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1. Introduction  

Optical transmission networks play a key role in 

the railway safety guarantee and rail accidents 

prevention [1]. Increasing the reliability of these 

networks has significant importance in the 

railway network performance [1-2-3]. 

Reliability engineering and its different aspects 

have been considered in various researches. 

Various articles have been reviewed on 

reliability [4-5-6]. Authors in [7] presented 

review research on "Reliability, Availability, 

Maintenance, and Safety RAMS engineering" 

based on researches from 1998 to 2005. Authors 

in [8] proposed system and subsystem 

reliabilities and maintenance modeling via 

Reliability Block Diagram (RBD) method. 

Authors in [9] have modeled and analyzed 

reliability in rail signaling. Authors in [10] 

studied different methods of reliability modeling 

such as RBD, Fault Tree, Markov Chains in 

telecommunication networks as well as 

communication base train control )CBTC(. 

Many researches have been done to assess the 

reliability of the main railway infrastructure [11-

12-13-14], but there are no researches on the 

reliability of the railway optical communication 

systems.  

    Rail stations are connected to each other 

through the fiber-optic transmission network [3]. 

The most important services which are 

implemented through this network includes 

telephone signal and VOIP signals, CCTV 

signals, train control signals, and dedicated rail 
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software data such as graphs, consignment note, 

etc. Therefore, the interruption of the network 

will lead to the interruption of the services and 

ultimately reduce rail safety [1-2-3].  

     In this study, the probability of simultaneous 

failure at main and backup fiber-optic network 

members, network outages during three years, 

and MTBF are simulated by the Monte Carlo 

method. We used the failure statistics of 

Azerbaijan with 16 stations obtained through 

"Kazvin" software owned by railway during 

three years (2018-2020).  

    Network topology and reliability analysis 

have been presented in Sections 2 and 3, 

respectively. Reliability modeling and Monte 

Carlo simulation have been done in Sections 4 

and 5, respectively. Finally, the results of 

modeling and simulation have been presented in 

Section 5. 

2. 2. Materials and methods 

2.1. Network Topology 

The railway transmission network, as shown in 

Figure 1, includes stations and their optical 

communication lines for telecommunication 

signals. Each station includes an AC power 

supply and its backup power generators (R1 and 

R2), rectifier and batteries (R3 and R4), optical 

transmission equipment containing main and 

their backup, synchronous digital hierarchy / 

Dense wavelength division multiplexing/Optical 

transport networks (SDH/DWDM/OTN)-(R5 

and R6). Furthermore, the connection between 

the stations, located across the railway route 

through the optical fiber cable on both sides of 

the rail lines, is called Line (1) and Line (2) [1-2-

3]. 

 

 

Fig. 1. Railway Optical Transmission Network Topology 
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2.2 Reliability Analysis 

Reliability of the system is defined as the 

probability of desired system function under 

certain conditions in a specified interval of time. 

[7-13]  

 

2.1.1. Reliability  

We define R(t) as a complement of the cumulative 

probability distribution function F(t) and also f(t) 

as a probability distribution function. In this 

research, to calculate the network reliability, the 

exponential distribution function is used as 

bellow [13-17]: 

Then F(t) is: 

F(t) = 1- 
te −

 

(2) 

Therefore, the reliability of these systems will be as bellow [6-7]: 

R(t)= ∫ 𝝀𝒆−𝝀𝒕∞

𝒕
𝒅𝒕 = 𝟏 − ∫ 𝝀𝒆−𝝀𝒕𝒅𝒕 = 𝒆−𝝀𝒕𝒕

𝟎
 (3) 

 

As a result, unreliability is shown with Q(t) and will be [7-13-15]:  

 

Q(t) + R(t)= 1      Q(t)= 1-R(t) (4) 

Q(t)= F(t) =∫ 𝑓(𝑡). 𝑑𝑡 = 1 − 𝑒−𝜆𝑡𝑡

0
 (5) 

2.1.2. Failure Rate 

The failure rate h(t) is the failure probability in ∆t 

time interval under the condition that no failure 

has occurred before time t. In most systems, the 

lifecycle behaves according to figure 2, which is 

known as the bathtub curve [17-18]. In this 

research, h(t) is considered between two times t1 

and t2. It is known as the random failure part that 

shows steady operation after fixing the defects. In 

the intended range, failure is random, and the 

failure of each component occurs independently 

of other components.  

