIRC) 

- Scenario 3: d(IRC2) > d(IRC1) = d(NIRC) 

- Scenario 4: d(IRC2) > d(IRC1) > d(NIRC) 

 

In order to configure the topology of each scenario, the directed line S and D was 

considered as coordinate axis X and coordinate axis Y was plotted orthogonally to X thus 

creating a Cartesian coordinate system. The interoperability nodes were located based 

on their coordinates (x,y) according to the new axes X & Y created. The Source in this 

system is considered as the origin and thus has the coordinates (0,0). The Destination is 

positioned on axis X and therefore has the coordinates (XD,0) 

 

In order to plot the outage probabilities as accurately as possible, two methods were 

employed, for power margins ranging from 5dB till 20dB, the CDF (cumulative 

distribution function) of the Gamma-Gamma model was used to calculate the outage 
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probabilities whilst from 20dB till 45dB the approximate equation of the outage 

probability was employed [3.3]. 

The CDF gives higher accuracy for low power margins whilst the approximate equation 

gives better insights for higher power margins. Thus for better evaluation and visibility, 

the two methods were merged into one plot. In all the following plots, from 5dB till 20dB, 

the CDF function was plotted while from 20dB till 45dB the outage probabilities of the 

approximate equation were plotted. 

As you shall notice from all the graphs at the 20dB mark, all the functions have almost 

the same value at this point and thus we can say that the continuity of the plot is 

preserved and around the 20dB mark, the two methods exhibit almost the same 

behavior. 

4.1- Scenario 1 

In this scenario, we must consider the following node distribution for N=3:  d0,1 < d1,4 , 

d0,2 < d2,4 and d0,3 < d3,4. We proved in this example that: d(IRC2) = d(IRC1) = d(NIRC) 

as previously theoretically claimed. 

Then we tried adding another interoperability relay (closer to the source than the 

destination) while preserving the same coordinates of the relays chosen previously for 

N=3. 

Please note that d0,i: represents the distance between the source and interoperability 

node i & di,4: represents the distance between interoperability node i and destination 

D. In addition, in this scenario, we also considered another topology using 5 

interoperability relays and all of these relays were closer to the destination than to the 

source.  

 

This scenario will prove as we shall see that in certain topologies employing NIRC is more 

beneficial than the more complicated IRC1 & IRC2. 

4.1.1- For N=3 

Here’s an example where 3 interoperability relays were used, the coordinate system is: 

S (0,0); D(5,0); N1(0.84, 0.55); N2(1.43, 0.45); N3(1.93, -0.49). Hence d0,1< d1,4 , d0,2 < 

d2,4 and d0,3 < d3,4. This topology falls within setup 1 – [Tables 3.1 & 3.2]. Check [Fig 

4.1] for more insights concerning the topology 
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Figure 4. 1: Scenario 1; N=3 

Now let’s plot the outage probabilities for the NIRC, IRC1 & IRC2 schemes. The no 

cooperation strategy was also plotted to show the huge gap in performance compared 

to the cooperation strategies. 

In this scenario, referring to the plotted graph [Fig 4.2], NIRC strategy offers the smallest 

outage probability thus the best performance as previously predicted concerning the 

diversity order of this setup 1: d(IRC2) = d(IRC1) = d(NIRC) (Tables 3.1 & 3.2). We must 

point out that NIRC slightly outperforms the other strategies since it has the smallest 

power normalization factor (𝑁𝑁𝐼𝑅𝐶<𝑁𝐼𝑅𝐶1<𝑁𝐼𝑅𝐶2). Using NIRC proves to be the most 

rational and practical choice. In terms of outage performance, exploiting the inter-relay 

links didn’t enhance at all the performance and on the contrary the same power was split 

among a higher number of links with additional complexity. Thus the NIRC scheme in this 

case not only remained on par with the other two proposed strategies (IRC1 & IRC2) but 

also slightly outperformed them. 
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Figure 4. 2: Performance of Outage probabilities under Scenario 1; N=3 

