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Executive Summary  
This document is the Deliverable D2.2 “Assessment of ABs benefits, challenges and impact on 
infrastructure with RAT Tool and Communication Traffic Analysis” of the “Alternative Bearer for 
Rail” (AB4Rail) project. It describes the methodology adopted used to assess the eligibility of the 
considered ABs technologies for their integration in the Adaptable Communication System (ACS). 
Eligibility has been analyzed in terms of: data rate categories, ACS traffic classes and mobility 
requirements for each rail scenario. We have defined a three-steps methodology for ABs 
assessment. In the first step, the analysis has focused on the assessment of ABs capabilities in terms 
of data rate and mobility. To this purpose results from Radio Assessment Technology (RAT) and 
Communication Traffic Analysis (CTA) have been used as input. In the second step, the benefits, 
challenges, and dependencies of each AB have been evidenced. In the last step, the technical 
feasibility of ABs has been contrasted with respect to a set of criteria and also the impact due to the 
AB deployment on the existing rail infrastructure communication has been discussed. The results 
of the analysis may appear to be fragmented due to the heterogeneity of ABs technologies, but the 
derivation of results is consistent since the applied methodology is the same for all the considered 
AB technologies. The main findings can be summarized as follows. Optical Wireless 
Communications considering Visible Light Communications technology may not be suitable for 
supporting ACS communications (including mission critical services) due to short range coverage 
and propagation issues and obstacles, especially in case of train mobility. Instead, only considering 
the technical aspect, Free Space Optics (FSO) seems to offer a great potential for future railway 
communications in every rail scenario and should be considered as a valid candidate AB for ACS 
communications. In static rail scenario, FSO could be adopted for optical backhauling using the 
commercial products available on the market.  
Internet of Things Short Range (IoT SR) technologies offer different levels of coverage, from a few 
tens of meters to one hundred. Due to their intrinsic characteristics, they could not support ACS 
communications in every rail scenario, even when the available data rate can be relevant. In this 
deliverable, we have also proposed to adopt IoT SR and broadband PLC technologies in station/yard 
scenario to create easily accessible local communication system at reduced cost. 
For what concerns the Low Power Wide Area Network technologies we have observed that due to 
duty cycle limitation, LoRa technology can only be used for exchanging messages no longer that 
222 Bytes in few seconds per hour, although it offers radio coverage up to several km. On the 
contrary, being natively supported by the LTE system, NB-IoT offers continuous radio coverage 
for all railway scenarios, even though it does not natively support streaming-type transmissions, as 
voice and video neither mission critical communications. 
Broadband PLC communications, not supporting node mobility, can be used and integrated in ACS 
for some specific communication application such as backhauling for other communication 
technologies. Thanks to the availability of electrical cables in all railway scenarios, their impact on 
existing infrastructure is very limited and practically negligible.   
Although the deployment of Low Earth Orbit High Throughput Satellite (LEO HTS) constellations 
is ongoing, from our investigation it emerges that they are an interesting candidate AB in many 
railway scenarios except metro and station scenarios due to possible connection blackout or where 
it may result not economically convenient using them in place of terrestrial networks. For LEO HTS 
the on-board installation of an antenna system and a satellite modem for satellite pointing and 
tracking is required. The HAPS technology is another candidate AB for ACS for many railway 
scenarios excluding metro and station. Considering the HAPS data rates in the literature, it emerges 
that in some cases, HAPS cannot support some ACS Traffic Classes. Mobility support should be 
guaranteed by the HAPS infrastructure manager for supporting train applications. Even for HAPS, 
each train should be equipped with steerable on-board antenna system and modem for HAPS 
pointing and tracking. At the moment, HAPS is in the Proof of Concept (PoC) phase, with some 
initial preliminary tests for validating the technology in the laboratory and in the field. 
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1 Introduction 
This document constitutes the Deliverable D2.2 “Assessment of ABs benefits, challenges and 

impact on infrastructure with RAT Tool and Communication Traffic Analysis” according to 

Shift2Rail Joint Undertaking programme of the project titled “Alternative Bearer for Rail” (Project 

Acronym: AB4Rail, Grant Agreement No 101014517 — IP/ITD/CCA — IP2). 

AB4Rail is a project connected to the development of a new Communication System planned within 

the Technical Demonstrator TD2.1 of the 2nd Innovation Programme (IP2) of Shift2Rail JU: 

Advanced Traffic Management & Control Systems. The IP2 “Advanced Traffic Management & 

Control Systems” is one of the five asset-specific Innovation Programmes (IPs), covering all the 

different structural (technical) and functional (process) sub-systems related to control, command, 

and communication of railway systems. 

Purpose and scope of the document 

The aim of this document is to assess the eligibility of candidate Alternative Bearers (AB) to be 

integrated into the Adaptable Communication System (ACS). These technologies include optical 

communication system, innovative LEO satellite constellations, High Altitude Platform Station 

(HAPS) and Power Line-based wired technologies. Internet of Things (IoT) short range radio 

technologies are also analysed for their possible integration into the ACS. Eligibility of each ABs 

is evaluated with respect to the data rate capacity and support of mobility for each one of the ACS 

traffic classes defined in [1] and in each railway scenario. The suitability of each AB is also 

contrasted with respect to a set of criteria originally introduced in [1] and extended in AB4Rail 

project. The problems related to each AB deployment is discussed with respect to its impact on the 

rolling stock and on the fixed railway infrastructure. 

Document organization  

The document is organized according to AB4Rail Grant Agreement Number 101014517 (RD-1) and 

AB4Rail Consortium Agreement (RD-2). The document structure is the following. In Section 2 we 

review the methodologies used for the assessment of Traditional Bearers (TB) in the railway 

context, while Section 3 we describe the corresponding methodology defined for the Alternative 

Bearers (AB) assessment. Section 4 describes the approach used for the eligibility assessment of the 

AB with respect to the data rate categories and ACS Traffic Classes. The analysis of data rate and 

of the mobility requirements for each AB are reported in Sections 5 and 6, respectively. The Section 

7 describes the most important identified benefits, challenges, and dependencies for each AB, to be 

considered in the eligibility analysis. Results on the eligibility are reported in Section 8. In Section 

9 we analyse the impact of each AB with the existing rail infrastructure. Due to their specific 

characteristics, Power Line Communications and LoraWAN technologies have been analysed in 

Section 10 and 11, respectively. Conclusions are drawn in Section 12. 

Reference Documents 

Table 1: Reference Documents. 

Document Number  Document Description  

RD-1 AB4Rail Grant Agreement Number 101014517 - IP/ITD/CCA - IP2 

RD-2 AB4Rail Consortium Agreement   
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2 Review of analysis and assessment methodologies for TBs in 

railway 

Radio Access Technology assessment methodology 

The Radio Access Technology (RAT) assessment methodology is a tool adopted in [1], to assess 

different RATs with regards of their utilization for railway applications. The assessment is carried 

out based on various Key Performance Indicators (KPIs), as well as their communications features. 

Specifically, in [1] different RATs have been investigated for different communication systems (i.e., 

GSM-R, LTE, 5G, WiFi and SatCom). The RAT analysis also provides a first technical assessment 

of the suitability of a given RAT, as well as their coexistence. Indeed, the goal of the methodology 

is to keep the modularity and flexibility between different RATs because it is likely that 

heterogeneous technologies will coexist in railway scenarios. In [1], the following KPIs have been 

considered into certain properties such as: spectrum & frequency, physical characteristics, data rate 

& efficiency, mobility, service quality, and others (i.e., general support of railway functionality).  

Figure 1 depicts the matrix RAT-KPI, where for each technology a given KPI has been assessed. 

Specifically, for each selected communication technology, it has been assessed its match against a 

certain set of criteria, depending on a specific railway scenario (i.e., mainline, metro/urban, regional, 

freight). Also, for each KPI minimum requirements have been defined with regards to the three 

application categories (i.e., critical, performance, business). For each key performance indicator, it 

should be selected whether the KPI is merely “informative” or (for critical applications) 

“obligatory” or “optional”. The output of the assessment is an estimate of whether a specific radio 

access technology is able to fulfil the requirements of the selected scenario, according to selected 

KPIs. 

Figure 1. Radio Assessment Tool structure for TBs. 
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Communication Traffic Analysis  

In [1], the methodology of Communication Traffic Analysis (CTA) takes into account the rail 

application requirements for different railway scenarios: (i) Mainline/Highspeed, (ii) 

Urban/Suburban/Metro, (iii) Regional, (iv) Freight, and (v) Station/yard.   

▪ In mainline, we have a dedicated (high-speed) passenger line / train that spans between 

cities and possibly across the nations. The key applications are voice and data services for 

the operation of railways, i.e., voice communication for staff, such as drivers, dispatchers, 

shunters etc., as well as railway emergency calls and data communication. In mainline, train 

speeds are in the range of 250 km/h to 500 km/h.  

▪ In metro, we consider a dedicated urban (mass transit) passenger line / train that spans part 

or all of a city, and possibly as far as the neighbouring towns (with sections both above and 

below ground). Train speeds are lower than mainline; 

▪ In regional scenario, requirements are mostly the same of those for mainline, with lower 

train speeds. In this case we have a remote low-capacity passenger line with few 

connections that spans between the cities;  

▪ In freight lines, critical communication applications are necessary for the safe operations 

of railways, i.e., voice communication for staff (e.g., drivers), emergency calls, as well as 

data communication for supporting ETCS. A freight is a dedicated freight line (no 

passengers) that spans between the cities and possibly across nations; 

▪ In station/yard, we consider for station a railway location where train can start, stop or end, 

and for yard an arrangement of tracks, other than main tracks, used for making up trains 

(shunting), storing cars and trains and other purposes. Train speeds are very low with pauses 

and stops at stations. 

A suitable RAT is expected to provide a data rate that is sufficient to fulfil the requirements of all 

applications with a guaranteed QoS level. This is particularly important for critical applications.  

Specifically, for each railway application, specific high-level requirements and key communications 

performance requirements have been identified. Based on these requirements, a communication 

traffic analysis has been performed to calculate the overall data rate for each railway scenario, that 

is to be expected in current (today) and future (tomorrow) railway communication systems. 

The methodology adopted for CTA in [1] is based on the following steps: 

1. Initially, all the applications relevant to current and future railway communications have 

been identified; 

2. Such applications have been categorized as (i) critical, (ii) performance, and (iii) business. 

Critical applications are those essential for train movements and safety or legal obligation 

e.g., emergency communications, shunting, presence, trackside maintenance, etc. 

Performance applications support the enhancement of the performance of the railway 

operations, such as train departure, telemetry, video surveillance, etc. Finally, business 

applications are able to support the railway business operations, such as wireless Internet; 

3. All the previous applications have been assessed by means of a high-level classification of 

data rate, ranging from very low (i.e., < 5kbps) to high values (< 5000kps); 

4. For different railway applications (i.e., mainline, metro/urban, regional, and freight), 

operational parameters have been identified, such as the number of trains per hour. 

Specifically, in mainline, we have a high-speed train spanning between cities and possibly 

across nations. In metro/urban, it was considered a dedicated urban train spanning part of all 

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view


 

 

 

 

[AB4Rail] GA [101014517] D [2.2]  

 [Assessment of ABs benefits, challenges, and impact on infrastructure with RAT Tool and Communication Traffic Analysis] 

 16 | 116 

                                                                                                               

 
 

of a city, possibly as far as neighbouring towns. Regional and freight applications consider 

low and no passenger trains with low and no connections spanning between the cities, 

respectively; 

5. For different communication applications i.e., voice, data and video, the associated data rate 

has been evaluated as bit/s/km, both for uplink and downlink. 

Based on such methodology, for each application, it was decided whether it was relevant for a given 

railway category today, as well as whether it would only become relevant for future operations (i.e., 

post-migration). It was evaluated the application-dependent traffic growth in the future (i.e., in next 

20 years). The future data traffic estimates a further foreseeable future growth of 20% [1]. As 

depicted in Figure 2, for each application, a data rate per single user has been assigned. Then, the 

railway operational parameters were taken into account, as well as the frequency of use of both 

downlink and uplink (i.e., percentage of time). For both uplink and downlink, different data rates 

have been considered. The next step is related to the decision that a given application was relevant 

for today or for the future. In case of future application, the growth factor has been taken into 

account, that is, future data traffic has been estimated considering a foreseeable growth of 20% in 

next 20 years. Finally, the overall data rate has been obtained.  

Figure 2. Procedure for communication traffic analysis adopted for the assessment of TBs, for 

each application, [1]. 
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The template of CTA tool used for the assessment of TBs is shown in Figure 3.  

Figure 3. Different parts of the structure of CTA file for TB assessment, from [1]. 

 

(a) 

URS

Ref.
Application Useage Type Service Type Content Type

Symmetry

Up/Down
Bandwidth Station Yard Line

5.1 On-train outgoing voice communication from the train driver towards 

the controller(s) of the train
Critical Comms Bi-directional Voice 50/50 Low Low Medium Low

5.2 On-train incoming voice communication from the controller towards a 

train driver
Critical Comms Bi-directional Voice 50/50 Low Low Medium Low

5.3.1 Multi-train voice coms (train-to-train) for train staff, drivers & ground 

users 
Critical Comms Bi-directional Voice 50/50 Low Low Low Low

5.3.2 Multi-train data coms (train-to-train) for train staff, drivers & ground 

users 
Critical Comms Bi-directional data 50/50 Low Low Low Low

5.4 Banking voice communication Critical Comms Bi-directional Voice 50/50 Low Low Low Low

5.5 Trackside Maintenance Voice communication Critical Comms Bi-directional Voice 50/50 Low Medium Medium Medium

5.6 Shunting Voice Communication Critical Comms Bi-directional Voice 50/50 Low Medium Medium Low

5.7 Public emergency call Critical Comms Bi-directional Voice 50/50 Low Low Low Low

5.8 Ground to ground voice communication Critical Comms Bi-directional voice 50/50 Low Low Low Low

5.9 Automatic Train Control communication Critical Comms Bi-directional Data 50/50 Very Low High High High

5.10 Automatic Train Operation communication Critical Comms Bi-directional Data 50/50 Very Low High High High

5.11 Data communication for Possession Management Critical Comms Bi-directional Data 50/50 Low High High High

5.12 Trackside Maintenance Warning System communication Critical Comms Bi-directional Data 50/50 Very Low High High High

5.13 Remote control of Engines Critical Comms Bi-directional Data 50/50 Medium High High High

5.14 Monitoring and control of critical infrastructure Critical Comms Bi-directional Data 50/50 Very Low High High High

Critical Comms Bi-directional Voice 50/50 Low Low Low Low

Critical Bi-directional data 50/50 Low Low Low Low

Critical Comms Bi-directional Voice 50/50 Low Low Low Low

Critical Bi-directional data 80/20 Low Low Low Low

Critical Comms Bi-directional Voice 50/50 Low Low Low Low

Critical Bi-directional data 50/50 Low Low Low Low

Critical Comms Bi-directional Voice 50/50 Low Low Low Low

Critical Bi-directional data 50/50 Low Low Low Low

5.19.1 Voice recording Critical Comms Uni-directional 0/100 Medium High High High

5.19.2 Retrieval of voice recording Critical Comms Uni-directional 100/0 Medium Low Low Low

5.20.1 Data recording Critical Comms Uni-directional 0/100 High High High High

5.20.2 Retrieval of data recording Critical Comms Uni-directional 100/0 High Low Low Low

5.21 Shunting data communication Critical Comms Bi-directional data 50/50 Low Medium Medium Low

5.22 Train integrity monitoring data communication Critical Comms Bi-directional data 50/50 Very Low High High High

5.16
On-train safety device to ground communication

Frequency of use

Normal
Classification Communications Attributes

5.15
Railway Emergency Communication

Calculation - Mainline

5.17
Platform/Train Interface Alert

5.18
Working alone
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(b) 

URS

Ref.
Application

Relevant for 

Mainline today?

Relevant for Future 

Mainline?
User Category

Data Rate 

Category

5.1 On-train outgoing voice communication from the train driver towards 

the controller(s) of the train
Yes Yes Train Voice

5.2 On-train incoming voice communication from the controller towards a 

train driver
Yes Yes Train Voice

5.3.1 Multi-train voice coms (train-to-train) for train staff, drivers & ground 

users 
Yes Yes Train Voice

5.3.2 Multi-train data coms (train-to-train) for train staff, drivers & ground 

users 
Yes Yes Train Default

5.4 Banking voice communication Yes Yes Few Users Voice

5.5 Trackside Maintenance Voice communication Yes Yes Staff Trackside Voice

5.6 Shunting Voice Communication No No Shunting Group Voice

5.7 Public emergency call Yes Yes Train Voice

5.8 Ground to ground voice communication No No Few Users Voice

5.9 Automatic Train Control communication Yes Yes Train ETCS

5.10 Automatic Train Operation communication No Yes Train Default

5.11 Data communication for Possession Management Yes Yes Few Users Default

5.12 Trackside Maintenance Warning System communication No Yes Few Users Default

5.13 Remote control of Engines No Yes Train Default

5.14 Monitoring and control of critical infrastructure No Yes Wayside Objects Default

Yes Yes Train Default

No Yes Train Default

No No Train Voice

No Yes Train Default

Yes Yes Train Voice

Yes Yes Train Default

No Yes Few Users Voice

No Yes Few Users Default

5.19.1 Voice recording No No Train Voice

5.19.2 Retrieval of voice recording No No Train Voice

5.20.1 Data recording No No Train Default

5.20.2 Retrieval of data recording No No Train Default

5.21 Shunting data communication No No Shunting Group Default

5.22 Train integrity monitoring data communication No Yes Train Default

5.16
On-train safety device to ground communication

5.15
Railway Emergency Communication

Calculation - Mainline

5.17
Platform/Train Interface Alert

5.18
Working alone
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(c) 

 

Notice that this is only a partial picture of the CTA file, which is essentially an Excel file with 

different sheets, each one for a railway scenario i.e., mainline, metro, regional, freight, station/yard.  

As shown, for each railway scenario we have several user requirements for different applications 

(e.g., “On-train outgoing voice communication from the train driver towards the controller(s) of the 

train”, “On-train incoming voice communication from the controller towards a train driver”, “Multi-

train voice coms (train-to-train) for train staff, drivers & ground users”, “Trackside Maintenance 

Voice communication”, “Shunting Voice Communication”, “Public emergency call”, etc.).  

They are classified according to “user type” (i.e., critical, performance, and business) and “service 

type” (i.e., communications, and support). They have also different communication attributes, 

expressed in terms of (i) content type (i.e., uni- and bi-directional voice/data and real-time video), 

(ii) up/down link symmetry and (iii) available bandwidth (i.e., low, medium, high). Finally, the 

frequency use is considered as well.  

 

Each application is then assessed as “relevant” or “not relevant” for a given railway scenario, both 

as “today” and “tomorrow” expectation (see Figure 3 (b)). Finally, the “today” and “tomorrow” data 

rate assessment is computed, by means of evaluating both for the case of single and multi-user 

scenarios, the up- and downlink utilization ratio and the frequency of use (i.e., very low/low/max 

and default), as shown in Figure 3 (c). 

The obtained results from the CTA can be collected as different tables showing the fulfilment of 

different requirements for each railway applications, and for each selected radio access technology.  

 

URS

Ref.
Application

Single User 

Data Rate

Number of 

users per km

Frequenc

y of Use

Frequency 

of Use in 

%

Base Data Rate 

Today

Base Data 

Rate 

Tomorrow

DL 

Fraction
UL Fraction

Data Rate DL 

Today

Data Rate 

UL Today

Data Rate DL 

Tomorrow

Data Rate UL 

Tomorrow

5.1 On-train outgoing voice communication from the train driver towards 

the controller(s) of the train
23,85 0,5 Default Low 10% 1,19 1,43 0,5 0,5 0,60 0,60 0,72 0,72

5.2 On-train incoming voice communication from the controller towards a 

train driver
23,85 0,5 Default Low 10% 1,19 1,43 0,5 0,5 0,60 0,60 0,72 0,72

5.3.1 Multi-train voice coms (train-to-train) for train staff, drivers & ground 

users 
23,85 0,5 Very Low Very Low 1% 0,12 0,14 0,5 0,5 0,06 0,06 0,07 0,07

5.3.2 Multi-train data coms (train-to-train) for train staff, drivers & ground 

users 
50 0,5 Very Low Very Low 1% 0,25 0,30 0,5 0,5 0,13 0,13 0,15 0,15

5.4 Banking voice communication 23,85 2 Very Low Very Low 1% 0,48 0,57 0,5 0,5 0,24 0,24 0,29 0,29

5.5 Trackside Maintenance Voice communication 23,85 1 Default Medium 33% 7,87 9,44 0,5 0,5 3,94 3,94 4,72 4,72

5.6 Shunting Voice Communication 23,85 n/a Default Low 10% 0,00 0,00 0,5 0,5 0,00 0,00 0,00 0,00

5.7 Public emergency call 23,85 0,5 Very Low Very Low 1% 0,12 0,14 0,5 0,5 0,06 0,06 0,07 0,07

5.8 Ground to ground voice communication 23,85 2 Default Low 10% 0,00 0,00 0,5 0,5 0,00 0,00 0,00 0,00

5.9 Automatic Train Control communication 4 0,5 Max Max 100% 2,00 2,40 0,5 0,5 1,00 1,00 1,20 1,20

5.10 Automatic Train Operation communication 5 0,5 Max Max 100% 0,00 3,00 0,5 0,5 0,00 0,00 1,50 1,50

5.11 Data communication for Possession Management 50 2 Default High 66% 66,00 79,20 0,5 0,5 33,00 33,00 39,60 39,60

5.12 Trackside Maintenance Warning System communication 5 2 Low Low 10% 0,00 1,20 0,5 0,5 0,00 0,00 0,60 0,60

5.13 Remote control of Engines 500 0,5 Max Max 100% 0,00 300,00 0,5 0,5 0,00 0,00 150,00 150,00

5.14 Monitoring and control of critical infrastructure 5 4 Max Max 100% 0,00 24,00 0,5 0,5 0,00 0,00 12,00 12,00

50 0,5 Very Low Very Low 1% 0,25 0,30 0,5 0,5 0,13 0,13 0,15 0,15

50 0,5 Very Low Very Low 1% 0,00 0,30 0,5 0,5 0,00 0,00 0,15 0,15

23,85 0,5 Very Low Very Low 1% 0,00 0,00 0,5 0,5 0,00 0,00 0,00 0,00

50 0,5 Very Low Very Low 1% 0,00 0,30 0,2 0,8 0,00 0,00 0,06 0,24

23,85 0,5 Very Low Very Low 1% 0,12 0,14 0,5 0,5 0,06 0,06 0,07 0,07

50 0,5 Very Low Very Low 1% 0,25 0,30 0,5 0,5 0,13 0,13 0,15 0,15

23,85 2 Max Max 100% 0,00 57,24 0,5 0,5 0,00 0,00 28,62 28,62

50 2 Max Max 100% 0,00 120,00 0,5 0,5 0,00 0,00 60,00 60,00

5.19.1 Voice recording 23,85 0,5 Very Low Very Low 1% 0,00 0,00 1 0 0,00 0,00 0,00 0,00

5.19.2 Retrieval of voice recording 23,85 0,5 Very Low Very Low 1% 0,00 0,00 0 1 0,00 0,00 0,00 0,00

5.20.1 Data recording 5000 0,5 Very Low Very Low 1% 0,00 0,00 1 0 0,00 0,00 0,00 0,00

5.20.2 Retrieval of data recording 5000 0,5 Very Low Very Low 1% 0,00 0,00 0 1 0,00 0,00 0,00 0,00

5.21 Shunting data communication 50 n/a Max Max 100% 0,00 0,00 0,5 0,5 0,00 0,00 0,00 0,00

5.22 Train integrity monitoring data communication 5 0,5 Max Max 100% 0,00 3,00 0,5 0,5 0,00 0,00 1,50 1,50

5.16
On-train safety device to ground communication

5.15
Railway Emergency Communication

Calculation - Mainline

5.17
Platform/Train Interface Alert

5.18
Working alone
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The following requirements have been considered:  

• Capacity: sufficient, insufficient. 