 
Fig.2. Bathtub curve of failure rate [17] 

The failure rate for exponential distribution function can be described as bellow[17-18]: 

h(t)= 
𝒇(𝒕)

𝟏−𝑭(𝒕)
=

𝒇(𝒕)

𝑹(𝒕)
=

te  −

te −
 = λ 

(6) 

In this case, h(t) is a constant value of  λ and λ is [10]: 

𝝀 = 𝒏/(T×N) (7) 

Where n is the number of failures, N is the number of equipment, and T is the total time. 

λs = ∑ 𝝀𝒊
𝒏
𝟏  (8) 

f(t)= 𝝀𝒆−𝝀𝒕
 (1) 
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Where n is the total number of system units, λs is the total of λ's, and λi is the failure rate of each unit. 

  

2.2.3. Mean Time between Failures (MTBF)  

MTBF is the average time between failures of a  System. [10] By using (3), it will be as bellow:

2.1.3.  Reliability Block Diagram Model 

(RBD) 
In the RBD model, to model a system and 

calculate reliability, we use a diagram with 

connected blocks. Each block consists of input 

and output terminals [8-10]. We divide systems 

as series systems, parallel systems, systems with 

standby units, and combined systems.  

• Series Systems 

In series systems, the performance of the 

complete system depends on the 

performance of all components, and if one 

of them fails, the complete system stops. In 

this system type, main parameters are 

computed as bellow [10-18-19]: 

 

Rseries (t)= Pr (⋂ 𝐴𝑛
𝑖=1 i (t))=∏ 𝑅𝑖(𝑡)𝑛

𝑖   (10) 

Qseries=1- ∏ 𝑅𝑖 (𝑡)𝑛
𝑖  (11) 

MTBFseries= ∫ 𝑅


𝑡 SS (t)dt 
(12) 

MTBFseries= ∫ 𝑒∑ 𝜆𝑖 (𝑡)𝑛
𝑖=1



𝑡
 dt = 

1

∑ 𝜆𝑖𝑛
𝑖=1

 
(13) 

Where n is the number of system units, Ri is the Reliability of each unit, and λi is the failure rate of each 

unit. 

 

• Parallel Systems 

In a Parallel system, all members are active 

simultaneously so that in case of the correct 

function of one member in each unit, the whole 

system will have the desired performance. In this 

system type, main parameters are computed as 

bellow [10 -18-19]: 

 

Rparallel(t)= Pr (⋃ 𝐴𝑖
𝑛
𝑖 =1  (t))=1-∏ (1 −𝑛

𝑖=1 𝑅𝑖 (𝑡)) (14) 

Qparallel =∏ 𝑄𝑖(𝑡)
𝑛
𝑖=1  (15) 

MTBFparallel =∫ 𝑅


0 parallel (t) dt 
(16) 

MTBFparallel=∫ [1 − (1 − 𝑒


0
-λt) n ]dt 

(17) 

MTBFparallel = 
1

𝜆
∑

1

𝑖

𝑛

𝑖=1
 

(18) 

 

 

Where Ri is the Reliability of each unit and n is the total number of system units. 

 

• Systems with Standby unit 

In systems with surplus members, despite 

the availability of parallel members, only 

one of them is active. The other members are 

kept on standby, and they will be activated 

only when their working member fails. In 

these systems, main parameters are 

computed as below [10-18-19]: 

 

 

 

MTBF=∫ 𝑹(𝒕)𝒅𝒕 = ∫ 𝒆−𝝀𝒕. 𝒅𝒕 =
𝟏

𝝀
 



𝟎
 



𝟎
 (9) 
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Rsbs(t)= ∑ [
(𝜆𝑡)𝑖.(𝑒−𝜆𝑡)

𝑖!
𝑘
𝑖=0 ]= 𝑒−𝜆𝑡×(1+λt) 

(19) 

Qsbs=1- 𝑒−𝜆𝑡×(1+λt)  (20) 

MTBFsbs= ∫ 𝑅


.
 sbs (t)dt 

(21) 

MTBFsbs = ∫ 𝑅 ∑ [
(𝜆𝑡)𝑖.(𝑒−𝜆𝑡)

𝑖!
𝑘
𝑖=0



.
 ]dt 

(22) 

MTBFsbs =
𝑘+1

𝜆
 (23) 

Where Rsbs(t) is system reliability, k + 1 is the number of units which k of them are standby units.  