4.1.2- For N=4 

In this case, we kept the coordinate of the previous example, while adding an extra 

relay (closer to the source), the coordinate system becomes: 

S (0,0); D(5,0); N1(0.84, 0.55); N2(1.43, 0.45); N3(1.6, 0); N4(1.93, -0.49). Hence d0,1 < 

d1,5 , d0,2 < d2,5, d0,3 < d3,5 and d0,4< d4,5. Check [Fig. 4.3] for more insights 

concerning the topology. 
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Figure 4. 3: Scenario 1; N=4 

Now let’s plot the outage probabilities for the NIRC, IRC1 & IRC2 schemes. The no 

cooperation strategy was also plotted to show the huge gap in performance compared 

to the cooperation strategies. 

As anticipated, in this scenario, NIRC proves to be the most rational and practical choice 

[Fig. 4.4]. 

In addition, if we plot the outage probability for N=3 and N=4 together [Fig. 4.5]; we can 

see a clear improvement for all the strategies in case of N=4 due to the gain arising from 

the additional exploited paths in the latter case. (Red plots correspond to N=3 & Green 

plots correspond to N=4 in [Fig. 4.5]) 
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Figure 4. 4: Performance of Outage probabilities under Scenario 1; N=4 

 
Figure 4. 5: Performance of Outage probabilities under Scenario 1; N=3 (Red) & N=4 (Green) 
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4.1.3- For N=5 

Here’s an example where 5 interoperability relays were used, the coordinate system is: 

S (0,0); D(5,0); N1(2.8, 1); N2(3.2, 0.84); N3(3.54, 0.65), N4(3.64, -0.64); N5(3.8, 0).  Hence 

all the interoperability relays are closer to the destination than the source. Check [Fig. 

4.6] for more insights concerning the topology. 

 
Figure 4. 6: Scenario 1; N=5 

Now let’s plot the outage probabilities for the NIRC, IRC1 & IRC2 schemes. The no 

cooperation strategy was also plotted to show the huge gap in performance compared 

to the cooperation strategies. 

In this scenario, Similarly to N=3, NIRC proves to be the most rational and practical choice 

[Fig. 4.7]. 
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Figure 4. 7: Performance of Outage probabilities under Scenario 1; N=5 

4.2- Scenario 2 

This scenario has been studied to show that in some cases depending on the 

topography 

d(IRC2) = d(IRC1) > d(NIRC). 

4.2.1- N=2 

Here’s an example where 2 interoperability relays were used, the coordinate system is: 

S (0,0); D(5,0); N1(0.9, 0.39); N2(4.1, -0.39). Noting that d0,1< d1,3 and d0,2 > d2,3. 

Check [Fig. 4.8] for more insights concerning the topology. 
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Figure 4. 8: Scenario 2; N=2 

Now let’s plot the outage probabilities for the NIRC, IRC1 & IRC2 schemes. The no 

cooperation strategy was also plotted to show the huge gap in performance compared 

to the cooperation strategies. 

In this scenario, referring to the plotted graph [Fig. 4.9], IRC1 strategy offers the 

smallest outage probability thus the best performance. We notice also that IRC2 offers 

also an enhancement over NIRC but has almost the same outage values as IRC1. As 

predicted in [1] also for this setup in case of 2 relays: d(IRC2) = d(IRC1) > d(NIRC). 

We must point out that IRC1 slightly outperforms IRC2 since it has the smaller power 

normalization factor. 