• Latency: best effort, normal, low, very low, N/A. 

• Bandwidth: High, medium, low, very low, N/A 

• Reliability: Very high, high, normal 

• Availability: Normal. High 

• Maintainability: High, low 

• Upgradability: High, low 

• Longevity: Yes, no 

• Scalability: High, medium, low 

• Backward Compatibility: Yes, no 

• Resilience to Interference: Yes, no 

• Cyber Security: High vulnerability, medium vulnerability, low vulnerability 

• Traffic prioritization: Possible, not possible 

Notice that for “low” latency it is defined a value lower than 100ms, while “very low” latency is 

defined as lower than 10ms. 

Table 2 shows one example of the CTA results for each radio access technology, in case of mainline/ 

highspeed application. In green, it is highlighted the fields with positive fulfilment of the 

requirements. It can be observed that among all the radio access technologies, only GSM-R shows 

an insufficient capacity for all the railway applications (i.e., critical, performance, and business 

applications). 

Table 2. General view of fulfilment of requirements for Mainline scenario, [1]. 

 

3 Analysis and assessment methodologies for ABs in railway 
In this section, we detail the steps of the procedure we have adopted for the assessment of ABs 

considered in this project, i.e., VLC, FSO, NB-IoT, BT5.2, UWB, LEO, HAPS, PLC, LoRaWAN, 

as shown in Table 3. They have been grouped into the following three categories: (i) Optical 

Wireless Communication (OWC), (ii) IoT-based and (iii) aerial. Notice that PLC and LoRaWAN 

have been excluded from such classification since they have some specific features that preclude 

them from the proposed methodology for analysis. The separate analysis and assessment of PLC 

and LoRaWAN is carried out in Section 5.2.5 and 11, respectively. 
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Table 3. AB technology categories collected as (i) OWC, (ii) IoT-based, and (iii) aerial. 

AB technologies 

OWC  IoT-based  Aerial  

VLC BT5.2 LEO 

FSO Zigbee HAPS 

UWB 

NB-IoT 

 

AB4Rail project has defined a new methodology based on a three-steps procedure, which integrates 

the approach already adopted for TBs assessment introducing novel aspects, considerations and 

assumptions, that derive from the intrinsic technology features of considered ABs. The three-steps 

procedure accounts for the considered ABs fir all ACS traffic classes. The overall methodology 

adopted by AB4Rail is illustrated in the flowchart in Figure 4.  

Starting from the characteristics of the different railway scenarios (i.e., mainline, metro, regional, 

freight, station/yard), the ACS traffic classes and the AB features, the RAT analysis and data rates 

from CTA are computed initially.  

Regarding the RAT Assessment purpose, in the first phase each AB is investigated in accordance 

with several different features, such as:  

1. Frequency, that collects frequency band, support of GSM-R band, use of paired/unpaired 

spectrum, channel bandwidth, possibility of carrier aggregation, maximum aggregated 

bandwidth, typical frequency reuse; 

2. PHY characteristics, that collects transmission transfer Interval (TTI), TTI bundling, 

downlink multiple access, uplink multiple access, duplex mode, support of Hybrid ARQ, 

support of incremental redundancy, support of adaptive coding & modulation, support of 

MIMO, support of Dynamic Scheduling; 

3. Data rate & throughput, that collects peak downlink/uplink data rate, peak 

downlink/uplink spectral efficiency, average spectral efficiency (Railway); 

4. Mobility, that collects maximum supported speed, measures against Doppler, measures 

against multipath propagation, railway-compatible propagation profiles; 

5. Additional KPI that collects minimum user plane latency, connection setup time, 

connection setup success rate, connection drop rate, packet error rate, packet transfer 

delay/latency, handover latency, handover success rate, jitter; 

6. Coverage, that is the transmission range of a given AB transmitter device; 

7. Applications, that collects the support of voice application, video (live streaming/video on 

demand) application, and data applications; 

8. Other, that collects the support of interoperability to GSM-R, interference with others in 

same band, interference with others in neighbouring bands, and the general support of 

railway functionality. 

The initial RAT assessment is then followed by the CTA analysis which is necessary to assess the 

data rates required for the services in each single railway scenario (i.e. mainline, regional, freight, 

metro, station). These data account for the offered traffic for each AB and they are compared with 

the (nominal) transmission rates a given AB can provide both in downlink and uplink. The offered 

traffic rates are computed for different ACS classes and railway applications, and considering the 

“today” and “tomorrow” cases. The result of the CTA analysis is used to obtain a positive/negative 

(i.e. YES/NO) judgment for the ability of the given AB to support the required data rates for the 

different railway applications and ACS traffic classes. For instance, by comparing the 
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downlink/uplink transmission data rates that are achievable for a typical VLC link with the offered 

traffic requirements from the CTA, we can obtain a positive (or negative) result, meaning that VLC 

can support (or it is unable to support) the offered data rates for the considered railway applications 

in the selected railway scenario. 

The RAT and CTA analysis are then integrated with the study of benefits, challenges and limitations 

that can affect a given AB. For this purpose, the following features have been addressed:  

1. Benefits i.e., cost for spectrum license (YES/NO), equipment cost (low/medium/high), 

coverage area type (spot/continuous), coverage area (low/medium/high), data rate (very 

low/low/medium/high), availability of equipment (low/medium/high), enabler for economy 

of scale (YES/NO), management of technology standard, security level (low/medium/high), 

and IP support (YES/NO), other benefits; 

2. Challenges i.e., radio interference (low/medium/high), radio access device ownership 

(private/operator), deployment effort (low/medium/high), inter-connection level 

(low/medium/high), support for mission critical communications (YES/NO), other 

challenges; 

3. Limitations i.e., radio link setup time (RLST) value, mobility support (YES/NO), backward 

compatibility (YES/NO), support provided by network (YES/NO), video-streaming support 

(YES/NO), voice support (YES/NO), other limitations. 

The integration of RAT/CTA analysis together with benefits, challenges and limitations for each 

AB allows to carry out the eligibility analysis, which consists of (i) a partial and (ii) an absolute 

eligibility (defined later). The overall procedure is illustrated by the diagram in Figure 4.  

 

Figure 4. Schematic flowchart of the adopted methodology for AB suitability assessment in ACS 

railway classes. 
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First, each AB is investigated with respect to its ability to support different data rate categories and 

then the traffic in each ACS traffic class. As outlined previously, to this purpose the data rate 

achievable for each AB is compared with the offered traffic evaluated by CTA for the selected 

different categories and then for the ACS traffic classes, both for today and tomorrow. The results 

obtained from this comparison provides a first eligibility state referred as partial eligibility per ACS 

class (YES/NO). This first step is then followed by a second eligibility state, namely absolute 

eligibility per ACS class (YES/NO). An AB results with an absolute eligibility whether each ACS 

traffic class is supported by a given AB. The eligibility analysis is carried out for different railway 

applications (i.e., metro, mainline, regional, freight, station/yard). 

Finally, as shown in Figure 4, the eligibility analysis is followed by the Technical Feasibility 

Analysis (TFA), and the evaluation of AB impact on existing infrastructure. The TFA is based on 

the following set of criteria i.e., capacity [Mbps], latency [ms], bandwidth [MHz], reliability, 

availability, maintainability, upgradability, longevity, scalability, backward compatibility, 

resilience to interference, cyber security, traffic prioritization, dependence on existing infrastructure 

in the considered scenario, technology maturity, coexistence issues with traditional bearers, bearer 

controllability in ACS, availability of standard, and mobility support.  

 

The Table 4 collects the main features considered for the AB impact assessment analysis.  

Table 4. Main features adopted for AB technical feasibility analysis. Blue fields refer to bearer 

features described in [1]; the pink fields refer to additional features considered in AB4Rail. 

 
 

 

All the technical aspects analysed till now will be integrated with an economic feasibility analysis, 

which will be dealt with in deliverable D2.3 as illustrated in Figure 4. 

 

ID Category

1 Capacity [Mbps]

2 Latency [ms]

3 Bandwidth [MHz]

4 Reliability

5 Availability

6 Maintainability

7 Upgradability

8 Longevity

9 Scalability

10 Backward Compatibility

11 Resilience to interference

12 Cyber Security

13 Traffic prioritization

14 Dependence on existing infrastructure in the considered scenario

15 technology maturity

16 Coexistence issues with traditional bearers

17 bearer controllability in ACS

18 Availability of Standard

19 Mobility support
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4 Eligibility assessment for ABs  
In order to identify whether a specific AB is a potential candidate for each ACS traffic class in a 

given railway scenario (as output of the next deliverable D2.3), in this deliverable D2.2 the 

procedure is introduced for the assessment of the technical eligibility of AB. 

The eligibility assessment of a specific AB is needed to verify if its features are compliant with the 

rail application requirements as derived from the RAT and CTA tools. If so, the AB is declared as 

“eligible”.  

The financial/economic analysis will be carried out in the next Task of the AB4Rail project, and it 

is needed to verify the convenience of its deployment in railway scenarios. If so, a given AB is not 

only “eligible” but also “deployable”. It means there is viability for its usage in a railway context. 

The AB eligibility assessment follows the workflow shown in Figure 5. 

Figure 5. Workflow of the adopted AB eligibility assessment. 

 
 

The AB eligibility assessment is constituted by the following three main phases:  

1. Analysis of ABs supporting different data rate categories in a given rail scenario; 

2. Analysis of partial and global AB eligibility for different data rate categories and ACS traffic 

class, in case of “today” and “tomorrow” offered traffic; 

3. Analysis of partial and global AB eligibility based on mobility support and for different ACS 

traffic class, in case of “today” and “tomorrow” offered traffic. 

 

The information about railway scenario (i.e., mainline, metro, regional, freight, station/yard), the 

data rate category (i.e., default, ETCS, Internet, Internet Cargo, Internet Staff, video low quality, 

and voice) and ACS traffic class (i.e., from 1 to 7) are considered as initial input data to the 

workflow. Each data rate category can include different railway applications. The intrinsic features 
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of a given ABs are first filtered in terms of the AB compliance for the support of each data rate 

category. As output, the AB results as supporting or not a given data rate category (i.e., YES or 

NO). As an example, the NB-IoT technology has not been designed to support streaming based 

applications so that voice and video rail applications should be excluded from subsequent 

calculations. 

 

The next step considers the computation of the average bit rate for each rail application. This value 

is obtained by the bit rate/km indicated in the CTA for each application which is multiplied by the 

AB coverage diameter. The overall bit rate for each data rate category is then obtained as the sum 

of the different rates associated to the rail applications falling in the same data rate category.  Both 

data rates have been evaluated for the “today” and “tomorrow” cases. 

The next step of the workflow considers the comparison of the overall bit rate per category with the 

the AB transmission capacity. We can distinguish between the following two cases:  

a. If the average bit rate is lower or at least equal to the AB capacity, then the AB is considered 

as partial eligible for the selected data rate category.  

b. By summing the average bit rates per each category, if the aggregate bit rate turns out to be 

lower than or equal to the AB transmission capacity, then the AB is considered as global 

eligible for each data rate category.  

 

The same eligibility criterion is also applied when considering the ACS traffic classes. To this 

purpose, we evaluate the sum of the average bit rates (aggregate bit rate per ACS class) per data 

rate category belonging to each single ACS traffic class.  

In this case we have two possible cases:  

a. if the aggregate bit rate per ACS class turns out to be lower than or equal to the AB capacity, 

then the given AB will be declared as globally eligible for the selected ACS traffic class.  

b. the AB is declared to be partial eligible for the single ACS traffic class if the AB capacity 

is lower or equal to at least one of the data rate category included in the ACS traffic class 

i.e., the AB can dispose the traffic offered by at least once of the data rate categories casted 

in the considered ACS traffic class.  

 

Even though not shown in the workflow in Figure 5, the eligibility of the single AB has been also 

assessed with respect to its ability to support mobility. For each AB in a given rail scenario and for 

each ACS traffic class, we evaluate if train mobility can be supported. As a result, a given AB will 

result to be as partial and global eligible for a given rail scenario based on mobility support. The 

mobility analysis of each ABs is detailed in the subsequent Section 4.3.  

 

Before concluding this Section, it should be remarked that data obtained from the CTA for the 

considered ABs only regard the train-to-ground (and vice versa) communication traffic involving 

the on-board ACS GW. Even though not of interested in the AB4Rail project, the traffic from 

wayside to trackside (and vice versa), and traffic from/to passengers has been considered apart for 

some specific applications involving the PLC. Furthermore, since we are only interested in the usage 

of ACS for supporting critical and performance rail applications, for all ABs the Data rate Category 

“Internet” (ACS Traffic class 7) focusing on traffic generated by passengers, is not included in the 

data rate budget analysis. For IoT SR technologies, the Data rate Categories related to video and 

voice applications are also excluded, since they are not natively supported. For more details, the 

interested reader is referred to Section 5. With regards to IoT SR, to calculate the data rate supported 

by the single cell covered by each of IoT SR in mobility rail scenarios, we theoretically assumed 
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they can offer a continuous coverage so that we can multiply the CTA traffic/km for the extension 

of the radio coverage.  

This assumption is made for simplicity of calculation, but this does not correspond to any practical 

applications of these technologies. The mobility analysis carried out in the next Section 4.3 will 

allow to explicitly account for this important fact in the overall assessment of this type of AB 

technologies. In case of LPWAN the voice and video applications are not considered. PLC and 

LoRaWAN are analyzed in separate sections 

 

4.1 Radio Access Technology for ABs  

 

To proceed with the assessment of the ABs technology we summarize the results obtained from the 

RAT analysis of ABs. The RAT analysis accounts for the main features of each AB in terms of: 

 

1. Frequency 

2. PHY characteristics  

3. Data rate & throughput  

4. Mobility  

5. Additional KPI  

6. Other (interoperability with GSM-R, interference with others in neighbouring bands and 

general support of railway functionality) 

7. Coverage 

8. Voice Support of Voice application 

9. Video Support of Video (live streaming/VoD) application 

10. Data Support of data application 

 

Some PHY features as the operative frequency bands or the downlink/uplink access scheme, if 

duplex mode or MIMO techniques are valid for the considered ABs, allow to draw a first 

characterization of them. With the information on the maximum data rate achievable and the latency 

values, we can derive a first suitability for supporting the railway applications. The interoperability 

with GSM-R is not guaranteed for the considered ABs since they support packet transmissions, so 

that they should be designed for circuit mode operations. The typical/maximum coverage provided 

by the ABs can also give information on their possible applicability in terms of mobility for each 

railway scenario. Finally, the possibility to support streaming-based rail applications, such as voice-

video-data applications allows to start to differentiate the main application capabilities offered by 

the considered ABs.   

 

The following Table 5 summarizes the main information on RAT for the considered ABs. The 

interoperability with GSM-R is not guaranteed for the considered ABs since they support packet 

transmissions, so that they should be designed for circuit mode operations. The typical/maximum 

coverage provided by the ABs can also give information on their possible applicability in terms of 

mobility for each railway scenario.  

Finally, the possibility to support streaming-based rail applications, such as voice-video-data 

applications allows to start to differentiate the main application capabilities offered by the 

considered ABs.   
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Table 5. RAT tool for ABs. 

Part I 

 

 

 
 

 

 

PLC

Update 

technologies

Innovative 

Technologies

VLC FSO Power Line BT 5.2 ZigBee UWB LoRa NB-IoT LEO Satellite HAPS

frequency 

band

MHz text 300 THz 

(wavelengthr

ange from 

380 to 750 

nm)

NIR [750, 

1450] nm; 

SIR [1400, 

3000] nm

Ultra

Low 

Frequency 

(i.e., 0.3-3 

kHz); 

VLF/LF/MF 

(i.e., 3- 500 

kHz); HF/VHF 

(i.e., 1.8-250 

MHz) 

2.400 – 

2.4835  GHz

868 MHz; 

2.4 GHz
6 - 8.5 GHz

433.05 to 

434.79 MHz;

863 to 870 

MHz.

1800 MHz, 

900 MHz, 

800 MHz

10,7-14,5 

GHz (Ku);

17,3-30 GHz 

(Ka);

40-75 GHz 

(V) [future 

use]

31-31.3 GHz, 

38-39.5 GHz;

7.2 – 47.5 

GHz; 47.9 – 

48.2 GHz;

support of 

GSM-R band

yes/no NO NO NO
NO NO NO NO

YES (only LTE-

M)
No YES

use of 

paired/unpai

red 

spectrum

NN paires

/unpaired/

both

unpaired unpaired paired

unpaired unpaired paired paired paired paired paired

channel 

bandwidth

MHz text 20 MHz 20 GHz CENELEC A: 3 

kHz - 95 kHz; 

CENELEC B: 

95 kHz – 125 

kHz; 

CENELEC C: 

125 kHz – 

140 kHz; 

CENELEC D: 

140 kHz - 

148.5 kHz

2
600 KHz; 

5 MHz

> 50, 

typical 500
0,125-,250 0,2

8-30-70-150-

400

possibility of 

carrier 

aggregation

yes/no yes yes

NO NO NO No Yes Yes

maximum 

aggregated 

bandwidth

MHz numerical n/a n/a

N/A N/A N/A N/A Yes N/A

typical text n/a n/a n/a N/A N/A N/A N/A 1;3 2

Values

Alternative Bearers

Max/Min

IoT short range LPWAN
Optics

Fr
eq

u
en

cy
A

B
 F

ea
tu

re

KPI / 

Requirement

s

Units

transmission 

transfer 

Interval (TTI)

ms numerical max n/a n/a n/a N/A N/A N/A N/A 640 N/A

TTI bundling yes/no n/a n/a n/a N/A N/A N/A N/A Yes N/A

Downlink 

Multiple 

Access

text OCDMA; OFDMOCDMA; OFDM; WDMCSMA/CA; OFDM

Frequency 

Hopping 

Spread 

Spectrum 

(FHSS)

CSM/CA
MB-OFDM/

IR-UWB

Chirp Spread 

Spectrum
OFDMA

TDMA 

/DAMA

Uplink 

Multiple 

Access

text OCDMA; OFDMOCDMA; OFDM; WDMCSMA/CA; OFDM

Frequency 

Hopping 

Spread 

Spectrum 

(FHSS)

CSM/CA
MB-OFDM/

IR-UWB

Chirp Spread 

Spectrum
SC-FDMA

TDMA 

/DAMA

Duplex 

mode
FDD/TDD/FDD & TDD TDD TDD TDD FDD & TDD FDD & TDD FDD & TDD FDD FDD & TDD

Support of 

Hybrid ARQ
yes/no YES YES yes Yes Yes Yes Yes Yes Yes

Support of 

incremental 

redundancy

yes/no YES YES yes NO No Yes Yes Yes Yes

Support of 

adaptative 

coding & 

modulation

yes/no YES YES YES NO No Yes Yes Yes Yes

Support of 

MIMO
yes/no YES YES YES Yes Yes Yes Yes Yes Yes

Support of 

Dynamic 

Scheduling

yes/no YES YES yes Yes Yes Yes Yes Yes Yes

PH
Y 

C
h

ar
ac

te
ri

st
ic

s
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Part II 

 

 
 

 

The fields indicated in Table 5 have been collected from [1] but some of them have been deleted 

since they are not directly applicable for the selected ABs technologies. 

As shown in Table 5, OWC technologies could be considered as interesting candidates for rail 

applications since they own several desirable features in terms of data rate and PHY performance. 

The IoT SR technologies also provide lower data rate than OWCs, but they are seriously limited in 

terms of achievable coverage as also illustrated in the rest of this document. The LPWAN 

technologies are suitable for low data rate communication. In case of NB-IoT, we have a 

communication network managed by the Telco, while LoRaWAN is also limited by a low duty 

cycle value that, as shown in the next Section 5.2.6 can severely limits its application in the railway 

PLC

Update 

technologies

Innovative 

Technologies

VLC FSO Power Line BT 5.2 ZigBee UWB LoRa NB-IoT LEO Satellite HAPS

Peak 

Downlink 

data rate

Mbit/s numerical min 500
155-622-

1000
2000 2 0,25 100 0,05 0,227 N/A N/A

Peak Uplink 

data rate
Mbit/s numerical min 500 500 - 1.000 2000 2 0,2 500 0,05 0,25 N/A N/A

Peak 

Downlink 

spectral 

efficiency

bit/s/Hz numerical min N/A N/A N/A N/A N/A N/A N/A

Peak Uplink 

spectral 

efficiency

bit/s/Hz numerical min N/A N/A N/A N/A N/A N/A N/A

Maximum 

supported 

speed

km/h numerical min 360 360 305 50-100 50 100 100 500 100

Measures 

against 

multipath 

propagation

yes/no no no Yes yes No No Yes Yes Yes

minimum 

user plane 

latency

ms numerical max N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

connection 

setup time
ms numerical max 1000 20-50 1000 7.5-4000 10000-180000 22 2000 10 20-30 <10 

packet 

transfer 

delay/latenc

y

ms numerical max 500 25-100 140 3 400 1.000-10.000 20-50-125 0,26

interference 

with others 

in same 

band

yes/no YES NO yes YES (WiFi) YES (WiFi) Yes Yes Yes Yes YES

interference 

with others 

in 

neighboring 

bands

yes/no NO NO yes YES (LTE) YES (LTE) Yes Yes Yes Yes YES

General 

support of 

railway 

functionality

yes/no NO NO no NO NO NO NO NO NO NO

co
ve

ra
ge

Km 0,1 0.250-0.500 0,2 0,1 0,01 10 5 309 150

V
o

ic
e Support of 

Voice 

application

yes/no yes yes yes YES NO NO N/A NO YES YES

V
id

eo

Support of 

Video (live 

streaming/V

oD) 

application

yes/no yes yes yes YES NO NO N/A NO YES YES

D
at

a Support of 

data 

application

yes/no yes yes yes YES YES YES N/A YES YES YES

Values

Alternative Bearers

Max/Min

IoT short range LPWAN

Optics

A
d

d
it

io
n

al
 K

PI
 f

ro
m

 S
R

S 
d

o
c

D
at

a 
ra

te
 &

 t
h

ro
u

gh
p

u
t

m
o

b
ili

ty
A

B
 F

ea
tu

re

KPI / 

Requirement

s

Units
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context. Finally, the aerial technologies provide a very large coverage than the previous ABs, but 

unfortunately for what concerns HAPS communication features are not yet very well defined and 

no standards are available at the moment. For what concerns LEO we mainly refer to HTS systems 

and we will consider two commercial LEO constellations, Starlink Space X [50] and OneWeb [51], 

which are currently in the deployment stage and presumably will start to be operative at the end of 

2022 providing access to Internet services all over the world.  