 

The above relations have been written based on 

the following assumptions: 

1. An assumption in our standby system is that 

fault detection and switching from faulty 

components to normal units will never fail.  

2. All units (components) are independent and 

similar. 

3. Standby units do not fail in standby mode. 

• Combined system 

A combined system is a combination of the 

above systems, and it is defined as three bellow 

categories (24, 25, 26) [10-18-19]: 

 

3. Results and Discussion  

In order to calculate the reliability of the optical 

transmission network, it can be divided into 

subsystems, station, and fiber optic, as shown in 

figure 1. In the first step, the reliability of each 

subsystem and then the reliability of the 

complete network is calculated.  

 

3.1. Reliability of Station Subsystem 

Figure 3 shows one of the equipment with a 

standby member, complete station components, 

and its topology.

 

 
Fig. 3. Station equipment topology   

According to figure 3, each station consists of 

two units, which one is working and the other is 

on standby mode. Therefore, the connection of 

each equipment with its backup member is in 

standby mode and in series with other 

equipment.  

Reliability of equipment with its standby 

member using (7) and (19), for the period of 

720 hours, i.e., one month, is calculated as 

below: 

 

  

  

R parallel- series =Pr (⋃ ⋂ 𝐴𝑖𝑗
𝑁
𝑗=1

𝑀
𝑖=1 (t))=1- ∏ (1 −𝑀

𝑖=1 ∏ (𝑅𝑖𝑗 
𝑁
𝑗=1 (t)))A (24) 

Rseries-parallel= Pr (⋂ ⋃ 𝐴𝑀
𝑗=1 𝑖𝑗

𝑁
𝑗𝑖=1 (t))= ∏ (1 −𝑁

𝑖=1 ∏ (1 − 𝑅𝑖𝑗 
𝑀
𝑗=1 (t))) 

Where N is the number of first series units, M is the number of second series units   

(25) 

 

Rseries-standby=∏ (𝑁
𝑖=1  ∑ [

(𝜆𝑡)𝑖.(𝑒−𝜆𝑡)

𝑖!
𝑘
𝑖=0 ]) = ∏ (𝑁

𝑖=1 𝑒−𝜆𝑡 ×(1+λt)) 

Where N is the number of series units, and k is the number of standby units.  

(26) 
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Rsbs(t)= 𝑒−𝜆𝑡 (1+λt) =𝑒−0.00002∗720 × (1+0.00002*720) = 0.9999 (27) 

As a result, the reliability of one of the 

equipment with its standby member is equal to 

0.9999. 

Using (7) and (23), the MTBF of each equipment 

will be as bellow: 

MTBFsbs= 
𝑘+1

𝜆
= 

1+1

0.00002
= 90909h (28) 

Thus, the MTBF for single equipment of each 

station is 90909 hours (about ten years). 

According to figure 3, considering all of the 

equipment inside a station in series mode, the 

reliability of station A using (7) and (26), during 

720 hours, will be: 

 

Rseries-standby station) (720) =∏ (𝑛
𝑖=1 𝑒−𝜆𝑡  (1+λt)=(𝑒−0.00002×720  × (1+0. 00002*720)) × (𝑒−0.00002×720  × 

(1+0. 00002*720))×(𝑒−0.00002×720 × (1+0. 00002*720 () =0.9997 (29) 

Using (13), the MTBF at one station, including 

all of the equipment, will be: 

MTBFseries= 
1

𝑛𝜆
= 

1

3∗0.00002
=16666h 

(30) 

So, 16666 hours (about two years) is the MTBF 

of the station. Due to the similarity of equipment 

breakdown statistics, we obtain the same 

reliabilities for all stations.  