Using IRC1 proves to be the most rational and practical choice. In terms of outage 

performance, exploiting the inter-relay links enhanced the system performance 

compared to NIRC by rendering the system less prone to outage and increasing the 

odds of the signal reaching the destination. However, IRC1 & IRC2 exhibit almost the 

same behavior. Thus employing the more complex IRC2 system over IRC1 is deemed 

irrelevant in this case.  
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Figure 4. 9: Performance of Outage probabilities under Scenario 2; N=2 

4.2.2- N=3 

In this case, we kept the coordinate of the previous example, while adding an extra 

relay (closer to the source), the coordinate system becomes: 

S (0,0); D(5,0); N1(0.5, 0.2), N2(0.9, 0.39); N3(4.1, -0.39). Hence d0,1 < d1,4 , d0,2 < 

d2,4 and  d0,3 > d3,4 This topology falls within setup 2 – [Tables 3.1 & 3.2]. Check [Fig. 

4.10] for more insights concerning the topology. 
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Figure 4. 10: Scenario 2; N=3 

Now let’s plot the outage probabilities for the NIRC, IRC1 & IRC2 schemes. The no 

cooperation strategy was also plotted to show the huge gap in performance compared 

to the cooperation strategies. 

As anticipated, d(IRC2) = d(IRC1) > d(NIRC) -(Setup 2 – Tables 3.1 & 3.2), IRC1 proves to 

be the most rational and practical choice [Fig. 4.11]. 

In addition, if we plot the outage probability for N=3 and N=4 together [Fig. 4.12]; we 

can see that using IRC1 & IRC2 with N=3 is even more beneficial than employing NIRC 

with N=4, thus emphasizing the importance of using IRC1 or IRC2 techniques over NIRC. 

(Red plots correspond to N=2 & Green plots correspond to N=3 in [Fig. 4.12]) 
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Figure 4. 11: Performance of Outage probabilities under Scenario 2; N=3 

 
Figure 4. 12: Performance of Outage probabilities under Scenario 2; N=2 (Red) & N=3 (Green) 
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4.2.3- N=4 

In this case, we kept the coordinate of the previous example, while adding an extra 

relay (closer to the destination), the coordinate system becomes: 

S (0,0); D(5,0); N1(0.5, 0.2), N2(0.9, 0.39); N3(3.7, -0.2), N4(4.1, -0.39). Hence d0,1 < 

d1,5 , d0,2 < d2,5 , d0,3 > d3,5 and  d0,4 > d4,5. Check [Fig. 4.13] for more insights 

concerning the topology 

 
Figure 4. 13: Scenario 2; N=4 

Similarly, in this scenario, IRC1 proves to be the most rational and practical choice [Fig. 

4.14]. 

In addition, if we plot the outage probability for N=2, N=3 & N=4, we can conclude that 

employing IRC techniques with fewer nodes is even more beneficial than NIRC 

technique with additional nodes (Red plots correspond to N=2, Green plots correspond 

to N=3 & Blue plots correspond to N=4 in [Fig. 4.15]) 
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Figure 4. 14: Performance of Outage probabilities under Scenario 2; N=4 

 

Figure 4. 15: Performance of Outage probabilities under Scenario 1; N=2 (Red) & N=3 (Green) & N=4 (Blue) 
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4.3- Scenario 3 
This scenario has been studied to show that in some cases depending on the 

topography 

d(IRC2) > d(IRC1) = d(NIRC). 

4.3.1- N=3 

Here’s an example where 3 interoperability relays were used, the coordinate system is: 

S (0,0); D(5,0); N1(3,0.1), N2(1, -3); N3(1.5, -4); Hence d0,1> d1,4 , d0,2 < d2,4 and d0,3 

< d3,4. This topology falls within setup 5 – [Tables 3.1 & 3.2].. Check [Fig. 4.16] for more 

insights concerning the topology. 

 
Figure 4. 16: Scenario 3; N=3 

Now let’s plot the outage probabilities for the NIRC, IRC1 & IRC2 schemes. The no 

cooperation strategy was also plotted to show the huge gap in performance compared 

to the cooperation strategies. 