 

4.2 Results for Data rate Analysis 

In this section, we report and comment the results obtained from the data rate analysis illustrated 

in Section 4 for the considered ABs. 

4.2.1 OWC technologies 

4.2.1.1 VLC 

The VLC is an emerging technology for next generation wireless networks, belonging to the class 

of OWC technologies [2], supporting a plethora of applications, such as voice [6], data [5] and video 

applications [4]. The huge bandwidth, the possibility of carrier aggregation and the availability of 

free license spectrum allow to guarantee very high data rates and substantial immunity to 

electromagnetic interference. 

For the eligibility analysis of VLC, we have considered an AB transmission data rate of 500 Mbit/s 

both in downlink and uplink [2]. This represents a suitable value that guarantees both data, voice 

and video applications [3]. As shown in the following Table 6, reporting the results of the data rate 

analysis for each ACS Traffic class, we can conclude that VLC is both partially and totally eligible 

as AB, for both “today” and “tomorrow” offered traffic conditions for all the railway scenarios. In 

fact, the achievable data rate of VLC links is higher than the required aggregate values for the 

different ACS traffic classes. 

As outlined previously, since we are not interested in the data traffic generated by the passenger and 

wayside objects, we excluded the Internet data rate category (belonging to ACS Traffic Class). From 

a data rate point of view, VLC is suitable for all rail applications, theoretically. As a result, we can 

observe that VLC can guarantee both partial and absolute eligibility in all rail scenarios. 

Table 6. Results of eligibility analysis for VLC, in case of (a) mainline, (b) metro, (c) regional, (d) 

freight, and (e) station/yard scenarios. 

 

(a) 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 1,00 1,00 1,92 1,12 500.000 500.000 YES YES YES YES

2 0,88 0,88 12,52 252,52 500.000 500.000 YES YES YES YES

3 0,00 0,00 0,00 1.920,00 500.000 500.000 YES YES YES YES

4 13,70 13,70 101,96 102,04 500.000 500.000 YES YES YES YES

5 0,00 0,00 0,00 0,00 500.000 500.000 YES YES YES YES

6 8,63 3,67 392,28 104,28 500.000 500.000 YES YES YES YES

7 0,00 0,00 392,28 104,28 500.000 500.000 YES YES YES YES

Total data rate per ACS Traffic Class - MAINLINE
Absolute eligibility 

per class

Partial eligibility per 

class
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(b) 

 

(c) 

 

(d) 

 

 (e) 

4.2.1.2 FSO 

According to [29], depending on different level of sensitivity of the FSO receiver, we can design 

the FSO access network able to offer different data rates that can be disposed by means of FSO 

technology. In general, the higher is the data rates the lower is the coverage of the FSO Base Station 

(BS) i.e., the lower is the distance between FSO transmitter and the photodetector. 

Table 7 summarizes the main values we considered in this deliverable, based on the sensitivity 

values at the photodetector. 

 

 

 

 

 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 71,55 47,70 85,86 57,24 500.000 500.000 YES YES YES YES

2 1.383,47 1.383,47 1.674,48 1.674,48 500.000 500.000 YES YES YES YES

3 1.250,00 1.250,00 1.500,00 1.500,00 500.000 500.000 YES YES YES YES

4 91,50 91,50 544,80 580,80 500.000 500.000 YES YES YES YES

5 0,00 0,00 0,00 6.028,62 500.000 500.000 YES YES YES YES

6 5,00 0,00 11.346,00 1.380,00 500.000 500.000 YES YES YES YES

7 250,00 250,00 330,00 330,00 500.000 500.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - METRO

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 60,77 36,92 144,48 87,24 500.000 500.000 YES YES YES YES

2 157,32 633,47 803,10 774,48 500.000 500.000 YES YES YES YES

3 500,00 500,00 600,00 600,00 500.000 500.000 YES YES YES YES

4 102,50 102,50 473,40 509,40 500.000 500.000 YES YES YES YES

5 5.000,00 5.023,85 6.000,00 6.028,62 500.000 500.000 YES YES YES YES

6 80,00 5.075,00 10.944,00 7.302,00 500.000 500.000 YES YES YES YES

7 0,00 0,00 810,00 450,00 500.000 500.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - REGIONAL

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 108,47 108,47 145,56 119,32 500.000 500.000 YES YES YES YES

2 145,40 145,40 212,41 186,17 500.000 500.000 YES YES YES YES

3 0,00 0,00 550,00 550,00 500.000 500.000 YES YES YES YES

4 79,50 79,50 461,70 494,70 500.000 500.000 YES YES YES YES

5 0,00 0,00 5.500,00 5.526,24 500.000 500.000 YES YES YES YES

6 120,00 85,00 10.499,50 6.831,00 500.000 500.000 YES YES YES YES

7 0,00 0,00 742,50 412,50 500.000 500.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 120,40 120,40 158,68 132,44 500.000 500.000 YES YES YES YES

2 157,33 157,33 225,53 199,29 500.000 500.000 YES YES YES YES

3 0,00 0,00 550,00 550,00 500.000 500.000 YES YES YES YES

4 79,50 79,50 464,20 497,20 500.000 500.000 YES YES YES YES

5 0,00 0,00 5.500,00 5.526,24 500.000 500.000 YES YES YES YES

6 120,00 85,00 10.503,35 6.838,15 500.000 500.000 YES YES YES YES

7 0,00 0,00 1.017,50 687,50 500.000 500.000 YES YES YES YES

Partial eligibility per 

class

Absolute eligibility per 

class
Total data rate per ACS Traffic Class - STATION
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Table 7. Different sensitivity values of the photodetector, corresponding to different achievable 

data rates and distances, in a FSO wireless link.  

Sensitivity [dBm] Data rate [Mbps] Radius [m] Diameter [m] 

-36 1000 250 500 

-46 622 350 700 

-52 155 450 900 

 

Data in Table 7 have been taken from [7] and [29] and refer to the specific optimal arrangement for 

optical BSs described in [29] and discussed in Section 5.2.1 of this Deliverable. Even for the data 

rate analysis of FSO technologies, we do not consider the Internet ACS Traffic Class 7 (data rate 

category: Internet), since it is used for passengers and wayside objects. We only consider the ACS 

traffic train-to-ground and vice versa, without the involvement of passengers or other objects. 

4.2.1.2.1 FSO @1 Gbps  

When the FSO system is designed to dispose 1 Gbps data rate (with a coverage diameter of 500 m), 

the data rates of the traffic offered by all ACS traffic classes can be supported in all rail scenarios, 

in both today and tomorrow situations. Since the maximum bitrate required is about 220 Mbps (ACS 

Traffic class 3, real time upload in tomorrow situation in case of station scenario), the FSO @1 

Gbps can provide both partial and absolute eligibility for all the ACS traffic classes. 

Table 8 collects the main results of the eligibility analysis based on data rate for FSO @1Gbps, for 

different railway scenarios. 

Table 8. Results of eligibility analysis for FSO, in case of (a) mainline, (b) metro, (c) regional, (d) 

freight, and (e) station/yard scenarios 

 

(a) 

 

(b) 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 1,25 1,25 2,41 1,40 1.000.000 1.000.000 YES YES YES YES

2 1,10 1,10 15,65 315,65 1.000.000 1.000.000 YES YES YES YES

3 0,00 0,00 0,00 2.400,00 1.000.000 1.000.000 YES YES YES YES

4 17,13 17,13 127,46 127,55 1.000.000 1.000.000 YES YES YES YES

5 0,00 0,00 0,00 0,00 1.000.000 1.000.000 YES YES YES YES

6 10,79 4,59 490,35 130,35 1.000.000 1.000.000 YES YES YES YES

7 0,00 0,00 490,35 130,35 1.000.000 1.000.000 YES YES YES YES

Total datarate per ACS traffic class - MAINLINE
Absolute eligibility 

per class

Partial eligibility 

per class

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 4,89 2,51 5,87 3,01 1.000.000 1.000.000 YES YES YES YES

2 254,44 2.504,44 319,64 3.019,64 1.000.000 1.000.000 YES YES YES YES

3 2.250,00 22.500,00 2.700,00 27.000,00 1.000.000 1.000.000 YES YES YES YES

4 83,00 83,00 430,64 430,98 1.000.000 1.000.000 YES YES YES YES

5 0,00 0,00 0,00 60,29 1.000.000 1.000.000 YES YES YES YES

6 5,00 0,00 546,00 120,00 1.000.000 1.000.000 YES YES YES YES

7 25,00 25,00 32,85 32,85 1.000.000 1.000.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - METRO

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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(c) 

 

(d) 

 

(e) 

4.2.1.2.2 FSO @622 Mbps 

Even when the FSO system is disposing a data rate of 622 Mbps (with a coverage diameter of 700 

m), it can support the data rates offered by all ACS traffic classes for each rail scenarios, both for 

today and tomorrow traffic conditions. Since the maximum bitrate required is about 220 Mbps (ACS 

Traffic class 3, real time upload in tomorrow situation in case of station scenario), the FSO @622 

Mbps can still provide both partial and absolute eligibility for all ACS traffic classes. Table 9 

collects the main results of the eligibility analysis based on data rate for FSO @622 Mbps, for 

different railway scenarios. 

Table 9. Results of eligibility analysis for FSO, in case of (a) mainline, (b) metro, (c) regional, (d) 

freight, and (e) station/yard scenarios. 

 

(a) 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,81 0,42 1,75 0,99 1.000.000 1.000.000 YES YES YES YES

2 13,90 178,86 36,51 214,64 1.000.000 1.000.000 YES YES YES YES

3 66,00 660,00 79,20 792,00 1.000.000 1.000.000 YES YES YES YES

4 25,38 25,38 101,16 101,22 1.000.000 1.000.000 YES YES YES YES

5 8,25 8,29 9,90 9,95 1.000.000 1.000.000 YES YES YES YES

6 10,94 18,36 558,35 143,70 1.000.000 1.000.000 YES YES YES YES

7 0,00 0,00 126,60 37,50 1.000.000 1.000.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - REGIONAL

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,02 0,02 0,31 0,02 1.000.000 1.000.000 YES YES YES YES

2 1,97 1,97 17,41 152,41 1.000.000 1.000.000 YES YES YES YES

3 0,00 0,00 0,00 0,00 1.000.000 1.000.000 YES YES YES YES

4 16,83 16,83 21,24 21,29 1.000.000 1.000.000 YES YES YES YES

5 0,00 0,00 0,00 7,50 1.000.000 1.000.000 YES YES YES YES

6 4,96 8,11 556,45 140,23 1.000.000 1.000.000 YES YES YES YES

7 0,00 0,00 231,75 915,75 1.000.000 1.000.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 222,41 178,53 245,18 196,38 1.000.000 1.000.000 YES YES YES YES

2 177,28 177,28 231,08 224,52 1.000.000 1.000.000 YES YES YES YES

3 0,00 0,00 22.000,00 220.000,00 1.000.000 1.000.000 YES YES YES YES

4 96,00 96,00 1.545,23 1.553,48 1.000.000 1.000.000 YES YES YES YES

5 0,00 0,00 1.375,00 1.381,56 1.000.000 1.000.000 YES YES YES YES

6 1.078,75 458,75 13.182,13 4.855,13 1.000.000 1.000.000 YES YES YES YES

7 0,00 0,00 44.715,00 11.715,00 1.000.000 1.000.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - STATION

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 1,75 1,75 3,37 1,96 622.000 622.000 YES YES YES YES

2 1,53 1,53 21,91 441,91 622.000 622.000 YES YES YES YES

3 0,00 0,00 0,00 3.360,00 622.000 622.000 YES YES YES YES

4 23,98 23,98 178,44 178,56 622.000 622.000 YES YES YES YES

5 0,00 0,00 0,00 0,00 622.000 622.000 YES YES YES YES

6 15,11 6,43 686,49 182,49 622.000 622.000 YES YES YES YES

7 0,00 0,00 686,49 182,49 622.000 622.000 YES YES YES YES

Total datarate per ACS traffic class - MAINLINE
Absolute eligibility 

per class

Partial eligibility 

per class

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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(b) 

 

(c) 

 

(d) 

 

(e) 

4.2.1.2.3 FSO @155 Mbps 

When the FSO system is able to dispose 155 Mbps (with a coverage diameter of 900 m), it can 

support most of data rates required by the ACS traffic classes are supported in all rail scenarios for 

both today and tomorrow traffic conditions and in all rail scenarios. Since the maximum bitrate 

required is about 220 Mbps (ACS Traffic class 3, real time upload in tomorrow situation in case of 

station scenario), the FSO @155 Mbps cannot still provide both partial and absolute eligibility. In 

fact, only in case of ACS Traffic class 3, both partial and absolute eligibility are not supported by 

FSO@155 Mbps. It means that the FSO network planning @155 Mbps should be considered with 

care since it cannot guarantee the partial and the absolute eligibility for all ACS traffic classes even 

though the extended coverage of the FSO devices to 900 m could be helpful to reduce the number 

of required optical BSs. Table 10 collects the main results of the eligibility analysis based on data 

rate for FSO @155 Mbps, for different railway scenarios. 

 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 6,85 3,51 8,21 4,21 622.000 622.000 YES YES YES YES

2 356,21 3.506,21 447,49 4.227,49 622.000 622.000 YES YES YES YES

3 3.150,00 31.500,00 3.780,00 37.800,00 622.000 622.000 YES YES YES YES

4 116,20 116,20 602,90 603,37 622.000 622.000 YES YES YES YES

5 0,00 0,00 0,00 84,40 622.000 622.000 YES YES YES YES

6 7,00 0,00 764,40 168,00 622.000 622.000 YES YES YES YES

7 35,00 35,00 45,99 45,99 622.000 622.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - METRO

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 1,13 0,58 2,44 1,39 622.000 622.000 YES YES YES YES

2 19,46 250,40 51,11 300,50 622.000 622.000 YES YES YES YES

3 92,40 924,00 110,88 1.108,80 622.000 622.000 YES YES YES YES

4 35,53 35,53 141,62 141,70 622.000 622.000 YES YES YES YES

5 11,55 11,61 13,86 13,92 622.000 622.000 YES YES YES YES

6 15,31 25,70 781,69 201,18 622.000 622.000 YES YES YES YES

7 0,00 0,00 177,24 52,50 622.000 622.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - REGIONAL

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,02 0,02 0,43 0,03 622.000 622.000 YES YES YES YES

2 2,75 2,75 24,37 213,37 622.000 622.000 YES YES YES YES

3 0,00 0,00 0,00 0,00 622.000 622.000 YES YES YES YES

4 23,56 23,56 29,74 29,80 622.000 622.000 YES YES YES YES

5 0,00 0,00 0,00 10,50 622.000 622.000 YES YES YES YES

6 6,94 11,35 779,03 196,32 622.000 622.000 YES YES YES YES

7 0,00 0,00 324,45 1.282,05 622.000 622.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 222,41 178,53 245,18 196,38 622.000 622.000 YES YES YES YES

2 177,28 177,28 231,08 224,52 622.000 622.000 YES YES YES YES

3 0,00 0,00 22.000,00 220.000,00 622.000 622.000 YES YES YES YES

4 96,00 96,00 1.545,23 1.553,48 622.000 622.000 YES YES YES YES

5 0,00 0,00 1.375,00 1.381,56 622.000 622.000 YES YES YES YES

6 1.078,75 458,75 13.182,13 4.855,13 622.000 622.000 YES YES YES YES

7 0,00 0,00 44.715,00 11.715,00 622.000 622.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - STATION

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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Table 10. Results of eligibility analysis for FSO, in case of (a) mainline, (b) metro, (c) regional, 

(d) freight, and (e) station/yard scenarios. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

4.2.2 Short and long range IoT technologies 

4.2.2.1 Bluetooth 5.2 

For all IoT SR technologies we do not consider the traffic offered to passengers and exchanged with 

other physical objects (e.g. wayside objects).  

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 2,25 2,25 4,33 2,52 155.000 155.000 YES YES YES YES

2 1,97 1,97 28,17 568,17 155.000 155.000 YES YES YES YES

3 0,00 0,00 0,00 4.320,00 155.000 155.000 YES YES YES YES

4 30,83 30,83 229,42 229,58 155.000 155.000 YES YES YES YES

5 0,00 0,00 0,00 0,00 155.000 155.000 YES YES YES YES

6 19,42 8,26 882,63 234,63 155.000 155.000 YES YES YES YES

7 0,00 0,00 882,63 234,63 155.000 155.000 YES YES YES YES

Total datarate per ACS traffic class - MAINLINE
Absolute eligibility 

per class

Partial eligibility 

per class

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 8,80 4,51 10,56 5,41 155.000 155.000 YES YES YES YES

2 457,98 4.507,98 575,34 5.435,34 155.000 155.000 YES YES YES YES

3 4.050,00 40.500,00 4.860,00 48.600,00 155.000 155.000 YES YES YES YES

4 149,40 149,40 775,15 775,76 155.000 155.000 YES YES YES YES

5 0,00 0,00 0,00 108,51 155.000 155.000 YES YES YES YES

6 9,00 0,00 982,80 216,00 155.000 155.000 YES YES YES YES

7 45,00 45,00 59,13 59,13 155.000 155.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - METRO

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 1,45 0,75 3,14 1,78 155.000 155.000 YES YES YES YES

2 25,02 321,95 65,71 386,35 155.000 155.000 YES YES YES YES

3 118,80 1.188,00 142,56 1.425,60 155.000 155.000 YES YES YES YES

4 45,68 45,68 182,08 182,19 155.000 155.000 YES YES YES YES

5 14,85 14,92 17,82 17,90 155.000 155.000 YES YES YES YES

6 19,68 33,05 1.005,03 258,66 155.000 155.000 YES YES YES YES

7 0,00 0,00 227,88 67,50 155.000 155.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - REGIONAL

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,03 0,03 0,55 0,04 155.000 155.000 YES YES YES YES

2 3,54 3,54 31,34 274,34 155.000 155.000 YES YES YES YES

3 0,00 0,00 0,00 0,00 155.000 155.000 YES YES YES YES

4 30,29 30,29 38,23 38,31 155.000 155.000 YES YES YES YES

5 0,00 0,00 0,00 13,50 155.000 155.000 YES YES YES YES

6 8,92 14,59 1.001,61 252,41 155.000 155.000 YES YES YES YES

7 0,00 0,00 417,15 1.648,35 155.000 155.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 222,41 178,53 245,18 196,38 155.000 155.000 YES YES YES YES

2 177,28 177,28 231,08 224,52 155.000 155.000 YES YES YES YES

3 0,00 0,00 22.000,00 220.000,00 155.000 155.000 YES NO YES NO

4 96,00 96,00 1.545,23 1.553,48 155.000 155.000 YES YES YES YES

5 0,00 0,00 1.375,00 1.381,56 155.000 155.000 YES YES YES YES

6 1.078,75 458,75 13.182,13 4.855,13 155.000 155.000 YES YES YES YES

7 0,00 0,00 44.715,00 11.715,00 155.000 155.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total datarate per ACS traffic class - STATION

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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For the data rate analysis of BT5.2, we have excluded both data applications for video and for 

passengers and wayside objects. It means we do not consider the following ACS Traffic Classes: 

- 2 (data rate category: Video LQ) 

- 3 (data rate category: Video LQ) 

- 7 (data rate category: Internet)   

We only consider the ACS traffic train-to-ground and vice versa, without the involvement of 

passengers or other physical objects. For analysis purposes we have assumed a cell coverage with 

diameter of 200 m for Bluetooth 5.2 and a maximum data rate of 2 Mbps per cell.  

This means that Bluetooth 5.2 t can support all the data rates required by the ACS Traffic Classes 

(except for the ACS Traffic Class 3 related to the video upload/download) in the following rail 

scenarios: mainline, metro, regional and freight. In all these cases the Bluetooth 5.2 can be 

(theoretically) used, and it can guarantee both the partial and absolute eligibility for some ACS 

traffic classes especially for today scenario. In the station scenario, on the contrary, the Bluetooth 

5.2 can only provide the partial eligibility for all the ACS traffic classes, while it cannot provide the 

absolute eligibility for the ACS Traffic Classes 6 and 7. 

The following Table 11 collects the main results of the capacity eligibility analysis based on data 

rate for BT5.2, for the different railway scenarios. 

Table 11. Results of eligibility analysis for BT5.2, in case of (a) mainline, (b) metro, (c) regional, 

(d) freight, and (e) station/yard scenarios. 