3.2. The Reliability of Fiber-Optic Lines 

 According to Figure 1, the connection between 

the stations is established through the optical 

fiber network. The network consists of two 

series subsystems that act together in parallel [1-

2-3]. 

Figure 4 shows the rate and the type of optical 

fiber failures in the railway, which has been 

extracted from "Kazvin" software and Hazard 

tables. 

 

 

Fig.4. Rate and type of the railway optical fiber failures reasons 
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Table (1) shows the number of failures of each 

of the series fiber optic blocks extracted from the 

"Kazvin" railway failure registration software. 

Through equations 8 and 10, the λ and R(t) of 

each fiber optic block are calculated separately. 

to calculate the R(t) of optical fiber  

 

lines, first, the reliability of blocks (1) to (12) of 

both optical fiber lines  

 (Rb Line (1) and Rb Line (2)) are calculated 

separately by using (3) and (7) [48]. Then the  

reliability of the whole network is calculated in 

parallel by using (7), (10), and (14) and Table 1. 

Table 1- Analytical results of the system 

 

According to Table 1, the reliability results of 

the optical fiber lines (blocks) are calculated as 

below:  

 

 

 

Where, in Part A, the reliability of the first 

optical cable (Rb Line1) and in Part B, the 

reliability of the second optical cable (Rb Line 

2) are calculated in series. In part C, the results 

of both parts A and B are calculated in parallel. 

  3.3. Monte Carlo Simulation  

The Monte Carlo simulation process is used to 

predict the network behavioral algorithm over 

time. Monte Carlo simulation in this research is 

used to verify the computational results of the 

reliability in the RBD model. Also, it is used to 

obtain the number of concurrent outages of 

parallel optical fiber lines leading to the 

network blackout in the next three years as well 

as MTBF of the network.  

In order to perform the reliability simulation, by 

using the analytical results of the RBD model 

from Table 1, the uniform distribution range for 

random numbers is divided proportionally to 

the probability of performance and failure. [21] 

For comparison, simulation results have been 

done in two rounds, as presented in Table 2.  

 Row A shows the unreliability of the first line 

of the optical fiber Line (1), row B shows the 

 

 

 

Lines R(t) Lines (𝝀) Number of failures  
block name 

line 2 line 1  𝐋𝐢𝐧𝐞 𝟐  𝐋𝐢𝐧𝐞 𝟏  𝐋𝐢𝐧𝐞 𝟐  𝐋𝐢𝐧𝐞 𝟏 

0.9977 0.9945 0.0006849 0.0006088 36 16 A-B 

0.9968 0.9981 0.0005327 0.0005708 14 15 B-C 

0.9986 0.9977 0.0006088 0.0006088 16 16 C-D 

0.9972 0.9981 0.0005327 0.0005327 14 14 D-E 

0.9972 0.9963 0.0005708 0.0006469 15 17 E-F 

0.9977 0.9959 0.0004947 0.0006849 13 18 F-G 

0.9977 0.9963 0.0004186 0.0006849 11 18 G-H 

0.9981 0.9968 0.0005327 0.0005327 14 14 H-I 

0.9963 0.9977 0.0006849 0.0004566 18 12 I-J 

0.9963 0.9963 0.000304 0.0005708 19 15 J-K 

0.9977 0.9972 0.000190 0.0005327 23 14 K-L 

0.9959 0.9977 0.000342 0.0005708 14 15 L-M 

A) Rb Line (1) =∏ 𝑅𝑏 𝐿𝑖𝑛𝑒 (1)𝑛
𝑖=1  = R(b)1... R(b)12= 0.9197 

Qb Line (1)=1 − 𝑅(𝑡)= 1- 0. 9197= 0.0803 

(31) 

B) Rb Line (2) =  ∏ 𝑅𝑏 𝐿𝑖𝑛𝑒 (2)𝑛
𝑖=1 = R(b)1... R(b)12 = 0. 0.9188 

Qb Line (1)=1 − 𝑅(𝑡) = 1- 0. 9188 = 0.0812 

(32) 

C) R parallel Lines A & B=  1-[∏ (1 −𝑁
𝑖=1 𝑅𝑖 (𝑡))] =1-(1- Rb Line (1)) (1- Rb Line (2)) = Rb Line (1) + Rb Line (2) -  

Rb Line (1)RbLine(2) =0.993 

Q parallel Lines A & B=1 − 𝑅(𝑡)= 1-0.99= 0.006 

(33) 
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unreliability of the second line of the optical 

fiber Line (2), and row C shows the unreliability 

of Line (1) and Line (2) in parallel. 