In this scenario, referring to the plotted graph [Fig. 4.17], IRC2 strategy offers the 

smallest outage probability thus the best performance, followed by NIRC and then 

IRC1. As previously predicted concerning the diversity order of this scenario: d(IRC2) > 

d(IRC1) = d(NIRC) – Setup 5 – Tables 3.1 & 3.2. 
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We must point out that NIRC slightly outperforms IRC1 since it has the smaller power 

normalization factor. 

By using IRC2, the best FSO system performance is achieved, however we can argue 

that its complexity outweighs the additional benefit it offers in this case. Thus while 

engineering the FSO network a certain tradeoff between complexity and outage 

performance must be taken into consideration. 

 
Figure 4. 17: Performance of Outage probabilities under Scenario 3; N=3 

4.3.2- N=6 

In this case, we kept the coordinate of the previous example, while adding three extra 

relays (closer to the source than the destination), the coordinate system becomes: 

S (0,0); D(5,0); N1(3, 0.1), N2(0.5, -3); N3(0.8, -3.7); N4(1.2, -4.3); N5(1.7, -4.8); N6(2.3, -

5.2). Hence d0,1 > d1,7 , d0,2 < d2,7 and  d0,3 < d3,7 , d0,4 < d4,7 , d0,5 < d5,7 and d0,6 

< d6,7. Check [Fig. 4.18] for more insights concerning the topology. 
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Figure 4. 18: Scenario 3; N=6 

Similarly, in this scenario, IRC2 exhibits the best performance [Fig. 4.19]. However we 

must consider if its complexity outweighs the enhancement it offers to the system. 

In addition, if we plot the outage probability for N=3 & N=6, we can see a clear 

improvement for all the strategies in case of N=6 due to the gain arising from the 

additional exploited paths in the latter case. (Red plots correspond to N=3 & Green 

plots correspond to N=6 in [Fig. 4.20]) 
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Figure 4. 19: Performance of Outage probabilities under Scenario 3; N=6 

 
Figure 4. 20: Performance of Outage probabilities under Scenario 3; N=3 (Red) & N=6 (Green) 



 

113 
 

4.4- Scenario 4 
This scenario has been studied to show that in some cases depending on the 

topography 

d(IRC2) > d(IRC1) > d(NIRC). 

 

4.4.1- N=3 

Here’s an example where 3 interoperability relays were used, the coordinate system is: 

S (0,0); D(5,0); N1(2.4,2), N2(3.6, -0.1); N3(0.5, -3.8); Hence d0,1< d1,4 , d0,2 > d2,4 and 

d0,3 < d3,4. This topology falls within setup 3 – [Tables 3.1 & 3.2]. Check [Fig. 4.21] for 

more insights concerning the topology. 

 
Figure 4. 21: Scenario 4; N=3 

Now let’s plot the outage probabilities for the NIRC, IRC1 & IRC2 schemes. The no 

cooperation strategy was also plotted to show the huge gap in performance compared 

to the cooperation strategies. 

In this scenario, referring to the plotted graph [Fig. 4.22], IRC2 strategy offers the 

smallest outage probability thus the best performance. As previously predicted 
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concerning the diversity order of this scenario: d(IRC2) > d(IRC1) > d(NIRC) – Setup 3 – 

Tables 3.1 & 3.2. 

By using IRC2, the best FSO system performance is achieved, however we can argue 

that its complexity outweighs the additional benefit it offers in this case. Thus while 

engineering the FSO network a certain tradeoff between complexity and outage 

performance must be taken into consideration. 

 
Figure 4. 22: Performance of Outage probabilities under Scenario 4; N=3 

4.4.2- N=6 

Another architecture is depicted with the following coordinates: 

S (0,0); D(5,0); N1(0.9, 0.4), N2(4.1, 0.4); N3(4.1, -0.39); N4(3.6, -0.8); N5(2.8, -0.65); 

N6(1.2, -0.8). Check [Fig. 4.23] for more insights concerning the topology. 
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Figure 4. 23: Scenario 4; N=6 

In this scenario, IRC2 exhibits even a more remarkable performance [Fig. 4.24]. 