 

(a) 

 

(b) 

 

(c) 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,25 0,25 0,96 0,56 2.000 2.000 YES YES YES YES

2 0,13 0,13 6,26 6,26 2.000 2.000 YES YES YES YES

3 N/A N/A N/A N/A 2.000 2.000 N/A N/A N/A N/A

4 6,85 6,85 50,98 51,02 2.000 2.000 YES YES YES YES

5 0,00 0,00 0,00 0,00 2.000 2.000 YES YES YES YES

6 4,32 1,84 196,14 52,14 2.000 2.000 YES YES YES YES

7 0,00 0,00 196,14 52,14 2.000 2.000 YES YES YES YES

Total data rate per ACS Traffic Class - MAINLINE
Absolute eligibility 

per class

Partial eligibility per 

class

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 1,96 1,00 2,35 1,20 2.000 2.000 YES YES YES YES

2 1,77 1,77 7,85 7,85 2.000 2.000 YES YES YES YES

3 N/A N/A N/A N/A 2.000 2.000 N/A N/A N/A N/A

4 33,20 33,20 172,26 172,39 2.000 2.000 YES YES YES YES

5 0,00 0,00 0,00 24,11 2.000 2.000 YES YES YES YES

6 2,00 0,00 218,40 48,00 2.000 2.000 YES YES YES YES

7 10,00 10,00 13,14 13,14 2.000 2.000 YES YES YES YES

Partial eligibility per 

class

Absolute eligibility per 

class
Total data rate per ACS Traffic Class - METRO

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,32 0,17 0,70 0,40 2.000 2.000 YES YES YES YES

2 5,56 5,54 6,68 6,66 2.000 2.000 YES YES YES YES

3 N/A N/A N/A N/A 2.000 2.000 N/A N/A N/A N/A

4 10,15 10,15 40,46 40,49 2.000 2.000 YES YES YES YES

5 3,30 3,32 3,96 3,98 2.000 2.000 YES YES YES YES

6 4,37 7,34 223,34 57,48 2.000 2.000 YES YES YES YES

7 0,00 0,00 50,64 15,00 2.000 2.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - REGIONAL

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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(d) 

 

(e) 

4.2.2.2 Zigbee 

The Zigbee technology can offer a maximum data rate of 250 kbps providing a limited radio 

coverage of about 100 meters of diameter. Even for the data rate analysis of Zigbee, we have 

excluded both data applications for audio, video and for passengers and wayside objects. It means 

we do not consider the following ACS Traffic Classes: 

- 1 (data rate category: Default and Voice) 

- 2 (data rate category: Default, Video LQ and Voice) 

- 3 (data rate category: Video LQ)   

- 5 (data rate category: Default and Voice) 

- 7 (data rate category: Internet) 

As in the Bluetooth case, in all rail scenarios the ACS Traffic Classes 1, 2 and 3 are not supported 

by the Zigbee technology since they refer to voice applications and are not natively supported by 

Zigbee. However, the Zigbee can provide partial and absolute eligibility for data rate in all dynamic 

rail scenarios, as mainline, metro, regional and freight. In case of station scenario, the Zigbee cannot 

guarantee the partial eligibility for ACS Traffic Class 6 both for today and tomorrow situations. 

The following Table 12 collects the main results of the eligibility analysis based on data rate for 

Zigbee in the different railway scenarios. 

Table 12. Results of eligibility analysis for Zigbee, in case of (a) mainline, (b) metro, (c) regional, 

(d) freight, and (e) station/yard scenarios. 

 

(a) 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,01 0,01 0,12 0,01 2.000 2.000 YES YES YES YES

2 0,79 0,79 0,96 0,96 2.000 2.000 YES YES YES YES

3 N/A N/A N/A N/A 2.000 2.000 N/A N/A N/A N/A

4 6,73 6,73 8,50 8,51 2.000 2.000 YES YES YES YES

5 0,00 0,00 0,00 3,00 2.000 2.000 YES YES YES YES

6 1,98 3,24 222,58 56,09 2.000 2.000 YES YES YES YES

7 0,00 0,00 92,70 366,30 2.000 2.000 YES YES YES YES

Partial eligibility per 

class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 122,33 98,19 134,85 108,01 2.000 2.000 YES YES YES YES

2 97,50 97,50 127,09 123,49 2.000 2.000 YES YES YES YES

3 N/A N/A N/A N/A 2.000 2.000 N/A N/A N/A N/A

4 52,80 52,80 849,88 854,41 2.000 2.000 YES YES YES YES

5 0,00 0,00 756,25 759,86 2.000 2.000 YES YES YES YES

6 593,31 252,31 7.250,17 2.670,32 2.000 2.000 YES YES YES NO

7 0,00 0,00 24.593,25 6.443,25 2.000 2.000 YES YES YES NO

Partial eligibility per 

class

Absolute eligibility per 

class
Total data rate per ACS Traffic Class - STATION

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

2 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

3 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

4 3,43 3,43 25,49 25,51 250 250 YES YES YES YES

5 0,00 0,00 0,00 0,00 250 250 YES YES YES YES

6 2,16 0,92 98,07 26,07 250 250 YES YES YES YES

7 0,00 0,00 98,07 26,07 250 250 YES YES YES YES

Total data rate per ACS Traffic Class - MAINLINE
Absolute eligibility 

per class

Partial eligibility per 

class

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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(b) 

 

(c) 

 

(d) 

 

(e) 

4.2.2.3 Ultra-Wide Band (UWB) 

The UWB technology can offer a data rate of about 100 Mbps to the customer over a radio coverage 

with diameter of 10 m. In all dynamic rail scenarios (mainline, metro, regional and freight) we 

excluded the following ACS Traffic Class and data rate categories:  

- 1 (data rate category: Default and Voice) 

- 2 (data rate category: Video LQ and Voice) 

- 3 (data rate category: Video LQ) 

- 5 (data rate category: Voice) 

- 7 (data rate category: Internet) 

Instead, in station scenario we consider the Voice Data rate Category since UWB can be used for 

voice applications using devices installed in the stations. 

The UWB technology does not support ACS Traffic Class 3. Due to the relevant transmission 

capacity when available, the UWB can guarantee the partial and absolute eligibility in all rail 

scenarios. 

Table 13 collects the main results of the eligibility analysis based on data rate for UWB technology, 

for different railway scenarios. 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

2 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

3 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

4 16,60 16,60 86,13 86,20 250 250 YES YES YES YES

5 0,00 0,00 0,00 12,00 250 250 YES YES YES YES

6 1,00 0,00 109,20 24,00 250 250 YES YES YES YES

7 5,00 5,00 6,57 6,57 250 250 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - METRO

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

2 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

3 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

4 5,08 5,08 20,23 20,24 250 250 YES YES YES YES

5 1,65 1,65 1,98 1,98 250 250 YES YES YES YES

6 2,19 3,67 111,67 28,74 250 250 YES YES YES YES

7 0,00 0,00 25,32 7,50 250 250 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - REGIONAL

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

2 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

3 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

4 3,37 3,37 4,25 4,26 250 250 YES YES YES YES

5 0,00 0,00 0,00 1,50 250 250 YES YES YES YES

6 0,99 1,62 111,29 28,05 250 250 YES YES YES YES

7 0,00 0,00 46,35 183,15 250 250 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

2 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

3 N/A N/A N/A N/A 250 250 N/A N/A N/A N/A

4 12,48 12,48 200,88 201,95 250 250 YES YES YES YES

5 0,00 0,00 178,75 178,75 250 250 YES YES YES YES

6 140,24 59,64 1.713,68 631,17 250 250 YES NO YES NO

7 0,00 0,00 5.812,95 1.522,95 250 250 YES YES YES NO

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - STATION

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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Table 13. Results of eligibility analysis for UWB, in case of (a) mainline, (b) metro, (c) regional, 

(d) freight, and (e) station/yard scenarios. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,01 0,01 0,01 0,01 100.000 100.000 YES YES YES YES

2 0,01 0,01 0,01 0,01 100.000 100.000 YES YES YES YES

3 N/A N/A N/A N/A 100.000 100.000 N/A N/A N/A N/A

4 0,34 0,34 2,55 2,55 100.000 100.000 YES YES YES YES

5 0,00 0,00 0,00 0,00 100.000 100.000 YES YES YES YES

6 0,22 0,09 9,81 2,61 100.000 100.000 YES YES YES YES

7 0,00 0,00 9,81 2,61 100.000 100.000 YES YES YES YES

Total data rate per ACS Traffic Class  - MAINLINE Absolute eligibility per class
Partial eligibility 

per class

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,00 0,00 0,00 0,00 100.000 100.000 YES YES YES YES

2 0,01 0,01 0,01 0,01 100.000 100.000 YES YES YES YES

3 N/A N/A N/A N/A 100.000 100.000 N/A N/A N/A N/A

4 1,66 1,66 8,61 8,62 100.000 100.000 YES YES YES YES

5 0,00 0,00 0,00 1,20 100.000 100.000 YES YES YES YES

6 0,10 0,00 10,92 2,40 100.000 100.000 YES YES YES YES

7 0,50 0,50 0,66 0,66 100.000 100.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - METRO

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,01 0,01 0,01 0,01 100.000 100.000 YES YES YES YES

2 0,01 0,01 0,01 0,01 100.000 100.000 YES YES YES YES

3 N/A N/A N/A N/A 100.000 100.000 N/A N/A N/A N/A

4 0,51 0,51 2,02 2,02 100.000 100.000 YES YES YES YES

5 0,17 0,17 0,20 0,20 100.000 100.000 YES YES YES YES

6 0,22 0,37 11,17 2,87 100.000 100.000 YES YES YES YES

7 0,00 0,00 2,53 0,75 100.000 100.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class  - REGIONAL

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,00 0,00 0,00 0,00 100.000 100.000 YES YES YES YES

2 0,00 0,00 0,00 0,00 100.000 100.000 YES YES YES YES

3 N/A N/A N/A N/A 100.000 100.000 N/A N/A N/A N/A

4 0,34 0,34 0,42 0,43 100.000 100.000 YES YES YES YES

5 0,00 0,00 0,00 0,15 100.000 100.000 YES YES YES YES

6 0,10 0,16 11,13 2,80 100.000 100.000 YES YES YES YES

7 0,00 0,00 4,64 18,32 100.000 100.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class  - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 1,11 0,89 1,23 0,98 100.000 100.000 YES YES YES YES

2 0,89 0,89 1,16 1,12 100.000 100.000 YES YES YES YES

3 N/A N/A N/A N/A 100.000 100.000 N/A N/A N/A N/A

4 0,48 0,48 7,73 7,77 100.000 100.000 YES YES YES YES

5 0,00 0,00 6,88 6,91 100.000 100.000 YES YES YES YES

6 5,39 2,29 65,91 24,28 100.000 100.000 YES YES YES YES

7 0,00 0,00 223,58 58,58 100.000 100.000 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class  - STATION

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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4.2.2.4 NB-IoT 

The considered NB-IoT can offer a data rate of 226,7 kbps (in DL) and 250 kbps (in UL), within a 

cell diameter of about 10 km (or even higher and up to 20 km). 

For the data rate analysis of NB-IoT, we have excluded the following ACS Traffic Class/data rate 

categories: 

- 1 (data rate category: Default) 

- 2 (data rate category: Video LQ) 

- 3 (data rate category: Video LQ) 

- 5 (data rate category: Default) 

- 6 (data rate category: Internet Staff) 

- 7 (data rate category: Internet and Internet Staff) 

 

It has been observed that the NB-IoT technology cannot guarantee the partial eligibility in ACS 

traffic class 6 and the Absolute Eligibility in classes 2, 4 and 6 in mainline scenario (tomorrow), as 

well in the regional scenario. In the metro scenario, there is no partial eligibility in classes 4 and 6 

(tomorrow), while the absolute eligibility in classes 2, 4, 6 and 7 (tomorrow). In freight scenario, 

there is no partial eligibility in class 6 (tomorrow), while the absolute eligibility in classes 6 and 7 

(tomorrow). Finally, in station scenario, there is no partial eligibility in class 6 (tomorrow), while 

the absolute eligibility in classes 4, 6 and 7 (tomorrow). Table 14 collects the main results of the 

eligibility analysis based on data rate for NB-IoT, for different railway scenarios. 

 

Table 14. Results of eligibility analysis for NB-IoT, in case of (a) mainline, (b) metro, (c) 

regional, (d) freight, and (e) station/yard scenarios. 

 

(a) 

 

(b) 

 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,00 0,00 29,40 15,00 226,7 250 YES YES YES YES

2 6,30 6,30 313,00 313,00 226,7 250 YES YES YES NO

3 N/A N/A N/A N/A 226,7 250 N/A N/A N/A N/A

4 342,50 342,50 2.547,60 2.549,40 226,7 250 YES YES YES NO

5 0,00 0,00 0,00 0,00 226,7 250 YES YES YES YES

6 215,80 91,80 8.607,00 2.307,00 226,7 250 YES NO YES NO

7 0,00 0,00 207,00 207,00 226,7 250 YES YES YES YES

Total data rate per ACS Traffic Class - MAINLINE
Absolute eligibility 

per class

Partial eligibility per 

class

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 97,80 50,10 117,30 60,10 226,7 250 YES YES YES YES

2 83,70 83,70 386,70 386,70 226,7 250 YES YES YES NO

3 N/A N/A N/A N/A 226,7 250 N/A N/A N/A N/A

4 1.660,00 1.660,00 8.606,80 8.613,60 226,7 250 YES NO YES NO

5 0,00 0,00 0,00 5,70 226,7 250 YES YES YES YES

6 100,00 0,00 9.720,00 2.400,00 226,7 250 YES NO YES NO

7 500,00 500,00 657,00 657,00 226,7 250 YES YES YES NO

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - METRO

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 7,80 0,00 19,30 9,90 226,7 250 YES YES YES YES

2 277,20 276,40 333,10 331,80 226,7 250 YES YES YES NO

3 N/A N/A N/A N/A 226,7 250 N/A N/A N/A N/A

4 506,70 506,70 2.022,10 2.023,30 226,7 250 YES YES YES NO

5 0,00 0,80 0,00 0,90 226,7 250 YES YES YES YES

6 218,70 202,20 9.967,00 2.676,00 226,7 250 YES NO YES NO

7 0,00 0,00 156,00 156,00 226,7 250 YES YES YES YES

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - REGIONAL

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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(c) 

 

(d) 

 

(e) 

4.2.3 Aerial technologies 

4.2.3.1 LEO satellite 

For the data rate analysis of LEO technology, we considered the LEO HTS satellite constellations 

(e.g. SpaceX Starlink and the Oneweb constellation) that have been recently presented on the 

market. Their main features are collected in Table 15, [29]. 

 

Table 15. Parameters used for the data rate analysis of LEO technology, [29]. 

Altitude [km] 500-1.200 

service area [km] 1.166.400 

Service area capacity [Gbps] 7.5 

Beam number 16 

Beamforming YES 

Coverage Area (single beam) [km2] 75.000 

Bandwidth DL [MHz] 250 

Bandwidth UL [MHz] 125 

Beam Downlink rate [Mbps] 750 

Beam Uplink rate [Mbps] 375 

Downlink Ku channels Number 16 

Solid State Power Amplifiers (SSPA) 

Number 

16 

Minimum elevation of the user terminal 

[Degree] 

53 

Radius [km] 154,5 

Diameter [km] 309 

 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 0,30 0,30 0,40 0,40 226,7 250 YES YES YES YES

2 38,70 38,70 47,40 47,40 226,7 250 YES YES YES YES

3 N/A N/A N/A N/A 226,7 250 N/A N/A N/A N/A

4 336,60 336,60 424,00 424,90 226,7 250 YES YES YES NO

5 0,00 0,00 0,00 0,00 226,7 250 YES YES YES YES

6 99,10 37,10 9.929,00 2.858,60 226,7 250 YES NO YES NO

7 0,00 0,00 4.635,00 18.315,00 226,7 250 YES YES YES NO

Partial eligibility per 

class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 159,91 116,03 175,91 127,63 226,7 250 YES YES YES YES

2 171,03 171,03 224,20 217,64 226,7 250 YES YES YES YES

3 N/A N/A N/A N/A 226,7 250 N/A N/A N/A N/A

4 96,00 96,00 1.538,35 1.546,60 226,7 250 YES YES YES NO

5 0,00 0,00 0,00 6,56 226,7 250 YES YES YES YES

6 1.078,75 458,75 2.072,13 730,13 226,7 250 YES NO YES NO

7 0,00 0,00 715,00 715,00 226,7 250 YES YES YES NO

Partial eligibility 

per class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - STATION

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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The recent LEO HTS satellites can offer very high data rates per beam i.e., they can provide 

communication services to a relatively large number of users spared over each single beam. We 

assume the satellite beam, with a coverage area characterized by a diameter of 309 km. The usage 

of LEO (and in general of any other aerial technology) by the train is only allowed in rural and open 

environments where satellites are in visibility by the ACS antenna mounted over the train. Tunnels, 

obstacles, and canyons along the rail track can obscure the satellite signal. This means that in the 

following evaluation we consider only the mainline, regional and freight rail scenarios then 

excluding metro and station rail scenarios.  

Furthermore, in station scenario we assume trains can use all the available terrestrial radio 

technologies so to avoid the relatively high costs related to the usage of satellite capacity. Differently 

from the approach taken for the radio and optical technologies analyzed in the previous Sections, in 

the LEO satellite case we have evaluated the transmission capacity required for achieving the full 

ACS traffic class eligibility in all the considered rail scenarios.  

As shown in the following, these data, which differs for each one of the selected scenarios are of 

importance to achieve an estimate on the number of transmission channels to negotiate with the 

telco operator managing/controlling the LEO-HTS constellation. 

Table 16 collects the main results of the eligibility analysis based on data rate for LEO technology, 

for different railway scenarios. 

 

Table 16. Results of eligibility analysis for LEO, in case of (a) mainline, (b) metro, (c) regional, 

(d) freight, and (e) station/yard scenarios. 

 

(a) 

 

(b) 

 

(c) 

From results in previous Table 16 it should be observed that upstream data rates strongly influence 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 517,50 517,50 995,67 579,60 300.000 1.120.000 YES YES YES YES

2 453,33 453,33 6.479,10 130.679,10 300.000 1.120.000 YES YES YES YES

3 0,00 0,00 0,00 993.600,00 300.000 1.120.000 YES YES YES YES

4 7.089,75 7.089,75 52.766,37 52.803,63 300.000 1.120.000 YES YES YES YES

5 0,00 0,00 0,00 0,00 300.000 1.120.000 YES YES YES YES

6 4.467,06 1.900,26 203.004,90 53.964,90 300.000 1.120.000 YES YES YES YES

7 0,00 0,00 203.004,90 53.964,90 300.000 1.120.000 YES YES YES YES

Total data rate per ACS Traffic Class - MAINLINE Absolute eligibility per class
Partial eligibility 

per class

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 497,49 256,47 1.078,41 611,82 420.000 620.000 YES YES YES YES

2 8.590,20 110.535,48 22.560,09 132.647,52 420.000 620.000 YES YES YES YES

3 40.788,00 407.880,00 48.945,60 489.456,00 420.000 620.000 YES YES YES YES

4 15.681,75 15.681,75 62.513,79 62.550,87 420.000 620.000 YES YES YES YES

5 5.098,50 5.123,22 6.118,20 6.146,01 420.000 620.000 YES YES YES YES

6 6.757,83 11.346,48 345.060,30 88.806,60 420.000 620.000 YES YES YES YES

7 0,00 0,00 78.238,80 23.175,00 420.000 620.000 YES YES YES YES

Partial eligibility 

per class
Absolute eligibility per classTotal data rate per ACS Traffic Class - REGIONAL

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 9,27 9,27 188,49 12,36 360.000 580.000 YES YES YES YES

2 1.214,37 1.214,37 10.759,38 94.189,38 360.000 580.000 YES YES YES YES

3 0,00 0,00 0,00 0,00 360.000 580.000 YES YES YES YES

4 10.400,94 10.400,94 13.126,32 13.154,13 360.000 580.000 YES YES YES YES

5 0,00 0,00 0,00 4.635,00 360.000 580.000 YES YES YES YES

6 3.062,19 5.008,89 343.886,10 86.662,14 360.000 580.000 YES YES YES YES

7 0,00 0,00 143.221,50 565.933,50 360.000 580.000 YES YES YES YES

Partial eligibility 

per class
Absolute eligibility per classTotal data rate per ACS Traffic Class - FREIGHT

http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view
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the required capacity. As shown in the following this may turn out to be a problem since the 

considered LEO HTS satellites are specifically designed for supporting asymmetric DS/US Internet 

access services and, in the (possible) absence of any method for the telco to revert this situation, 

this may require the rail operator to negotiate for more satellite capacity then necessary to fulfill the 

US requirement. 

4.2.3.2 HAPS 

The HAPS technology is currently at its early stages. From (mainly theoretical) results in the 

literature we have assumed HAPS technology can offer a data rate of 100 Mbps (DL) and 50 Mbps 

(UL) over a radio coverage area characterized by a diameter of 150 km possibly including beams. 

It is observed that for mainline scenario, HAPS cannot guarantee the partial eligibility for ACS 

traffic class 3 (today and tomorrow) and the absolute eligibility in ACS traffic class 2,3,6 and 7 

(tomorrow). In metro scenario, there is no partial eligibility for ACS traffic class 3 (today and 

tomorrow), while the absolute eligibility is not guaranteed for ACS traffic class 2 and 3 (today and 

tomorrow), 4 and 6 (only tomorrow). In regional scenario there is also no partial eligibility for ACS 

traffic class 3 (today and tomorrow), while the absolute eligibility for ACS traffic class 2 and 6 

(tomorrow). In freight scenario, the absolute eligibility for ACS traffic classes 6 and 7 (tomorrow), 

while in station scenario HAPS can always guarantee the partial eligibility, while absolute eligibility 

is only not guaranteed for ACS traffic class 7 in the tomorrow case. 

Table 17 collects the main results of the eligibility analysis based on data rate for HAPS, for 

different railway scenarios. 

Table 17. Results of eligibility analysis for HAPS, in case of (a) mainline, (b) metro, (c) regional, 

(d) freight, and (e) station/yard scenarios. 