A) Qb Line (1) = 0.0812 

B) Qb Line (1) = 0.0803 

C) Qsystem= 0.0812×0.0803= 0.006  

 

Monte Carlo simulation, as shown in Figure 5, 

was performed through MATLAB software with 

6000 samples. It is important to notice that in this 

simulation, a result similar to the reliability 

results in the RBD analytical calculation 

(uncertainty equal to 0.006) was obtained after 

the 3000th test. Moreover, the simulation results 

show that the probability of simultaneous failure 

for the two lines of the optical fiber network. 

(network outage) were seven times for three 

years.  The simulation results are shown in Table 

2.  

 

Fig.5. Optical fiber network reliability simulation 

 
Table 2- Simulation results of system reliability

Cumulative number of 
tests 

Cumulative number of 
the failures for each 

member 

Number of failures with time 
intersection 

Cumulative probability 
of system failures×104 

Sequence (1) 1 2 cumulative unique 

1000 56 49 6 6 70 

2000 112 83 13 7 63 

3000 181 128 19 6 66 

4000 203 196 25 6 65 

5000 267 243 30 5 62 

6000 298 285 36 6 61 

Sequence  (2) 

1000 43 56 5 5 50 

2000 86 91 10 5 53 

3000 139 141 16 6 54 

4000 153 166 22 6 58 

5000 171 178 29 7 59 

6000 188 198 36 7 60 

Table 2 presents the simulation results for 

two sequences. The cumulative number of 

the failures for each member in each 

sequence, the number of the failures, and the 

cumulative probability of system failures for 

each sequence have been presented. 

 

3.3.1. MTBF Calculation Based on Monte 

Carlo Results 

The MTBF of the fiber-optic network is 

calculated by analyzing the network behavior in 

Monte Carlo simulation (number of network 

failures and its failure rate) shown in Table (2) 

and using equation (18) as follows:    
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Thus, the MTBF of the fiber optic network (2 

parallel lines) was obtained at 4531h. 

 

3.3.2. Analytical calculation results in RBD 

model and Monte Carlo simulation 

The total results of the analytical calculation 

through RBD modeling, as well as the 

simulation, have been mentioned in Table 3. 

 

Table 3- Analytical calculation results in RBD model and Monte Carlo simulation 

The number of optical fiber outages in lines (1) 

and (2) have been extracted from the railway 

failure recording software. The reliability and 

MTBF for each series' lines were calculated by 

using the RBD model. Moreover, the definite 

probability of the two parallel optical fiber lines 

simultaneously and MTBF for the network was 

obtained through the results of the RBD model 

and Monte Carlo simulation for three years. It is 

reminded that any breakdown in series lines 

leads to network outage, but in parallel lines, the 

simultaneous breakdown of the two lines leads 

to the network outage. Comparison of the results 

of the reliability of the series and parallel lines, 

the number of network outages in both cases, and 

their MTBF have been mentioned in Table 3.  

For the first time in research, through Modeling 

and simulation of Monte Carlo, the behavior of 

the telecommunications transmission network 

has been predicted for a period of (3) years. 

4.  Conclusion  

In this research, the reliability of the existing 

optical transmission network in the railway was 

modeled and analyzed analytically by using 

RBD model. The results of the analytical 

calculation were also verified by using Monte 

Carlo simulation. Based on the simulation 

results, the number of simultaneous outages of 

the optical fiber lines was t times of the total 

network outages and the MTBF, for a period of 

three years, was 4531 hours. Moreover, in this 

research, the statistics of actual failures recorded 

in three years were studied. Moreover, this 

research regarding the importance of safety in 

railway a viewpoint was provided to the network 

owners to implement a suitable solution to 

increase the network reliability in case of need 

for more reliability.  
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