 
Figure 4. 24: Performance of Outage probabilities under Scenario 4; N=6 



 

116 
 

4.5- Interpretation 

Throughout these scenarios or setups, we have seen that the topology and the number 

of relays employed play a huge role in our choice of the best strategy. Chapter four has 

also reinforced the theoretical results found in chapter three for each scenario. 

In some cases, it’s better to use NIRC, in others IRC1 or IRC2. We have highlighting the 

importance of using the inter-relay link in the cooperation technique and how it can 

enhance in multiple scenarios the performance of FSO systems. We need to stress that 

this link as previously mentioned already exists and it can be easily explored without 

the need to invest extra resources. 

N.B: Term “scenario” used in this chapter must not be confused with term “scenario” 

used in chapter 2 
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Conclusion and Future Work 

The main topic of this thesis as previously stated is pertinent to combating turbulence-
induced fading in FSO systems in the context of cooperative diversity techniques in FSO 
systems. The techniques studied in this thesis included the well-known NIRC scheme and 
the newly proposed more complex IRC1 and IRC2 schemes. The latter two cases aim to 
enhance the already existing cooperative diversity techniques by exploring the additional 
inter-relay links and employing them in transmitting the signal from the source to the 
destination. 
As we have seen in the diverse sections of this thesis, by conducting a proper analysis on 
the outage probabilities and diversity orders, we have evaluated the gain stemming from 
exploiting the inter-relay links in FSO communication systems with N relays (any number 
of relays). In other words, we tried to analyze the additional advantages of exploiting the 
inter-Relay links and employing them to assist the source S in its communication with 
the Destination D, thus creating additional dependent paths to the well know NIRC 
scheme. 

We can conclude that communicating over the existing relay-relay links constitutes an 

additional degree of freedom that can be exploited to enhance the achievable diversity 

orders and performance levels. 

However the gain arising from using IRC1 or IRC2 is highly dependent on the network 

topology. In some scenarios, exploiting the inter-relay links is not efficient and doesn’t 

add up much to the NIRC technique.  

Whilst in other cases, it proves to be a considerate enhancement over the NIRC case. 

Hence special consideration needs to be paid to the engineering of such systems. 

 

Even in the scenarios where inter-relay cooperation is capable of increasing the diversity 

order, the achievable gains are highly dependent on the particular network topology. In 

some cases, the minor gains in the diversity order do not justify the upsurge in the system 

complexity that results from implementing the IRC techniques; in other cases, significant 

gains can be reached stressing on the huge potential of IRC techniques. 

This study is valid for any number of interoperability relays. We explored this new 
dimension under the strategy where all relays are active (No- CSI).  However, IRC1 & IRC2 
strategies can be further explored in the presence of CSI. In fact, selective-relaying is 
superior to all-active relaying at the expense of an increased complexity since the CSI 
needs to be acquired. Moreover, by exploring the IRC techniques under CSI, we can also 
ensure that the power would be more preserved since it won’t be split on all links and it 
will be used for only one path. As a brief definition, selective-relaying protocols (CSI) 
correspond to transmitting all information symbols along the unique strongest path 
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between S and D unlike the all-active relaying (No-CSI) characterized by its remarked 
simplicity since it can be implemented without the need of acquiring any form of channel 
state information.  
 
The main challenge in employing the IRC techniques under No-CSI would be in 
synchronizing all the signals falling into a certain node. Hence trying to tackle this 
problem from a hardware point of view and at the level of the photo detector is 
encouraged as a next step. In addition, DF (decode and forward) or amplify and forward 
(AF) techniques can be implemented in each node. This way each relay will treat the 
signal and try lowing its BER instead of dully forwarding it to the next node. 
 
IRC techniques have a great potential and could be also merged with other techniques 
in order to reach the next level in fighting turbulence-induced fading in FSO systems. 
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