 

(a) 

 

(b) 

 

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 375,00 375,00 721,50 420,00 100.000 50.000 YES YES YES YES

2 328,50 328,50 4.695,00 94.695,00 100.000 50.000 YES YES YES NO

3 0,00 0,00 0,00 720.000,00 100.000 50.000 YES NO YES NO

4 5.137,50 5.137,50 38.236,50 38.263,50 100.000 50.000 YES YES YES YES

5 0,00 0,00 0,00 0,00 100.000 50.000 YES YES YES YES

6 3.237,00 1.377,00 147.105,00 39.105,00 100.000 50.000 YES YES YES NO

7 0,00 0,00 147.105,00 39.105,00 100.000 50.000 YES YES YES NO

Total data rate per ACS Traffic Class - MAINLINE
Absolute eligibility per 

class

Partial eligibility 

per class

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 1.467,00 751,50 1.759,50 901,50 100.000 50.000 YES YES YES YES

2 76.330,50 751.330,50 95.890,50 905.890,50 100.000 50.000 YES YES NO NO

3 675.000,00 6.750.000,00 810.000,00 8.100.000,00 100.000 50.000 NO NO NO NO

4 24.900,00 24.900,00 129.192,00 129.294,00 100.000 50.000 YES YES YES NO

5 0,00 0,00 0,00 18.085,50 100.000 50.000 YES YES YES YES

6 1.500,00 0,00 163.800,00 36.000,00 100.000 50.000 YES YES YES NO

7 7.500,00 7.500,00 9.855,00 9.855,00 100.000 50.000 YES YES YES YES

Partial eligibility per 

class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - METRO

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 241,50 124,50 523,50 297,00 100.000 50.000 YES YES YES YES

2 4.170,00 53.658,00 10.951,50 64.392,00 100.000 50.000 YES YES YES NO

3 19.800,00 198.000,00 23.760,00 237.600,00 100.000 50.000 NO NO NO NO

4 7.612,50 7.612,50 30.346,50 30.364,50 100.000 50.000 YES YES YES YES

5 2.475,00 2.487,00 2.970,00 2.983,50 100.000 50.000 YES YES YES YES

6 3.280,50 5.508,00 167.505,00 43.110,00 100.000 50.000 YES YES YES NO

7 0,00 0,00 37.980,00 11.250,00 100.000 50.000 YES YES YES YES

Partial eligibility per 

class

Absolute eligibility 

per class
Total data rate per ACS Traffic Class - REGIONAL
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(c) 

 

(d) 

 

(e) 

4.3 Mobility Analysis of ABs 

 

In this Section we detail the second step of the proposed analysis methodology which is oriented to 

the assessing of the possibility for each one of the considered ABs to be deployed for 

communication in railway scenarios characterized by train mobility. 

4.3.1 Methodology 

Due to some specific features of the considered ABs technologies, an additional analysis is required 

to assess the support of mobility for each one of the considered ABs. This is achieved taking into 

account for the following AB properties taken from the RAT and that are related to: 

 

• type of coverage: it can be continuous or discontinuous (spot); 

• support for device mobility in the service area (handoff location area, user registration, 

service continuity over the service area); 

• account for the RLST to assess the usability of the AB in terms of its radio coverage and 

the train speed. 

To assess the possibility for the single AB to support communication services in the case of spot 

coverage areas with small coverage radius, we have considered the following procedure.  

When the train enter the AB’s coverage area it can connect to its access point within the RLST 

which is specific of the selected AB technology.  

 

Indicating with TP the time interval the train remains in the coverage area of the access point, we 

have 

 

TP=RadioCoverageDiameter/Vp         (1) 

 

and Vp is the train speed.  

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 4,50 4,50 91,50 6,00 100.000 50.000 YES YES YES YES

2 589,50 589,50 5.223,00 45.723,00 100.000 50.000 YES YES YES YES

3 0,00 0,00 0,00 0,00 100.000 50.000 YES YES YES YES

4 5.049,00 5.049,00 6.372,00 6.385,50 100.000 50.000 YES YES YES YES

5 0,00 0,00 0,00 2.250,00 100.000 50.000 YES YES YES YES

6 1.486,50 2.431,50 166.935,00 42.069,00 100.000 50.000 YES YES YES NO

7 0,00 0,00 69.525,00 274.725,00 100.000 50.000 YES YES YES NO

Partial eligibility 

per class

Absolute eligibility per 

class
Total data rate per ACS Traffic Class - FREIGHT

ACS Traffic Class
Data Rate DL 

Today [kbps]

Data Rate UL 

Today [kbps]

Data Rate DL 

Tomorrow [kbps]

Data Rate UL 

Tomorrow [kbps]

Datarate DL 

AB [kbps]

Datarate UL 

AB [kbps]
today tomorrow today tomorrow

1 444,82 357,06 490,36 392,76 100.000 50.000 YES YES YES YES

2 354,56 354,56 462,16 449,04 100.000 50.000 YES YES YES YES

3 0,00 0,00 44.000,00 44.000,00 100.000 50.000 YES YES YES YES

4 192,00 192,00 3.090,46 3.106,96 100.000 50.000 YES YES YES YES

5 0,00 0,00 2.750,00 2.763,12 100.000 50.000 YES YES YES YES

6 2.157,50 917,50 26.364,26 9.710,26 100.000 50.000 YES YES YES YES

7 0,00 0,00 89.430,00 23.430,00 100.000 50.000 YES YES YES NO

Partial eligibility per 

class

Absolute eligibility per 

class
Total data rate per ACS Traffic Class - STATION
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The duration of the residual transmission time interval, rT the train can use for exchanging data with 

the access point is then  

 

rT=TP-RLST        (2) 

 

and if rT>0 we can (theoretically) assume that transmission can be “successful”. From this 

discussion, it should be noticed that, in the case of spot coverage area all the streaming type services 

as well as download/upload data services (as well as the associated ACS traffic classes) should be 

excluded.  

 

Thus, the type of services to be supported in the case of spot coverage under mobility assumption 

should be restricted to (short) burst data communications including message-based services. 

Obviously if rT<0 for some scenarios, the AB providing spot coverage cannot be used for any kind 

of communication services.  

 

Finally, the previous consideration is not applicable in the case of continuous coverage provided by 

the ABs. 

 

Table 18 summarizes the list of the parameters extracted from RAT to be used as input for the AB 

additional analysis oriented to mobility. 
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Table 18. AB additional analysis that takes into account (i) the coverage, (ii) the mobility support, 

and (iii) the RLST. 

 
 

Before discussing the results concerning the mobility analysis in the following, we present a 

preliminary discussion of some important aspects of the technologies considered that allows us to 

better understand some of the obtained results. 

Due to the specific characteristics of PLC and LoRaWAN technologies, they are analyzed 

separately. The results concerning their usage in rail scenarios and the overall eligibility for the 

support of rail applications are analyzed and discussed in Section 5.2.5 and 5.2.6, respectively. 

Among the OWC, the VLC is characterized by a spot coverage with a 5 m radius for each rail 

scenario and a RLST of up to 10 ms, assuming a coherence time of 20 ms, [27].  

PLC
Update 

technologies

Innovative 

Technologies

VLC FSO Power Line BT 5.2 ZigBee UWB LoRaWAN NB-IoT LEO Satellite HAPS

Coverage 

radius
m 5 250-350-450 N/A 100 50 5 10.000 5.000 155.000 75.000

Mainline

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes 

(continuous) 

(if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes (spot)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes 

(continuous/

spot)

Yes 

(continuous)

Yes 

(continuous)

(except 

tunnel/Canyo

n when LEO 

signal is not 

repeated in 

tunnel/canyo

n)

Yes 

(continuous)

(except 

tunnel/Canyo

n when HAPS 

signal is not 

repeated in 

tunnel/canyo

n)

Metro

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes 

(continuous) 

(if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes (spot)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes 

(continuous/

spot)

Yes 

(continuous)
No No

Regional

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes 

(continuous) 

(if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes (spot) (if 

available)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes (spot) (if 

available)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes (spot) (if 

available)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes (spot) (if 

available)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes 

(continuous/

spot) (if 

available)

Yes 

(continuous)

(if available)

Yes 

(continuous)

(except 

tunnel/Canyo

n when LEO 

signal is not 

repeated in 

tunnel/canyo

n)

Yes 

(continuous)

(except 

tunnel/Canyo

n when HAPS 

signal is not 

repeated in 

tunnel/canyo

n)

Freight

Yes (spot) (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes 

(continuous) 

(if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes (spot) (if 

available)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes (spot) (if 

available)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes (spot) (if 

available)

(if 

compatible 

with RSLT 

and available 

radio 

coverage

Yes (spot) (if 

available (if 

compatible 

with RSLT 

and available 

radio 

coverage)

Yes 

(continuous/

spot) (if 

available)

Yes 

(continuous)

(if available)

Yes 

(continuous)

(except 

tunnel/Canyo

n when LEO 

signal is not 

repeated in 

tunnel/canyo

n)

Yes 

(continuous)

(except 

tunnel/Canyo

n when HAPS 

signal is not 

repeated in 

tunnel/canyo

n)

Station/yard yes (spot)
Yes 

(continuous)
Yes (spot) Yes (spot) Yes (spot) Yes (spot)

Yes 

(continuous/

spot)

Yes 

(continuous)
No No

M
o

b
ili

ty

AB Support 

for device 

mobility

 (Y/N)

N N N N N N N Y Y Y

Li
n

k

Radio Link 

Setup Time 

(RLST) (ms)

<100 <100 <1000 2.000-4.000

60.0000-

180.000 

(discovery 

time) 

<50 1.000-2.000 80

depending 

on 

Radio Access 

Technology

depending 

on 

Radio Access 

Technology

Alternative Bearers

Optics

C
o

ve
ra

ge
 

Coverage 

type

ScenarioAdditional Analysis IoT short range LPWAN

continuous/

Spot
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According to scientific literature on vehicular applications based on VLC systems, the typical 

coverage area radius is around 5 m, with experiments carried out considering distances about 40-50 

m (with 50 km/h). It follows that VLC can be considered as the optical counterpart of the IoT-SR 

technology, and therefore it is considered as providing spot coverage. Indeed, it does not lend itself 

to be used for creating a continuous coverage over the rail line extending over long distances. This 

is due to the large number of VLC access points / transceivers required and that should be connected 

by optical fiber and properly managed to support the (too) high handover rates generated by train 

passing from one cell to the adjacent. Even in the case of station scenario we assume spot coverage 

is provided by the VLC. 

On the contrary, it may seem to be convenient to design an FSO radio access network extending 

over the railway line so to offer a service continuity. This can be achieved by means of an efficient 

network design as indicated in Subsection 5.2.1 of this deliverable. FSO devices to be used for rail 

application in mobility conditions are not available on the market yet. Referring to FSO for fixed 

applications, looking at the products on the market for this specific application sector, it seems that 

the RLST for this technology can be around one second. 

When we consider the IoT Short Range radio technologies, we observe that they can provide a spot 

radio coverage of variable extension passing from 100 m for BT5.2, to 50 m for Zigbee and 5 m for 

UWB. Even the RLST vary from 2 to 4 s for BT5.2, from 60 to 180 s for Zigbee3 and up to 50 ms 

for UWB. As in the case of VLC even the considered IoT SR technologies cannot guarantee an 

effective support to train mobility. Furthermore, they are designed to be radio interfaces to be 

connected to the rest of a network and in general they have been designed to offer single hop 

connectivity and in general they do not own explicit information fields or sub-layers in their protocol 

stacks to cooperate with specialized entities inside the network that are used for managing mobility 

of devices.  

Taking for granted the rail stakeholder interest in IoT SR technologies offering spot coverage, in 

Section 5.2.5 of this deliverable we propose the combination of these radio access technologies with 

broadband PLC acting as backhauling interconnecting some of the selected IoT SR access points to 

realize a low-cost communication infrastructure. Moreover, UWB is free of limitation in the 

frequency band 6.0-8.5 GHz, but it is strictly limited by a 5% Low Duty Cycle (LDC) in the 

frequency band of 3.4-4.8 GHz. It means that the transmission in this frequency band must have a 

maximum duration 0.5% of the time each hour, namely it must not exceed 5 ms, [11]-[15]. 

The LPWAN technologies are characterized by a coverage radius that can reach (in practice) even 

10 km for LoRaWAN and 5 km for NB-IoT. LoRaWAN has a RLST value up to 2 seconds and can 

offer a sport/continuous coverage, but it is limited in terms of service continuity due to the 

regulatory imposed short duty cycle (1%) (as specified in Section 11). Instead, NB-IoT can 

guarantee a continuous radio coverage because it is a “managed service”. It means there is a network 

owner and manager (i.e. the Mobile Network Operator, MNO) able to offer the NB-IoT service over 

its cellular network (possibly) covering the entire rail line. In the case NB-IoT service is provided 

by the MNO coverage issues may occur (e.g. in case of service unavailable) but they are independent 

from the rail operator. The RLST of NB-IoT can reach the 80 ms value, and it can be limited by the 

duty cycle, [16]. The access reservation procedure to initiate data transmission for the NB-IoT is 

 
3 The discovery time in Zigbee is very long and could make the usage of this technology unfeasible (up to 180 s) 

especially if we assume that the train approaching the Zigbee device should discovery its presence. As an alternative, 

we assume the train knows in advance where the Zigbee device is located, and it starts to communicate with it when it 

approaches the Zigbee coverage. 
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similar to that of LTE. The device transmits one of the available preamble sequences in the 

Narrowband Physical Random Access Channel (NPRACH). Upon detection of the preamble the 

eNodeB will send a random-access response (RAR), which among other information includes an 

uplink grant for transmitting the RRC Connection request. The rest of procedures are almost 

identical to LTE with the main difference that data exchange with the eNodeB is done at RRC level, 

where the data is piggybacked in the RRC Connection Setup in the downlink and in the RRC 

connection setup complete in the uplink, [17].  

Aerial technologies, LEO satellite and HAPS are characterized by a continuous coverage i.e., these 

systems are typically designed to support mobility of users among their cell/beams area. 

Communication link they provide can be obscured in the case of tunnel or canyon when LEO/HAPS 

signal are not repeated/relayed by a terrestrial infrastructure installed for example in tunnels. This 

also means that the aerial technologies cannot be suitable in the metro scenarios. LEO and HAPS 

are typically managed and controlled by a network operator/manager deputed to guarantee all the 

connectivity parameters, in terms of quality of service, link availability, satellite/HAPS maintenance 

etc.  

4.3.2 Results for mobility analysis 

The following Table 19 summarizes the result of mobility analysis performed for VLC, BT5.2, 

Zigbee and UWB ABs in terms of partial and absolute eligibility for all rail scenarios. Only the 

mobility aspects have been analyzed for all the corresponding rail scenarios i.e., mainline, regional, 

metro and freight. Obviously, station scenario has been excluded in the analysis. We assume that 

all the considered technologies can compensate/mitigate the Doppler effects. This is not un-realistic 

in practice especially for BT 5.2 and Zigbee technologies that can successfully operate even in 

presence of relatively high frequency misalignments between the transmitter and receiver clocks. 

As mentioned in Section 6.1, we assume that the network infrastructure behind NB-IoT, LEO and 

HAPS can provide service continuity by means of mobility support features and the radio 

technologies can properly operate even in the case of trains moving at high speed i.e. modem can 

compensate/mitigate for Doppler effects, etc.. For these reasons they have been left out from the 

analysis. Table 19 shows the results of the mobility analysis of ABs for different rail scenarios 

obtained using the analysis method detailed in Section 4.3.1.  

Table 19. Results of mobility analysis of ABs in case of (a) mainline, (b) metro, (c) regional, (d) 

freight. 

  

(a) 

ACS Traffic Class VLC BT 5.2 ZigBee UWB VLC BT 5.2 ZigBee UWB

1 YES YES N/A YES NO YES N/A YES

2 YES YES N/A YES NO YES N/A YES

3 NO N/A N/A N/A NO N/A N/A N/A

4 YES YES YES YES YES YES YES YES

5 YES YES YES YES NO YES YES YES

6 YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES

Partial eligibility per class (Mobility Analysis) Absolute eligibility per class (Mobility Analysis) 
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(b) 

 

  

(c) 

  

(d) 

From the analysis, we have observed that the VLC can guarantee a partial eligibility of ACS traffic 

lasses in all considered dynamic scenarios except for the ACS Traffic class 3 (Video LQ and voice 

are not supported in mobility conditions). This means that some data rate categories (corresponding 

to burst data traffic and messaging) can be theoretically supported by VLC even in the case of spot 

coverage. However, absolute eligibility for the single ACS Traffic class could not be achieved. In 

fact, from results in Table 19, VLC can guarantee absolute eligibility for ACS traffic classes 4, 6 

and 7 including burst data communications and messaging.  

The same considerations for the VLC can be applied to the IoT SR remarking that they may also be 

affected by limitation on the supported data rate categories. In the IoT SR we have also explicitly 

indicated the case corresponding to that some ACS traffic classes are not supported at all. In this 

case the corresponding result of mobility analysis is declared as N/A. On the contrary, as for VLC 

ACS Traffic Class VLC BT 5.2 ZigBee UWB VLC BT 5.2 ZigBee UWB

1 YES YES N/A YES NO YES N/A YES

2 YES YES N/A YES NO YES N/A YES

3 NO N/A N/A N/A NO N/A N/A N/A

4 YES YES YES YES YES YES YES YES

5 YES YES YES YES NO YES YES YES

6 YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES

Partial eligibility per class (Mobility Analysis) Absolute eligibility per class (Mobility Analysis) 

ACS Traffic Class VLC BT 5.2 ZigBee UWB VLC BT 5.2 ZigBee UWB

1 YES YES N/A YES NO YES N/A YES

2 YES YES N/A YES NO YES N/A YES

3 NO N/A N/A N/A NO N/A N/A N/A

4 YES YES YES YES YES YES YES YES

5 YES YES YES YES NO YES YES YES

6 YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES

Partial eligibility per class (Mobility Analysis) Absolute eligibility per class (Mobility Analysis) 

ACS Traffic Class VLC BT 5.2 ZigBee UWB VLC BT 5.2 ZigBee UWB

1 YES YES N/A YES NO YES N/A YES

2 YES YES N/A YES NO YES N/A YES

3 NO N/A N/A N/A NO N/A N/A N/A

4 YES YES YES YES YES YES YES YES

5 YES YES YES YES NO YES YES YES

6 YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES

Partial eligibility per class (Mobility Analysis) Absolute eligibility per class (Mobility Analysis) 
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when an ACS traffic class is supported by one of the selected IoT Short Range technologies, the 

result is deemed to be positive (i.e., YES is declared) provided the condition rT>0 in Eq. 2 is fulfilled.  

 

4.4 Benefits, challenges and dependencies for ABs 

4.4.1 Methodology  

The analysis of benefits, challenges and dependencies for ABs is carried out in this Section. It 

basically consists in listing the different features of (i) benefits, (ii) challenges, and (iii) 

dependencies, evaluated for the selected ABs.  

Specifically, we have envisioned the following features for benefits, challenges, and dependencies:  

1. Benefits i.e., the set of all the features that can represent a benefit and advantage for a given 

AB.   

o Cost for spectrum license (YES/NO): the value is YES if there are any costs for 

spectrum license (i.e., the electromagnetic band is licensed) or NO; 

o Equipments cost (low/medium/high): it depends on by the cost for devices and 

equipment properly modified to be adapted for railway application. This can be low, 

medium or high; 

o Coverage area type (spot/continuous): it depends if the coverage area of a given AB 

is spotted with some disconnections that may occur, or continuous if the coverage 

does not present connectivity interruptions; 

o Coverage area (low/medium/high): this represents the size of the coverage area of a 

given AB; 

o Data rate (very low/low/medium/high): this is the achievable data rate for a given 

AB. High values represent a benefit, while lower values are a disadvantage; 

o Availability of equipments (low/medium/high): this represents whether for a given 

AB, devices are available on the market. Low value represents a lack of availability, 

while higher value is the massive presence of devices; 

o Enabler for economy of scale (YES/NO): this represents a benefit is YES, meaning 

that several devices can be used for larger networks; 

o Standard and update (YES/NO): this represents a benefit if YES, meaning that 

available standards are being updated and managed; 

o Security level (low/medium/high): High value represents a benefit, while low value 

is not; 

o IP support (YES/NO): this represents whether a given AB can support IP-based 

communications. YES value is a benefit; 

o Other benefits: any other benefit specific for a given AB. 

2. Challenges i.e., the set of all the features that can represent a challenge for a given AB. 

o Radio Interference (low/medium/high): this represents a challenge if a given AB is 

affected by radio interference with other existing technologies; 

o Radio access device ownership (private/operator): this represents whether an AB is 

operator-dependent or not (i.e., private); 

o Deployment effort (low/medium/high): this represents whether a given AB needs 

effort for the network deployment. High value is a challenge, while low value is  

o Support for mission critical communications (YES/NO): this feature represents a 

challenge if the result is NO; 

o Other challenges: any other challenge for a given AB. 
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3. Dependencies i.e., the set of all the features that can represent a limitation for a given AB. 

o RLST value [s]: The radio link setup time parameter represents a limitation for a 

given AB. High values represents a disadvantage; 

o Mobility support (YES/NO): it represents whether mobility is supported for a given 

AB. YES value can represents a benefit; 

o Backward compatibility (YES/NO): this is the compatibility with the backward 

network;  

o Video-streaming support (YES/NO): this represents whether video-streaming 

applications are supported; 

o Voice support (YES/NO): this represents whether voice applications are supported; 

o Other limitations: any other limitation for a given AB. 

The Table 20 collects all the results of this analysis for each AB. Where necessary some notes 

explaining the motivation behind a result have been provided. 

4.4.2 Results  

From Table 20, VLC is a green technology guaranteeing no interference with other existing radio 

technologies (i.e., radio interference is low). It exploits the optical band in the visible range (i.e., 

NO cost for spectrum license). The devices used in VLC are LEDs and photodetectors, which are 

low-cost devices (i.e., low equipment cost), highly available in the market (i.e., high availability of 

equipments and enabling economy of scale), deployed in indoor and outdoor environments (i.e. 

low/medium coverage area) with a spot coverage. Thanks to large available bandwidths, high data 

rates are achievable. VLC also represents a secure technology (i.e. high security level) at 

transmission level since it is based on optical communications. Since VLC essentially works on 

PHY and data link layers, it can be interfaced at IP level for fast interconnection to the external 

networks (i.e., IP support). 

Regarding the challenges, VLC presents low radio interference, a private radio access device 

ownership, and a low deployment effort since it may exploit current illumination architecture. The 

only limitation is represented by the lack of a support for mission critical communications by the 

network connected to VLC. Finally, regarding the dependencies, VLC provides very low RLST 

values (around 100 ms), the lack of mobility support as well as the support from the network. Also, 

video-streaming and voice supports are allowed. Together with an efficient multipath propagation 

to be enhanced, an opportune standardization of VLC for interworking purposes is needed, also to 

create a VLC-based vehicular network and to guarantee road safety (in case of vehicular 

applications).  
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Table 20. Analysis of benefits, challenges, and dependencies of ABs. 

Part I 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PLC
Update 

technologies

Innovative 

Technologies

VLC FSO Power Line BT5.2 ZigBee UWB LoRaWAN NB-IoT LEO Satellite HAPS

Cost for 

spectrum license 

(Y/N)

NO NO NO NO NO NO NO YES YES YES

Equipments 

cost 

(low/medium/

high)

Low Low/Medium Low Low Low Low/Medium Low Low high N/A

Coverage 

area type 

(spot/continous)

Spot Continuos N/A Spot Spot Spot Spot/continuos Continuos Continuos Continuos

Coverage area

(low/medium/

high)

Low/Medium Medium/High N/A low very low very low Medium/high Medium/high High/very High High/very High

Data rate

 (very low/low/

medium/high)

High High Medium Low/Medium Low/Very low High Very low/low low High/very High High/very High

Availability of 

equipments 

(low/medium/

high)

High (*) High High High Medium high High Medium N/A

Enabler for

economy of 

scale (Y/N/N/A)

YES YES YES YES YES YES YES N/A N/A N/A

Standard 

and Update 

(Y/N)

YES YES YES YES YES YES YES YES NO NO

Security 

level 

(low/medium/

high)

High medium/high medium medium (**) medium (**) medium (**) medium (**) medium/high medium/high medium/high

IP support (Y/N) YES YES YES YES YES YES YES YES YES YES

Other benefits

(optional)

possibile 

energy 

saving 

No RF 

interference;

Optical Fibers 

are already 

deployed

 in some railway 

scenarios

already 

deployed

 in the existing 

infrastructure

Benefit-

challenges-

dependencies

Features

Alternative Bearers

Optics IoT short range LPWAN

Benefits
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Part II 
 

 
 

Part III 

 

 
 

PLC
Update 

technologies

Innovative 

Technologies

VLC FSO Power Line BT5.2 ZigBee UWB LoRaWAN NB-IoT LEO Satellite HAPS

Radio

Interference 

(low/medium/

high)

Low Low Medium High High High High low low low

Radio access 

device 

ownership 

(private/

operator)

Private Private Private Private Private Private Private Operator Operator Operator

Deployment 

effort 

(low/medium/

high)

Low Medium/High Low Low Low Low

Low/medium

N/A N/A N/A

Support for

mission critical 

communications 

(Y/N)

NO NO NO NO NO NO

NO

YES YES (***) YES (***)

Other challenges (optional)

Standardization 

is needed 

for interworking 

with other 

standard;

VLC-based

vehicular 

network can 

also be 

considered for 

improved 

coordination 

and road safety; 

multipath 

propagation

to be enhanced;

beam alignment 

between 

transmitter and 

receiver. The 

alignment must 

be maintained 

even in the case 

of high speed 

train (e.g. 

mainline)

standardization 

of radio access 

technology (5G 

is under exam);

Leo receiver 

should be able 

to track the 

satellites (e.g. 

manage 

handover 

between 

satellites) in a 

seamless 

manner to the 

application 

devices 

connected to 

the satellite 

modem

standardization 

of radio access 

technology (5G 

is under exam)

Benefit-

challenges-

dependencies

Features

Alternative Bearers

Optics IoT short range LPWAN

Challenges

PLC
Update 

technologies

Innovative 

Technologies

VLC FSO Power Line BT5.2 ZigBee UWB LoRaWAN NB-IoT LEO Satellite HAPS

RLST value <100 ms <100 ms <1s 2-4 s
60 s (typical); 

180 s (max)
< 50 ms <1-2 s 80 ms N/A (+) N/A (+)

Mobility support 

(Y/N)
NO NO NO NO NO NO

NO
YES YES (++) YES (++)

Backward 

compatibility 

(Y/N)

N/A N/A YES
Not guaranteed 

with BT4.0
YES NO YES YES YES YES

Videostreaming 

support (Y/N) YES YES YES NO NO NO NO NO
YES YES

Voice support 

(Y/N) YES YES YES YES (+++) NO YES (+++) NO NO
YES YES

Other 

limitations

environmental 

noise in the 

electrical 

domain

optical 

interference, 

need for 

Acquisition, 

Tracking, and 

Pointing 

Mechanisms;

atmosferic 

attenuation (mie 

attenuation, 

cloud, fog, haze 

and mist, rain)

frequent 

handover for 

high speed 

mobility

number of 

branches shoud 

be small to 

avoid 

degradation of 

bitrate with 

distance; RF 

interference (in 

HF bands);

background 

noise can be 

high, especially 

in some bands

8-channel 

limitation;

no mobility 

support; it may 

impose

Duty Cycle 

limitations 

(for power 

saving 

purposes)

no mobility 

support; it may 

impose

Duty Cycle 

limitations 

(for power 

saving 

purposes)

no mobility 

support; 

802.15.3a no  

audio-video 

streaming 

support;

Low Duty Cycle 

(1%) for 

transmitting 

nodes

no audio-video 

streaming 

support;

possible duty 

cycle limitation

no coverage in 

tunnels and/or 

canyons;

limited number 

of operative 

days in orbit 

(between 210 

and 365 

day/year))

(o)

limited number 

of operative 

days (max 120 

days/year)

(o)

Benefit-

challenges-

dependencies

Features

Alternative Bearers

Optics IoT short range LPWAN

Dependencies
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Notes: 

(*) for FSO for fixed communication, we have availability of products/devices on the market up to 

30 Gbps. For mobility applications, up to now we didn't find any product neither trials in rail 

scenarios 

(**) the security aspect is only referred to the radio access where encryption schemes are used to 

protect data. Security at network level is provided by the features of the network connected to these 

access IoT-SR technologies. For NB-IoT, Leo and HAPS security is referred both to access and 

network (e.g. encryption in the access, AAA in the network at least.) 

(***) it depends on the radio interfaced adopted for these technologies. In case of 5G NR is the 

selected radio access technology (as it would be with high probability), then the support for critical 

communication is guaranteed. 

(****) The value for Zigbee is referred to initial pairing phase between two devices. 

(+) in case LEO and HAPS adopt 5G, the RLST is given by the standard increased of the RTTs 

required to transmit/receive signalling over LEO/HAPS link during the setup phase (it should be 

noted that these RTTs are negligible in the case of terrestrial access. 

(++) it depends on the radio interfaced adopted for these technologies. In case of 5G NR is the 

selected radio access technology (as it would be with high probability), then the support for mobility 

is guaranteed. Otherwise, it depends of the specific RAT organization and definition foreseen for 

these two systems 

(+++) Only for station scenario/yard/depots scenario (i.e. no train mobility scenarios) 

(o) the network provider is in charge to guarantee the replacement of LEO satellite as well as HAPS, 

so to guarantee the service continuity over time. 

 

The FSO uses laser devices providing enlarged coverage areas and, as for VLC, it uses free optical 

spectrum. We have assumed the FSO can be used to design an optical access network covering the 

entire rail line or used in stations for backhauling. The costs for FSO equipment are low/medium. 

The laser devices are highly available in the market (i.e., enabling economy of scale), although they 

are more expensive than LEDs. FSO also provides very high data rates (from 155 Mbps up to 1 

Gbps) and transmission links with length in the order of hundreds of m. FSO can adopt narrow or 

wide beam lasers, but in every case this allows to guarantee secure transmission links (i.e., high 

security level at PHY level), and also reduces interference with other existing technologies. Finally, 

IP-based applications are fully supported over FSO links (i.e. YES IP support). It presents low radio 

interference, and a private radio access device ownership. Moreover, FSO is quite simple to deploy 

(a low/medium deployment effort). The support for critical communications should be desirable, 

but this depends on the characteristics of the core network attached to it. The laser beam alignment 

between the transmitter and receiver needs to be performed with very high accuracy and must be 

maintained even in the case of difficult operating conditions such as those experienced in high-

speed train (e.g. mainline), including strong train vibrations. From the dependencies point of view, 

FSO presents a low RLST value necessary to set up the communication link and guarantee data 

transmission and the lack of a mobility support. FSO can support the video-streaming and voice 

applications, although, as optical technology, is strictly affected by weather conditions, which 

provide performance degradation on the optical link (e.g., fog, rain, clouds, etc. add an attenuation 

to the optical signal). The FSO is also affected by optical interference deriving from the optical 

transmissions, and it needs for Acquisition, Tracking, and Pointing (ATP) Mechanisms in order to 

better manage the frequent handover in case of high-speed mobility and then to improve the 

performance. Finally, it is important to accurately control and stabilize the temperature of the 
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emitting laser since change of temperature can lead to shifts in the transmitting wavelength with 

respect to that used for FSO planning. 

As indicated in subsequent Section 5.2.5, broadband PLC devices can be useful for some specific 

application within the railway context. From the benefit point of view, PLC is also characterized by 

a low equipment cost, a medium data rate (in the order of some Mbps), with the possibility to have 

a high availability of devices and to enable an economy of scale, potentially, thanks to the IP 

support. PLC operations are detailed in several standards while the security level is medium. The 

PLC signal interception is difficult to perform provided the sniffer is not physically connected to 

the PLC or is able to capture very low power HF emissions. The great benefit of PLC is represented 

by its large deployment within the existing rail infrastructures. The RLST for PLC has typical value 

below the second. Obviously, PLC cannot be used for connecting fixed and mobile hosts. Finally, 

PLC can be affected by RF interference (in HF bands) and background noise (that can be high, 

especially in some frequency bands), and the number of branches should be small to avoid 

degradation of bitrate with distance. 

The IoT SR technologies are also characterized by the absence of costs related to the spectrum 

license, since they use the ISM band (free of charge). Devices are low cost and offer a “spot” 

coverage with low or very low distances (under 200 meters). The offered data rate can be very low 

(i.e., Zigbee, 250 kbps), low (i.e., BT5.2, 2 Mbps) and high (i.e., UWB, 100 Mbps), while their 

security level is quite medium (due to the possibility to be intercepted/disturbed) (See Note (**)). 

The IoT SR technologies can support the IP protocol, their operations are defined in worldwide 

standards and the availability of devices on the market is very high. Looking at the challenges, these 

technologies are affected by RF interference due to their operations in the ISM band. They can be 

deployed within a private area with a significant low effort in terms of installation costs. They do 

not support mission critical applications and so the typical networks connected to them. From what 

concerns dependencies, the IoT SR RLST can vary from 50 ms (as for UWB) to seconds (2-4 s in 

case of BT5.2 or 60 s in case of Zigbee). The backward compatibility is not always guaranteed, as 

in case of UWB or BT5.2 (not compatible with BT4.0). Finally, many other important limitations 

should be considered for IoT SR. For example, BT5.2 can only 8-channel to transmit and it can be 

affected by the duty cycle percentage, as in case of Zigbee. UWB does not provide the audio-video 

support natively. Finally, as outlined previously, no one of them can support mobility. 

Among all LPWAN technology, NB-IoT requires the spectrum license cost and provides a 

continuous coverage using cells with radius varying from 5-10 km. The offered data rate is low 

(around 226,7 in downlink and 250 kbps in uplink). NB-IoT operations are defined in reference 

standard and high availability of NB-IoT devices can support the IP protocol. The security level is 

medium/high due to the presence of a network provider deputed to manage all the connectivity 

aspects, as quality of service, availability, security, etc. Referring to the challenges since the NB-

IoT deployment is managed/controlled by the MNO operating in licensed bands the RF interference 

is relatively low or strictly under control. NB-IoT does not support mission critical communications. 

The RLST is under a couple of seconds, and it enable NB-IoT to support the mobility. The backward 

compatibility is guaranteed but NB-IoT is not suitable for audio-video streaming application [41]. 

Finally, NB-IoT can be also affected by possible duty cycle limitation for energy saving 

requirements. 

The considered aerial technologies, LEO HTS and HAPS operate in licensed bands and are managed 

by a telco. Radio beams can cover wide areas (thousands of km2), the aggregated data rate can be 

high/very high (even several Gbps for the modern LEO HTS). Now only the LEO satellite has a 

medium diffusion, while the situation of HAPS is under development and trials are ongoing [19]. 

At the moment, the considered LEO HTS constellations adopt proprietary waveforms while for 
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HAPS there is no standard. In particular, HAPS are currently seen as physical asset to spread the 

terrestrial 5G signal over larger coverage areas. Due to possible operations in licensed bands the RF 

interference should be low or quite mitigated. They can support mission critical applications, 

according to the Radio Access Technology (refer to note (***) under Table 20). Other challenges 

concern the difficulty of the LEO receiver to track the satellites (e.g. manage handover between 

satellites) in a seamless manner to the application devices connected to the satellite modem. Finally, 

for LEO/HAPS technologies, the radio access technology standardization is necessary; at the 

moment, 5G is currently under exam. 

4.5 AB eligibility results  

In the following Table 21 - Table 23, we summarize for each subset of AB technologies the results 

concerning the eligibility of each one of the considered ABs technologies with respect to the data 

rate and mobility. Results have been obtained using the procedure detailed in Section 4, which 

combines data concerning the analysis of each AB with respect to two important aspects concerning: 

 

a. Data rate assessment; 

b. Mobility assessment. 

Results have been obtained for the different rail scenarios (i.e. mainline, regional, freight, metro and 

station) and required bit rates have been extracted from the CTA [1] for the “today” and “tomorrow” 

situations, where the latter indicates an increase of 20% in the required bit rates due to technology 

advancement. 

In the following, we report some comments concerning the results indicated in Table 21 - Table 23 

for each one of the considered ABs that have been grouped into the three following classes: 

a. Optical wireless technologies 

b. Short range IoT radio technologies 

c. Aerial technologies including HAPS and modern LEO platforms 

Results in Table 21 - Table 23 should be considered as indicative because, as also noted previously 

in our analysis we have assumed that: 

a. For each AB technology, all the available transmission capacity is assigned to rail 

communications. Thus, results in Table 21 - Table 23 should be intended as best case. In this 

case, when NO is indicated this implicitly means that even in the best case the selected AB 

technology is not suitable to support rail communications for a specific ACS traffic class in the 

considered rail scenario. Assuming that a percentage of the transmission capacity is reserved to 

train communications, some of the results in Table 21 - Table 23 could be reverted. At the 

moment it is of marginal interest to repeat evaluations in Table 21 - Table 23 by assigning an 

arbitrary percentage of traffic capacity to be reserved for the specific technology; 

b. Evaluation of mobility aspects for short range technologies and for VLC should be considered 

with caution. In this case we have assumed the train entering the radio coverage connect to the 

access point in RLST and, depending on its speed, we have evaluated the (theoretical) residual 

time the train has to transmit/receive data/messages before exiting the coverage area. For this 

reason, for short range technologies in scenarios with train mobility we assume they do not 

support streaming communication applications such as voice and video or download/upload 

services. Then, results in the following in Table 21 - Table 23 should be interpreted taking into 
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account for these assumptions showing the very limited applicability of these technologies in 

mobility conditions; 

c. For some ABs technologies such as FSO and HAPS the technical maturity level is very low, 

with a  Technology Readiness Level (TRL) 4 (test in lab) or 5 (test in field), so that conclusions 

on their eligibility in terms of capacity and mobility have been obtained considering data rates 

estimated from realistic simulation or obtained from preliminary experiments on the field. 

4.5.1 OWC technologies 

The considered OWC technologies, i.e., VLC and FSO, can have two different application 

objectives in the rail context.  

Table 21: Results of eligibility analysis for VLC and FSO. 

 
 

a. From Table 21, despite the high data rate values of VLC and considering that in practice it can 

be assimilated to a short range technology, it can be observed that VLC cannot be used in 

mobility scenarios for supporting streaming-based services due to its (too) small cell coverage. 

Instead, in fixed scenarios such as station and the wayside, the VLC can be used to provide 

broadband connectivity for services in any ACS class. In general, we can assert that application 

of VLC technology for rail communications is limited to fixed scenario where trains are slowly 

moving (as in depots or yards) or fixed (e.g. station); 

b. Differently from VLC, the FSO systems have been conceived and specifically designed to create 

a cellular-based access network offering continuous coverage over the rail line. Provide all the 

problems related to the cell coverage, the stable pointing of lasers toward the moving trains, 

Doppler effects can be compensated and so on, from Table 21 we can observe that the FSO can 

be helpful to provide effective support for any class of ACS in any rail scenario especially when 

today tomorrow today tomorrow today tomorrow today tomorrow today tomorrow today tomorrow

1 YES YES NO NO YES YES YES YES YES YES YES YES

2 YES YES NO NO YES YES YES YES YES YES YES YES

3 NO NO NO NO YES YES YES YES YES YES YES YES

4 YES YES YES YES YES YES YES YES YES YES YES YES

5 YES YES NO NO YES YES YES YES YES YES YES YES

6 YES YES YES YES YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES YES YES YES YES

1 YES YES NO NO YES YES YES YES YES YES YES YES

2 YES YES NO NO YES YES YES YES YES YES YES YES

3 NO NO NO NO YES YES YES YES YES YES YES YES

4 YES YES YES YES YES YES YES YES YES YES YES YES

5 YES YES NO NO YES YES YES YES YES YES YES YES

6 YES YES YES YES YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES YES YES YES YES

1 YES YES NO NO YES YES YES YES YES YES YES YES

2 YES YES NO NO YES YES YES YES YES YES YES YES

3 NO NO NO NO YES YES YES YES YES YES YES YES

4 YES YES YES YES YES YES YES YES YES YES YES YES

5 YES YES NO NO YES YES YES YES YES YES YES YES

6 YES YES YES YES YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES YES YES YES YES

1 YES YES NO NO YES YES YES YES YES YES YES YES

2 YES YES NO NO YES YES YES YES YES YES YES YES

3 NO NO NO NO YES YES YES YES YES YES YES YES

4 YES YES YES YES YES YES YES YES YES YES YES YES

5 YES YES NO NO YES YES YES YES YES YES YES YES

6 YES YES YES YES YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES YES YES YES YES

1 YES YES YES YES YES YES YES YES YES YES YES YES

2 YES YES YES YES YES YES YES YES YES YES YES YES

3 YES YES YES YES YES YES YES YES YES NO YES NO

4 YES YES YES YES YES YES YES YES YES YES YES YES

5 YES YES YES YES YES YES YES YES YES YES YES YES

6 YES YES YES YES YES YES YES YES YES YES YES YES

7 YES YES YES YES YES YES YES YES YES YES YES YES

Mainline

Metro

Regional

Freight

Station

Scenario
ACS 

Traffic Class

FSO @ 155 Mbps

Partial Eligibility [Y/N] Absolute Eligibility [Y/N]

VLC

Partial Eligibility [Y/N] Absolute Eligibility [Y/N]

FSO @ 1 Gbps

Partial Eligibility [Y/N] Absolute Eligibility [Y/N]
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cell coverage is dimensioned to achieve 1 Gbps, (see Section 5.2.1). In Table 21, we observed 

that reducing the FSO bit rate to 155 Mbps (so enlarging the BS cell coverage) the fulfillment 

of data rate constraints could be missed in the station scenario only where the number of 

communicating trains is high (i.e. in the CTA it has been assumed stations can have up to 25 

parked trains). However, this limitation can be overcome by proper design of the FSO network 

in the station as indicated in Section 5.2.1. 

4.5.2 Short range radio technologies 

The considered IoT short range technologies are Bluetooth 5.2, Zigbee and UWB. They are 

characterized by different capacity and radio cell coverage radius up to 100 m for Bluetooth (ACS 

Traffic class 3 devices).  

Table 22: Results of eligibility analysis for IoT SR. 
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As for VLC, applications of these short range technologies in mobility scenarios is questionable due 

to the very short time the train remains in the coverage area of the IoT access point. For this reason, 

even for these technologies audio/video streaming-based and download/upload applications have 

not been included in the evaluation in mobility scenarios leaving only (short) burst data 

transmissions and non critical message-based rail applications. 

 

a. Bluetooth 5.2: in our evaluation we have considered BT 5.2 devices providing up to 100 m or 

coverage radius i.e. 200 m of cell diameter. Considering a mobility rail scenario and a train 

moving at 70 m/s (250 km/h) (mainline) the train traverses the Bluetooth cell in about 3s. In this 

case assuming the RLST is about 2s (could also be higher) we obtain the useful time for 

transmitting/receiving data is about 1s (i.e., considering 2 Mbps we can transfer up to 2 Mbps, 

including redundancy and assuming all the Bluetooth capacity is assigned to the train. If the 

train speed is reduced to 150 km/h (about 42 m/s, as in regional scenario) the useful 

transmitting/receiving time is now about 3.8s. These simple calculations put into evidence the 

poor ability for Bluetooth (and of the other IoT Short range technologies having a coverage 

radius about 1/10 of the Bluetooth) to be applied in mobility scenarios. The YES indicated in 

Table 22 for the mainline to freight scenarios have been obtained assuming BT can support only 

short data burst transmission or non-critical message based services, i.e. no streaming 

applications are allowed. Due to the reduced transmission capacity and the relatively large 

coverage area, Bluetooth has severe limitations for supporting applications even in station 

scenario. To obtain results in Table 22 for the station scenario we have assumed voice services 

can only be supported by BT. In practice, from data in Table 22 Bluetooth technology can find 

applications in wayside scenario for example as a viable technology to create a wireless link 

able to locally connect the field elements to the SWOC; 

b. Zigbee: similarly to BT, Zigbee shows the same problems in mobility scenario and in station. In 

this case these problems are further amplified by the too long time required to setup the 

communication link (up to 60s). In order for Zigbee to support mobility for providing 

communication link to short burst data transmissions and message-based services at least, it 

would be necessary to adopt prediction algorithm estimating the time instant the train will enter 

the Zigbee radio coverage area. In this way, the link setup time maybe can be reduced thanks to 

the knowledge (in advance) of the Zigbee access point parameters (e.g. transmission channel, 

frequency, etc.). However, due to its very reduced transmission capacity, Zigbee technology 

could find limited application for ACS communication services also in the station scenario, but 

it can be useful in the wayside scenario to connect field elements to SWOC; 

c. UWB: similarly to Zigbee due to its reduced coverage radius applications of this technology can 

be restricted to the station and wayside scenarios. Thanks to its higher bit rate capacity the UWB 

can successfully provide connectivity for any application/service supported by the technology. 

In Table 22, we have evidenced that even in the station scenario the applications in the data rate 

categories Internet, and video LQ are not supported natively by this technology. 
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4.5.3 Aerial communication technologies 

The two aerial communication technologies considered in AB4Rail are the new constellations of 

LEO HTS and HAPS.  

Table 23: Results of eligibility analysis for LEO and HAPS. 

 
 

 

a. Two important and very recent LEO HTS constellations have been considered in our analysis. 

They are SpaceX Starlink [50] and the OneWeb [51]. Their full constellation deployment is still 

ongoing, but they are already active and in its actual deployment can provide basic 

communication services to selected customers.  In our assessment for LEO technologies, we 

have assumed the rail stakeholders can purchase all the required capacity from the LEO telco 

today tomorrow today tomorrow today tomorrow today tomorrow

1 YES YES YES YES YES YES YES YES

2 YES YES YES YES YES YES YES NO

3 YES YES YES YES YES NO YES NO

4 YES YES YES YES YES YES YES YES

5 YES YES YES YES YES YES YES YES

6 YES YES YES YES YES YES YES NO

7 YES YES YES YES YES YES YES NO

1 N/A N/A N/A N/A N/A N/A N/A N/A

2 N/A N/A N/A N/A N/A N/A N/A N/A

3 N/A N/A N/A N/A N/A N/A N/A N/A

4 N/A N/A N/A N/A N/A N/A N/A N/A

5 N/A N/A N/A N/A N/A N/A N/A N/A

6 N/A N/A N/A N/A N/A N/A N/A N/A

7 N/A N/A N/A N/A N/A N/A N/A N/A

1 YES YES YES YES YES YES YES YES

2 YES YES YES YES YES YES YES NO

3 YES YES YES YES NO NO NO NO

4 YES YES YES YES YES YES YES YES

5 YES YES YES YES YES YES YES YES

6 YES YES YES YES YES YES YES NO

7 YES YES YES YES YES YES YES YES

1 YES YES YES YES YES YES YES YES

2 YES YES YES YES YES YES YES YES

3 YES YES YES YES YES YES YES YES

4 YES YES YES YES YES YES YES YES

5 YES YES YES YES YES YES YES YES

6 YES YES YES YES YES YES YES NO

7 YES YES YES YES YES YES YES NO

1 N/A N/A N/A N/A N/A N/A N/A N/A

2 N/A N/A N/A N/A N/A N/A N/A N/A

3 N/A N/A N/A N/A N/A N/A N/A N/A

4 N/A N/A N/A N/A N/A N/A N/A N/A

5 N/A N/A N/A N/A N/A N/A N/A N/A

6 N/A N/A N/A N/A N/A N/A N/A N/A

7 N/A N/A N/A N/A N/A N/A N/A N/A

Mainline

Metro

Regional

Freight

Station

Scenario
ACS 

Traffic Class

Absolute Eligibility [Y/N]

LEO HAPS

Partial Eligibility [Y/N] Absolute Eligibility [Y/N] Partial Eligibility [Y/N]
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operators in such a way the LEO satellite can support all the ACS traffic classes in every rail 

scenario. For this reason, as shown in Table 16 a, b, and c, the required DS and US data rates of 

the LEO HTS satellite differ in each scenario. From Table 23, we removed the station scenario 

since we have assumed trains parked in station use terrestrial access networks to connect outside. 

However, some comments are in order for the mainline scenario for what concerns the data rate 

requirements in the tomorrow case. When considering the mainline rail case with rail 

applications providing all active video cameras (8 cameras/km), in order to achieve the full 

eligibility for LEO HTS we require an upstream transmission capacity of 1.150 Gbps in the 

tomorrow data rate case. These results for the mainline scenario have been obtained considering 

a realistic high-speed railway in Italy (Rome-Florence track) with the length of about 207 km in 

rural areas and covered by one LEO satellite with beam width of 309 km. Actually, Starlink 

offers communication links providing per user up to 60 Mbps and around 20 Mbps for 

downstream (DS) and upstream (US), respectively. Since the data rate constraint is on US, this 

requires for the rail stakeholder to rent up to 56 channels per beam with a significant waste of 

un-used DS capacity. Taking into account that the Starlink constellation is rapidly evolving and 

that when it will become fully operational (end of 2022, maybe), it will also reach 100 Mbps 

US per channel and the time periods with no-connectivity will be drastically reduced or nulled. 

This means that the number of channels to purchase will drop to 12. At the same time, it seems 

the capacity in DS should grow to at least 300 Mbps. Instead, looking at the “today” data rate 

from CTA reported in Table 15, the required LEO capacities for DS and US would be about 15 

Mbps and 17 Mbps, respectively. In this case, experimentation of the applicability of new LEO 

HTS (Starlink) to the railway scenario, could start at the end of 2022 (when the constellation 

will cover all Europe) even using the actual commercial offer published by SpaceX. Finally, it 

should be remarked that, Starlink and OneWeb have not been designed to integrate with 5G-NR 

since they adopt proprietary satellite waveforms. Thus, the results concerning the assessment of 

LEO HTS including 5G-NR interface, even though promising and interesting, should only be 

considered as theoretical achievements that could be useful for pushing research, development, 

and standardization activities along this way.  

b. At the moment, HAPS technology is not mature and results in Table 23 should be considered as 

a first step to assess the potentials for this technology for future development and deployment 

in railway scenario. The HAPS systems can provide valuable support for rail communications 

both in term of data rate and support of mobility for most of the considered ACS traffic classes 

in today and tomorrow situations and in all scenarios including train mobility. Similarly, to LEO 

HTS, HAPS application has not been considered for station and in metro scenarios. Except for 

the ACS class 3, HAPS is absolutely (and also partially) eligible for satisfying today data rate 

requirements, while it can be only partially eligible to support ACS traffic classes (except for 

ACS class 3) in the tomorrow data rate case. In this case, absolute eligibility could not be 

guaranteed for ACS classes 2, 6 and 7 in the mainline. On the other side, thanks to the relaxation 

of data rate requirements in the remaining rail scenarios (i.e. regional and freight), the number 

of ACS classes where HAPS is not absolutely eligible could be reduced. In practice, in 

accordance with the data in Table 23, it seems that HAPS may fail to fulfill the tomorrow data 

rate requirements for ACS classes. However, it should be reminded that the evaluation has been 

carried out considering the HAPS capacity rates indicated at the moment in the literature and no 
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practical realization of HAPS have been taken into considerations. The usage of HAPS with 4G 

and in the future with 5G is currently under trial and it could represent an interesting solution 

able to overcome the data rate limitations which actually leads to non-eligibility for some ACS 

traffic classes. But the amount of licensed band that will be allocated to (if any) future 5G 

enabled HAPS in the mmWave will depend on the Telco business choices and policies. 

 

5 Technical feasibility analysis and Impact of ABs 

5.1 Overall comparison  

5.1.1 Technical feasibility analysis of the ABs  

In this section we report the tables summarizing a preliminary TFA of ABs with respect to different 

evaluation criteria indicated in the Glossary reported in the Appendix of Section 8. The analysis 

presented in this paragraph is added to the analysis already carried out in Section 4 concerning the 

assessment of transmission capacity (i.e., data rate analysis) and the mobility aspects of technology 

(i.e., mobility analysis). All results will provide the necessary elements to evaluate the AB from a 

technological point of view and they will be the input for the economic analysis associated with 

each one of the considered ABs, which will be carried out in the next task of the AB4Rail project 

that will complete the evaluation of the AB even from an economic point of view (see Figure 4).  

In the following, we report the values of main features in Appendix in Section 8, for all railway 

scenarios. For mainline, regional and freight scenarios, the results of investigation are the same, so 

we avoid redundancies by reporting the corresponding data only in Table 24. For what concerns 

metro and station scenarios, we assume LEO and HAPS are not used to provide connectivity, so 

that the corresponding results have been excluded from the corresponding tables. In the filling of 

the tables for FSO, LEO HTS and HAPS due to the significant immaturity of technologies or the 

unavailability of official and public technical data concerning their waveforms and modes of 

operations, we have inserted in the Table the indication of the desired requirements for these 

technologies. For some scenarios, such as in station, we have considered commercial FSO devices 

to be used mainly for optical backhauling (no mobility of optical devices) as a reference for our 

investigation. 
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5.1.2 Rail dynamic scenarios (mainline, regional, freight) 

Table 24. Analysis of impact of ABs for mainline, regional, and freight scenarios. 

 
 

 

Notes:  

(°) if compliant to the IEEE 802 standard  

(*) vulnerable to interference by jammers in ISM band, MiM attack. The cybersecurity criterion is 

not applicable in these cases since it refers to entire network and not only to radio access interfaces, 

such as VLC, BT, Zigbee and UWB.  

(**) VLC are more vulnerable at PHY layer to obstacles (placed intentionally in the link) and to 

optical interference (undesiderated light sources) 

(+) see backhauling network comments 

(++) Trials for FSO communications in mobility conditions have been carried out using drones as 

reported in [42]. 

To the best of our literature based on public literature, it seems no experimental trials for FSO 

mobile communications on railway have been carried out yet.  

(x)  HAPS technology is in a very early stage and no commercial solutions are present in the market 

(N/A). Instead, 5G NR technology is at very mature stage (high), so that it is currently used in HAPS 

trials and experimentations (See Section 6.3.4) . 

For what concerns the LEO satellite, even though 5G on LEO is proposed by 3GPP, to date no 

commercial neither experiments of LEO satellite embedding 5G technology have been conducted. 

For this reason, we consider N/A value. 

(xx) 5G for this application operates at mmWave (Ka band or higher) 

(**) IP interfacing is mandatory, in case that 5G is not used  

(^^) FSO standardization is in progress, [10].  

(^^^) It only refers to the 5G radio interface 

(****) req: due to the FSO network based on cellular coverage, mobility support is mandatory for 

future developments of this system 

Update 

technologies

Innovative 

Technologies

Update 

technologies

Innovative 

Technologie

s
ID Category VLC FSO BT 5.2 ZigBee

Ultra Wide 

Band (UWB)
NB-IoT LEO Satellite HAPS

LEO Satellite-

5G
HAPS-5G

1 Transmission Capacity [Mbps] 500 155-10000 2 0.25 100 0.27 750 100 high high

2 Latency [ms] 500 500 25-100 140 3 1,000-10,000 20-50-125 0.26 low/medium low

3 Bandwidth [MHz] 20 20,000 2 0.6 - 5 500 0.2 8-30-70-150-400 N/A (*) high high

4 Link Reliability  below Normal req (High)  below Normal  below Normal  below Normal Normal req (High) req (High) normal normal

5 Communications Availability N/A req (High) N/A N/A N/A High req (High) req (High) high high

6 Maintainability low req (high) low low low high req (high) req (high) high high

7 Upgradability Medium/high req (High) Medium/high Medium/high Medium/high High req (High) req (High) high high

8 Longevity 10 years req (10 years) 10 years 10 years 5-10 years > 10 years 7-10 years 5 years high high

9 Scalability High req (High) low/medium low/medium medium high req (High) req (High) high high

10 Backward Compatibility YES  (°) YES NO YES YES (°) NO req (High) req (High) high high

11 Resilience to interference YES YES NO NO yes YES req (YES) req (YES) YES YES

12 Cyber Security N/A (**) (***) req (medium/High) N/A (*) (***) N/A (*) (***) N/A (*) (***) medium req (medium/high) req (medium/high) medium medium

13 Traffic prioritization Possible req (possible) Possible Possible Possible Possible req (Desiderable) req (Desiderable) possible possible 

14
Dependence on existing infrastructure 

in the considered scenario
low(high) (+) High low(high) (+) low(high) (+) low(high) (+) Low Low Low Low Low

15 Technology maturity medium/high N/A (++) High High medium/high High Low/medium N/A N/A (high) (x) N/A (high) (x)

16
Coexistence issues with traditional 

bearers
Absent Absent High High moderate moderate req (Absent) req (Absent) moderate (xx) moderate (xx)

17 Bearer controllability in ACS YES req (YES) YES YES YES YES req (YES) req (YES) YES YES

18 Availability of Standard YES NO(^^) YES YES YES YES NO NO YES (^^^) YES (^^^)

19 Mobility support Absent req (High) (****) Absent Absent Absent high req (High) req (High) high high

Optics

Alternative Bearers

IoT short range
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5.1.3 Metro scenario 

In this scenario, we assume that LEO and HAPS are not available. The considerations of the 

mainline, regional and freight. This is a reasonable assumption especially if we assume that metro 

railway runs underground. 

Table 25. Analysis of impact of ABs for metro scenario. 

 
 

Notes: 

(°) if compliant to the IEEE 802 standard  

(*) vulnerable to interference by jammers in ISM band, MiM attack. The cybersecurity criterion is 

not applicable in these cases since it refers to entire network and not only to radio access interfaces, 

such as VLC, BT, Zigbee and UWB.  

(**) VLC are more vulnerable at PHY layer to obstacles (placed intentionally in the link) and to 

optical interference (undesiderated light sources) 

(+) see comments on the backhauling network 

(++) Trials for FSO communications in mobility conditions have been carried out using drones as 

reported in [42]. 

To the best of our literature based on public literature, it seems no experimental trials for FSO 

mobile communications on railway have been carried out yet.  

(xx) 5G for this application operates at mmWave (Ka band or higher) 

(**) IP interfacing is mandatory, in case that 5G is not used 

(^^) FSO standardization is in progress, [10] 

(***) req: due to the FSO network based on cellular coverage, mobility support is mandatory for 

future developments of this system 

 

 

 

 

 

 

ID Category VLC FSO BT 5.2 ZigBee
Ultra Wide 

Band (UWB)
NB-IoT

1 Transmission Capacity [Mbps] 500 155-10000 2 0.25 100 0.27

2 Latency [ms] 500 500 25-100 140 3 1,000-10,000

3 Bandwidth [MHz] 20 20,000 2 0.6 - 5 500 0.2

4 Link Reliability  below Normal req (High)  below Normal  below Normal  below Normal Normal

5 Communications Availability N/A req (High) N/A N/A N/A High

6 Maintainability low req (high) low low low high

7 Upgradability Medium/high req (High) Medium/high Medium/high Medium/high High

8 Longevity 10 years req (10 years) 10 years 10 years 5-10 years > 10 years

9 Scalability High req (High) low/medium low/medium medium high

10 Backward Compatibility YES  (°) YES NO YES YES (°) NO

11 Resilience to interference YES YES NO NO yes YES

12 Cyber Security N/A (**) (***) req (medium/High) N/A (*) (***) N/A (*) (***) N/A (*) (***) medium

13 Traffic prioritization Possible req (possible) Possible Possible Possible Possible

14
Dependence on existing infrastructure in the 

considered scenario
low(high) (+) High low(high) (+) low(high) (+) low(high) (+) Low

15 Technology maturity medium/high N/A (++) High High medium/high High

16 Coexistence issues with traditional bearers Absent Absent High High moderate moderate

17 Bearer controllability in ACS YES req (YES) YES YES YES YES

18 Availability of Standard YES NO(^^) YES YES YES YES

19 Mobility support Absent req (High) (****) Absent Absent Absent high

Alternative Bearers

Optics IoT short range
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5.1.4 Station scenario 

In this scenario, we assume that LEO and HAPS are not available. 

Table 26. Analysis of impact of ABs for station scenario. 

 
 

Notes: 

(*) if 5G is used, the bandwidth will be that of 5G in mmWave 

(^) it depends on climatic conditions, so they are related to the channel availability with respect to 

atmospheric conditions 

(^) it depends on climatic conditions, so they are related to the channel availability with respect to 

atmospheric conditions 

(°) if compliant to the IEEE 802 standard  

(*) vulnerable to interference by jammers in ISM band, MiM attack. The cybersecurity criterion is 

not applicable in these cases since it refers to entire network and not only to radio access interfaces, 

such as VLC, BT, Zigbee and UWB.  

(**) VLC are more vulnerable at PHY layer to obstacles (placed intentionally in the link) and to 

optical interference (undesiderated light sources) 

(+) see comments on the backhauling network 

 (++) FSO technology for fixed communication applications and backhauling is instead mature and 

very performing FSO devices are already available on the market 

(x)  HAPS technology is in a very early stage and no commercial solutions are present in the market 

(N/A). Instead, 5G NR technology is at very mature stage (high), so that it is currently used in HAPS 

trials and experimentations (See Section 6.3.4). For what concerns the LEO satellite, even though 

5G on LEO is proposed by 3GPP, to date no commercial neither experiment of LEO satellite 

embedding 5G technology have been conducted. For this reason, we consider N/A value. 

(§) In the station we are only considering FSO devices for backhauling, and they do not support 

mobility of users 

ID Category VLC FSO BT 5.2 ZigBee
Ultra Wide 

Band (UWB)
NB-IoT

1 Transmission Capacity [Mbps] 500 155-10000 2 0.25 100 0.27

2 Latency [ms] 500 500 25-100 140 3 1,000-10,000

3 Bandwidth [MHz] 20 20,000 2 0.6 - 5 500 0.2

4 Link Reliability  below Normal medium/high (^)  below Normal  below Normal
 below 

Normal
Normal

5 Communications Availability N/A medium/high (^) N/A N/A N/A High

6 Maintainability low High low low low high

7 Upgradability Medium/high High Medium/high Medium/high Medium/high High

8 Longevity 10 years 10 years 10 years 10 years 5-10 years > 10 years

9 Scalability High High low/medium low/medium medium high

10 Backward Compatibility YES  (°) YES NO YES YES (°) NO

11 Resilience to interference YES YES NO NO yes YES

12 Cyber Security N/A (**) (***) req (medium/High) N/A (*) (***) N/A (*) (***) N/A (*) (***) medium

13 Traffic prioritization Possible req (possible) Possible Possible Possible Possible

14
Dependence on existing infrastructure in the 

considered scenario
low(high) (+) High low(high) (+) low(high) (+) low(high) (+) Low

15 Technology maturity medium/high High High High medium/high High

16 Coexistence issues with traditional bearers Absent Absent High High moderate moderate

17 Bearer controllability in ACS YES YES YES YES YES YES

18 Availability of Standard YES NO YES YES YES YES

19 Mobility support Absent Absent (§) Absent Absent Absent high

Alternative Bearers

Optics IoT short range
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5.1.5 Further comments on the criteria used for AB feasibility analysis 

In this section, we justify some assumptions we made when assigning one value to some of the 

criteria indicated in Table 4. 

Link Reliability 

In case of VLC technologies, the link reliability value is normal, because there are already 

commercial implementations (aimed at the masses) that do not guarantee higher reliability values. 

For this reason, VLC is not recommended for critical services. 

Due to the unavailability of reference FSO systems already available on the market for railway 

applications in the various scenarios considered, for this technology we only indicate the 

requirement for link reliability they should satisfy when they will be more mature. The requirement 

must be high, because it is assumed that FSO can also support services requiring an “high” link 

reliability. FSO is negatively influenced by atmospheric phenomena, therefore, to achieve a very 

high requirement, perhaps it will be necessary to narrow the BS coverage area. 

IoT SR devices are commercial radio access technologies that have been conceived and developed 

without requiring high reliability. This justifies the assumption of “normal” reliability. Furthermore, 

these technologies, operating in the ISM band, are subject to intra-system interference, a not easily 

controllable disturbance, which impacts on the link reliability. At present, there are no military 

specific compliant IoT SR devices. For these reasons, IoT SRs are currently not recommended for 

critical services. Further investigations will be carried out in the testing phase on the reliability of 

the IoT SR link in mobility. 

NB-IoT has the same link reliability specifications as LTE. It means the link reliability value can 

be high. 

For aerial technologies there is no reference standard, and no detailed technical information are 

available for the considered LEO HTS constellations as well as for HAPS. Therefore, for these 

systems the reliability requirement is reported (as already done for FSO) for the support of critical 

services. In the case of experimentation with LEO HTS using the available commercial services 

provided by SpaceX or OneWeb the testing of the achievement of high reliability link requirement 

would be of interest.  

 

Communication Availability 

It concerns the whole communication system and the availability parameters of the devices that 

create the communication infrastructure interconnecting the system to other networks. 

For a packet-based network, the Communication Availability should also take into account the 

status of the entire network (and therefore of the other network entities involved in the creation of 

the end-to-end link) that connects the radio interface to the destination. It is not certain that, despite 

having acquired the communication resource on the radio channel, the link can satisfy the required 

QoS. 

In order to support critical communication services for FSO, LEO HTS and HAPS the 

communication availability should high (as minimum). The fulfillment of these requirements should 

be taken into account during the design stage of the entire communication network connecting these 

technologies to the railway datacenter. 

NB-IoT has the same communication availability specifications as LTE. It means the 

communication availability value is high.  

IoT SR are radio access technologies, whose link availability has already been discussed. The 

achievable communication availability is closely related to the topology, organization and protocols 

of the network interconnecting the IoT SR to the railway data-center. Therefore for these 
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technologies we have indicated N/A to qualify their availability. In addition, we were unable to find 

any official experimental data from major chipset manufacturers reporting MTBF and MDT. 

Consequently, communication availability for these technologies could not be easily evaluated. 

 

Maintainability 

According to [52], “Maintainability and resilience are implied using a ‘cloud-centric’ network that 

supports adaptability, redundancy and a software-centric network that eases maintenance 

requirements.” 

For FSO, LEO HTS and HAPS, this requirement is crucial for mission critical applications. So that, 

the requirement is mandatory (e.g., YES). 

This requirement should be mandatory in the case of IoT SR if these technologies are integrated 

into a “cloud-centric’ network that eases maintenance requirements”. Otherwise, we could also 

reduce or avoid this requirement (i.e., NO value is considered). 

NB-IoT has the same maintainability availability specifications as LTE. It means the maintainability 

value is high. 

 

Upgradability 

For IoT SR devices, the upgradability value should be considered as medium/high, because they are 

characterized by low-cost components. The upgradability is often achieved by updating the 

Software and/or the Firmware, but when we need to upgrade the technology, a physical substitution 

of chipset could be necessary. This explains the “medium” value, while “high” value indicates that 

we can upgrade SW / FW relatively easily (by OTA or FOTA). 

 

Scalability 

In case of IoT SR devices, considering the low transmission capacity, the organization of the BT 

and Zigbee transmission modes, and the presence of interference in the ISM band, these 

technologies can present scalability problems as the number of users per access point increases. 

Instead, VLC and UWB, which have higher capacities, offer scalability at the expense of a much 

shorter range of coverage. 

The NB-IoT has the same scalability availability specifications as LTE.  It means the scalability 

value is medium. 

 

Dependence on existing infrastructure in the considered scenario 

For the managed networks as NB-IoT, LEO and HAPS we have the “low” value, because their 

deployment is independent from railway operator since we assumed the communication network is 

managed by Telco. Furthermore, in case of NB-IoT, if the railway LTE (or 5G) network is already 

deployed (or is envisaged to be deployed), the impact is practically null.  

For IoT SR the impact is very low because the devices are rapidly deployable if the backhauling 

network and a management entity are already present inside the considered railway infrastructure. 

More in detail, this issue is related to the methodology adopted for the deployment of the 

backhauling network for interconnecting the IoT SR devices to the rest of the network.  

We distinguish into the following two possibilities:  

a. Some suitable transmission medium for backhauling is already available such as PLC and 

Optical Fibers possibly running along the railway lines (such as the power cables and the 

“dark optical fibers”); 

b. No transmission medium for backhauling is available, and it must be installed as 

greenfield network.  
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Consideration on latency for railway 

The latency requirement indicated in Table 24, Table 25 and Table 26 deserves a more detailed 

discussion. In general, the latency requirement refers to the typical end-to-end latency. While this 

value can be available for legacy bearers (such as e4G, 5G, WiFi etc.) its evaluation for ABs 

technologies could be more complicated as shown in the following. To this purpose, we evaluate 

the time necessary to exchange packets among rail applications in several scenarios including the 

communication network architecture connecting radio access ABs to the destination. As shown in 

the following in the context of ASC system, the overall achievable latency 𝜏𝐶 depends on the 

position of the NG ACS-GW within the communication network and so the time required for the 

response to the train. 

To evaluate 𝜏𝐶, we consider the principle scheme of one typical communication network indicated 

in Figure 6. The general scheme of the network reported in Figure 6 includes the following sections: 

- The Base Band Unit (BBU) and the Remote Radio Head (RRH) where RF 

receiving/transmission functionalities of the eNB are implemented; 

- The Access Network, which refers to the metropolitan and aggregation section to collect 

traffic from the base stations distributed over the service area; 

- The Core Network; 

- The Transport Network used for the link between the network and the rail data centers, 

remotely located. 

Figure 6. General scheme of the communication network and location of the NG ACS-GW. 

 
 

We have considered four positions of the NG ACS-GW, which generates 4 different paths for the 

packets transmitted/received by the on-board rail application within the network. The NG ACS-GW 

can be deployed in: 

- Inside the rail data center 

- Inside the core network 

- At the edge of the access network i.e., in the backhaul 

- Finally, some of the functionalities of the NG ACS-GW could be implemented in the 

Multi access Edge Computing (MEC) i.e., in the Base Band Unit of the eNB. 

The two-way latency 𝜏𝑇 [s] to be considered for the assessment of the rail application is the sum of 

the two-way communication time and the time tprocessing [s], which is the processing time necessary 

at the server in the network side to elaborate the received packet and to generate the response. We 
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can assume that the two-way communication time is approximately equal to twice the 𝜏𝐶 [s]. Thus, 

the two-way latency can be expressed as: 

 

𝜏𝑇 = 2 ∙ 𝜏𝐶 + 𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔     (3) 

 

In case the NG ACS-GW is located in the rail data center, the one-way communication latency is 

given by the following formula: 

 

𝜏𝐶 = 𝑡𝑅𝑎𝑑𝑖𝑜 +  𝑡𝐵𝐻 + 𝑡𝐶𝑜𝑟𝑒 + 𝑡𝑇𝑟𝑎𝑛𝑠𝑝    (4) 

 

where tRadio [s] is the time necessary for transmission from the BBU to the on-board train. It accounts 

for signal processing functionalities at the BBU, and it includes the scheduling time in the eNB. We 

considered this time can vary between a minimum and a maximum and we assume this interval is 

the same for 4G and 5G. In the case of LEO and HAPS the delay component in the radio section 

increases with respect to the terrestrial access case. In particular, in the case the LEO and HAPS are 

used as backhaul system for 5G, timeouts set in the execution of first access procedures, signaling 

etc., needs to be properly updated to account for additional delays (in the order of one 1ms for HAPS 

up to some ms in the LEO case) associated to the message exchange over the radio interface, i.e. 

from the terminal to the terrestrial gateway in the satellite case. 

In the same Eq. (4), tBH [s] is the time needed to cross the wireless access section from the BBU to 

the point of presence (POP) of the network, tCore [s] is the delay through the core network and tTransp 

[s] is the delay through the transport network.  

The calculation of the communication latency should be revised when the NG ACS-GW is located 

in a different part of the network. If the NG ACS-GW is located in the core network (i.e., position 

2 of Figure 6), we obtain:  

 

𝜏𝐶 = 𝑡𝑅𝑎𝑑𝑖𝑜 +  𝑡𝐵𝐻 + 𝑡𝐶𝑜𝑟𝑒     (5) 

 

If the NG ACS-GW is positioned in the access network (position 3 of Figure 6), it yields:  

 

 𝜏𝐶 = 𝑡𝑅𝑎𝑑𝑖𝑜 +  𝑡𝐵𝐻   (6) 

Finally, if the NG ACS-GW is in the MEC which is close to the BBU (position 4 of Figure 6), the 

communication network path only includes the wireless link, and we obtain: 

       𝜏𝐶 = 𝑡𝑅𝑎𝑑𝑖𝑜      (7) 

In the following Table 27, we report the typical values of the minimum and maximum delays of 

each network section. We considered data reported in [8] and [9] for typical LTE RAN. In the same 

Table 27 we reported also indicate the processing time. 

Table 27. Delays of the network sections. 

Link  Min [ms] Max [ms] 

Radio link tRadio 4 18 

Access Network tBH 6 10 
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Core Network tCore 3 5 

Transport Network tTransp 3 5 

Processing tProcessing 2 5 

 

The Complementary Cumulative Distribution Function (C-CDF) of the overall delay on each path 

has been considered to assess the latency. This is the sum of the latencies for each link, which are 

assumed to be independent random variables uniformly distributed between the corresponding 

minimum and maximum values indicated in Table 27. Results on C-CDFs are reported in Figure 7 

for the four considered positions of the NG ACS-GW. 

Results show that the overall latency 𝜏𝑇 is between 40 ms and 70 ms when the NG ACS-GW  is in 

the remote rail data center. As expected, it reduces as the NG is closer to the train. If the NG ACS-

GW it is deployed in the MEC only in the 20% of cases the total latency is more than 30 ms, allowing 

the fastest response of the rail application protocol. It is worth noting that even in the MEC case, 

the minimum latency cannot be less than an LTE frame due to the transmission in uplink and the 

subsequent reception in downlink that cannot be happened in the same frame. This limitation can 

be overcome in 5G, since transmission and reception in one frame or in the Self-Contained 

Subframe is possible. 

Figure 7. Complementary Cumulative Distribution Function of latencies depending on the 

position of the NG ACS-GW in the network. 

 
 

5.2 Impact on the existing rail infrastructures  

The assessment of ABs’ impact on the existing rail infrastructure is carried out in this section. For 

each AB we discuss its impact over the rolling stock and the fixed existing rail infrastructures such 

as poles, buildings, power lines, devices already installed over the rail line etc. Discussion is carried 

out for each one of the considered ABs. 
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5.2.1 Optical wireless communication 

5.2.1.1 VLC 

As already indicated in [53], VLC is one of the main OWC technologies and presents high 

performance with a reduced cost due to chip devices available on the market. The main advantage 

of VLC system is the dual paradigm of providing both illumination and communications. VLC 

systems can be largely adopted in Intelligent Transport Systems (ITS), mainly for safety 

applications. In this context, several associated challenges and dependencies exist. For instance, the 

integration of the VLC components with existing transportation networks, and compatibility with 

the legacy communication networks, is a rising challenge for the standardization bodies. The main 

limitations related to VLC-based ITS include limited bandwidth of the LED devices, maintaining 

LOS connectivity on a bumpy road and flickering of LEDs due to continuous streams of ones and 

zeros. The implications of such limitations result in the provision of RF spectrum for other 

applications, provision of dual technology in parallel to existing RF communication systems, and a 

more efficient usage of the existing lighting infrastructure, and train lights. VLC signal propagation 

may suffer of weather conditions in outdoor scenarios, so to guarantee connectivity, and then data 

transmission, visibility, i.e. LoS condition should be ensured. Weather conditions may affect the 

visibility, such as fog and rain [18]. The attenuation due to fog condition can be handled by using 

multiple photodetectors equipped with lens that narrow down the field of view to reduce distortion 

coming from weather conditions and daylight, as shown in Figure 8. 

Figure 8. The uplink VLC beacon system. The transmitter is an LED headlight, and the receiver is 

multiple PDs, each with a lens. 

 

In railway scenarios, VLC applicability refers to data communications, voice and video-streaming 

services, as they are largely supported by this technology. The adoption of VLC systems can be 

easily used, by means of the installation of white LEDs in traditional lights used for illumination on 

the trains. However, the applicability of VLC systems can be adopted not only on the train itself, 

but also on station buildings (i.e., station/yard scenario), along trackside, and inside tunnels (i.e., 

metro). In the latter scenario, we can consider each light source is connected to the train central data 

network or a BUS system, then providing illumination (data communications) along the whole 

tunnel. In general, in environments where lighting is provided, VLC can be used as a communication 

tool. In case of metro scenario, the existing infrastructure can be provided by replacing the tunnel 

lighting on the subway lines with VLC technology LED lighting or using these lighting products 
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directly on the new lines. Bi-directional communication links can be provided by deploying 

transceivers on the roof of the train cars. With these lighting products, which are frequently placed 

in the tunnel, continuous communication between the train and the center will be provided. 

Transceivers can be installed more than once in the upper part of the vehicle, and the data accuracy 

and redundancy can be increased. 

In case of freight scenario, it may be interesting to provide a remote download function so that on 

entrance into a depot/siding, the data on the train hard drive downloads to a server held on site. This 

could be easily achieved through VLC by using train headlights as transmitters, transmitting data 

on to photodetectors/receivers installed in the depot.  

Finally, in case of mainline/highspeed scenario, where train speed can reach very high values, VLC 

systems can be exploited for data communications and signaling related to train operations with the 

limitations related to its coverage.  

In order to highlight the main impacts of VLC on the existing railway infrastructure, we need to 

consider two related aspects i.e., (i) the impact on pre-existing fixed infrastructure including tracks, 

electric piling, electric lines, buildings, cabins, etc., and (ii) the deployment of VLC devices on the 

moving trains. 

For what concerns the impact of VLC on pre-existing infrastructure, the main concern is on the 

installation of the optical photodetectors on the train rooftop, acting as transmitters/receivers, and 

transmitting/receiving LEDs on the ceiling of the environment. For this aim, we refer mainly to 

metro scenario, where existing illumination infrastructure is present and can be used to install VLC 

devices. To this purpose an accurate and optimal LED deployment is required [26], not only to 

guarantee system performance but also to reduce the number of LED devices to install, i.e., 

minimization of the number of lighting cells. The approach in [26] can be used by geometrical 

features of LED devices.  

An important aspect to take into account is the inter-distance among lighting cells that may incur in 

inter-symbol interference (ISI). Also, geometric features of VLC devices should be considered as 

they may enhance system performance for a fixed number of installed devices. Finally, after 

installing LED devices, they need to be connected to an external gateway. This is possible through 

the optical backbone, which is already installed in some railway contexts, to transport signaling 

information from the wayside devices to the rail data center.  

 

5.2.1.2 FSO 

a. FSO for railway applications – planning and impact on the infrastructure 

Still in the context of OWC technology, FSO has been proposed by several authors to improve 

available transmission capacity for railway applications and then to overcome the bandwidth 

bottleneck problem. FSO is an alternative wireless access technology to potentially meet the 

increasing demands for high quality multimedia services in High Speed Trains (HST). As known, 

the available spectrum of the FSO technology is over 300 GHz, which is license free all over the 

world, [7]. Furthermore, owing to the use of directed light (Line of Sight, LOS), FSO technology is 

immune to multi-path propagation and interference from other transmitters. 

However, due to technological limitations and weather dependencies (e.g., attenuation due to fog, 

rain, clouds, etc.), a single FSO Base Station (BS) may cover only a short distance along the track. 

In this case, a large number of BSs are required to realize the optical coverage of the line, thus 

incurring severe impact in the existing infrastructures, even in terms of costs for the railway 
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operator. Thus, it is of importance to extend the distance between adjacent BSs, i.e., increasing the 

coverage length of each BS and their inter-distance so as to reduce their number.  

In addition, too frequent handovers between neighboring BSs may degrade the system performance. 

In this context, handover delay represents a major challenge, which prevents the system from 

achieving uninterrupted transmission of data. In particular, at 300 km/h, a high-speed train may 

encounter a BS in a very short time and then switches to the next BS. In this case, the transceiver 

laying on the train has to experience frequent handovers, thus reducing the connection time between 

the ground BS and a train, as well as deteriorating the performance of several services such as live 

streaming-based services.  

Starting from the above considerations, an efficient FSO system adopted for railway applications 

must (i) ensure a short handover delay during a handover process, as well as (ii) alleviate the impact 

of frequent handovers in HSTs. These two issues have been addressed in [29], where a dual-

transceivers scheme in a ground-to-train communications system has been presented. Specifically, 

the single BS is equipped with two transceivers pointing to opposite directions and in particular 

laser beams of the BS are transmitted forwardly and backwardly, so that the total coverage length 

of each BS is remarkably extended (doubled at least). However, the two coverage areas of the single 

BS’s transceivers are not contiguous along the track, thus forming a blackout area between them. 

To solve this problem, it has been considered to install two transceivers on each train, which are 

deployed at some distance on the train (in principle the front and back of a train) respectively and 

can cooperate to maintain continuous ground-to-train FSO communications. Thanks to this strategy, 

it was proven that the number of the BSs is strongly reduced, and the impact of frequent handovers 

is alleviated. 

In the following of this Section, we review the FSO planning approach in [29] and we also extend 

it by proposing a solution allowing to increase the inter-distance among two consecutive BSs, taking 

into account for the physical length of the train. The solution in [29] summarized in this deliverable 

can be successfully applied to every rail scenario characterized by train mobility (i.e., mainline, 

regional, freight and urban/metro), while the extension presented in this Section could be of great 

interest for regional, and mostly for freight scenario the latter being characterized by long trains 

whose length can be even of few km. 

 

b. Short review of the FSO architecture with improved inter-distance among BSs  

The principle scheme of the FSO system architecture from [29] is depicted in Figure 9. 

Figure 9. Schematic of FSO network architecture, [29]. 
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The system comprises of two transceivers deployed on both the train and BSs. Each BS is equipped 

with two transceivers (i.e., one pointing forward and the other pointing backward), and connected 

to the fiber-optic core network. Since the two coverage areas of a BS’s transceivers are not 

contiguous, a blackout area exists between them along the track. Two transceivers are installed on 

the roof of the train (i.e., one is placed at the front of the train, while the other one is placed at the 

back of the train) to ensure continuous communications between the ground and train. 

At the transmitter side, the geometric model of the FSO optical beam is depicted in Figure 10. We 

can observe that L [m] is the length of the track covered by a laser beam of the BS (i.e., it is related 

to the BS coverage), θ is the divergence angle of the laser source, which is related to the radius of 

the optical beam, L1 [m] is the vertical distance between the BS and the track, which is set to 1 m 

(i.e., as expected to achieve the maximum BS coverage the BS is close to the railway line), and L2 

[m] is the horizontal distance between the BS. 

Figure 10. Geometric optical beam in a FSO link, [29]. 

 
 

Starting from the assumptions depicted in Figure 10, the FSO system based on dual transceiver 

scheme proposed in [29] is depicted in Figure 11 and puts into evidence the main parameters related 

to coverage planning.  

Figure 11. FSO scheme in case of (a) dual transceivers, and (b) handover process. 

 
 

(a) 
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(b) 

 

From Figure 11 (a), we observe the following correspondence of parameters used, i.e., d2=2L2 is 

the extension of the blackout zone of the BS, while the (half) BS coverage is d1=d3=L (Note: in 

general, the condition d1=L is not necessary). The Lt is the distance among the two antennas on the 

train and d4 is the blackout distance between two adjacent BSs that is important for determining 

their inter-distance. In fact, from Figure 11 (b) the inter-distance between the two BSs, Id,BS, is given 

by: 

𝐼𝑑,𝐵𝑆 = 𝐷2 + 2𝑑3 + 𝑑4,      (8) 

 

where we have assumed that the blackout zone of the two BSs has the same extension. In [29], the 

authors assumed L2=d2/2=50m. 

The one side BS coverage d3 can be determined by the sensitivity required at the receiver for a fixed 

bit rate. In [29], the authors consider a receiver sensitivity of -36 dBm is required for achieving 1 

Gbps and this corresponds to d3=250m. Considering lower values for the sensitivity to achieve 622 

Mbps (about -50 dBm) or 155 Mbps (-56 dBm) we obtain (about) d3=350m and d3=450m, 

respectively. 

The parameters for link budget considered in [29] are reported in Table 28. 

Table 28. Main parameters used in [29]. 

Symbol Parameter Value 

λ Wavelength 850 nm 

v Train Speed 300 km/h 

Ptx Transmission Power 15 mW 

L1 Vertical distance of the BS from the track of BS 1 m 

Prs Receiver sensitivity at 1 Gbps -36 dBm 

N Refractive index of the optical concentrator 1.5 

ψc Receiver half-angle field of view 5,15 ° 

Ad Photo detector area 7 mm2 

Starting from previous values for L1, L2 and d3, as reported in [29], we observe that, in order for the 

system to properly work for a given d3 and d2, we need to select Lt and determine d4 so that the 

following conditions hold: 

d4 < Lt-vTh       (9) 
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Lt < d3 

 

where v [m/s] is the train speed and Th [s] is the time required for handover execution. The Lt 

parameter could be typically assumed to be equal to the length of the train and in [29] Th=130ms 

has been considered.  

In order to evaluate d4 we consider the following practical example: 

Train type: ETR 500, corresponding to Length = 404m, while ETR 1000 corresponds to Length 

=202 m. 

Assuming the train speed of 300 km/h we obtain v Th = 11m and d4<202-11=191m. When increasing 

the train speed from 300 km/h to 400 km/h we obtain d4<172m. Fortunately for achieving 1Gbps 

the second condition Lt<d3 is always satisfied even in the case of ETR 1000 which is the shortest 

train, in our case.  

In Table 29, we indicate other values for d4 obtained for different conditions and we also indicate 

the corresponding inter-distances between the two BSs and the number of BSs required to cover the 

entire mainline railway of length 600 km [1]. To obtain the results in Table 29, we have considered 

the lowest value of d4 that has been obtained for a train speed of 400 km/h. 

Table 29. Inter-distance between two consecutive BS for different target data rates and number of 

BSs in a mainline scenario. 

 

 
 

 

c. Increase of the inter-distance between two optical BSs 

Taking into account for the typical coverage extension of a FSO BS, the limitation Lt<d3 can be 

easily violated in the case trains have higher length (i.e., even 800m or 1km or some km such as in 

regional or freight scenario) that can be larger than d3 even at the lowest bit rate of 155 Mbps. 

Assuming the adoption of FSO system in these scenarios for providing very (ultra) high bit rates 

can be of some interest.  

In order to increase the inter-distance among BSs and then to reduce their number, we can include 

the length of the train in selecting d4 by assuming the train is equipped with more dual beam 

antennas at distances Lt among each other, with the constraint Lt>d2.  

In this case, from Figure 12 it is easy to observe that when the second antenna B exits the coverage 

area of the source BS and the right adjacent antenna A is not yet in the coverage area of the target 

BS (because the blackout area in Figure 12 is assumed to be longer than Lt-vTh), the antenna C at 

the left starts to enter the coverage of the source BS and so on. 

Mainline Scenario/Data rate 1 Gbps 622 Mbps 155 Mbps

Max Blackout distance among BSs (d4[(m] 172 172 172

L [m] 350 450 250

L2 [m] 50 50 50

BS interdistance [m] 972 1172 772

Line length [km] 600 600 600

Number of BSs 617 512 777
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Figure 12. Extending the BS inter-distance by accounting for the length of the train. 

 
 

From the scheme in Figure 12, we observe the inter-distance of BSs can be increased by an amount 

proportional to the length of the train by deploying more dual beam optical “antennas” on the train. 

With the solution in Figure 12 at each time instant we have at least one antenna connected to one 

beam of the source BSs before the train enters the coverage area of the next BS. In general, in case 

of long trains, one or two antennas of the same train can be connected to the left and right beams of 

the source BS.  

The proposed approach renders the on-board optical receiving system more complicated with 

respect to that presented in [29] requiring the implementation of an on-board optical distributed 

antenna system (Optical-DAS). The handover frequency between BSs is further reduced with 

respect to the case in [29] but the on-board Optical-DAS needs to implement intra-system handover 

between antennas on the train, i.e., when one antenna enters the BS source beam and the active 

antenna exits the source BS, the internal train communication system should re-route flows to/from 

the new active antenna. Obviously, during the planning stage, in order to allow FSO connectivity 

to every train on the line, the train with the minimum length should be considered for the assessment 

of the maximum inter-distance between two BSs.  

Finally, it should be observed that the proposed approach also allows to solve possible problems 

related to availability of optical visibility between the BS and the train beams. If we assume one 

BSs is located at the beginning of a curve and the adjacent BS is at the exit of the curve the (long) 

train can remain connected to the source BS until the curve is passed and the train enters the 

coverage of the new BS. 

 

 

 

 

d. FSO applications into stations/yards 

In this subsection, we discuss one possible application of FSO for optical backhauling in station 

scenario, but the considered solution can be applied to yards and train depots. We focus on the 

station case, but considerations can be easily extended to the remaining cases, and in general in all 

rail scenarios where train mobility is absent or reduced. The considered system architecture is 

depicted in Figure 13. 
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Figure 13. System architecture for FSO application in station scenario. 

 
 

We assume one optical BS is installed at the head of each track (or at the end of the track). One 

(narrow) laser beam of the BS point to the optical antenna mounted on the roof of each one of the 

parked trains. Depending on the divergence angle of the laser the single BS beam can cover more 

than one train. 

Instead of directly interconnect each BS with an optical fiber to the local router for the connection 

to the core network, we assume the BSs on the tracks have a second beam pointing to an FSO 

transceiver which collects all traffic from the BSs so to route it to the external networks i.e., to the 

core network and to the cloud. The proposed arrangement in Figure 13 avoids having to connect all 

the BSs on the tracks to the FSO transceiver by optical fibers. In this case the optical cable is inserted 

in a single point i.e., at the FSO transceiver site which could also be in a location far away from the 

tracks.  

In the system architecture depicted in Figure 13, the FSO devices are used to create a very high data 

rate optical backhaul able to convey a large traffic from the station to the rail cloud and vice versa. 

In the practice, the realization of an FSO-based backhaul system could be based on optical devices 

already available on the market such as in [28]. Depending on the specific applications, devices in 

[30] can provide optical point-to-point links with data rates from 1 to 10 Gbps and up to 30 Gbps in 

some cases. The main features offered by a modern optical system can be summarized in these 

points: 

• The optical equipment should ensure quick formation of an optical wireless communication 

channel; 

• the optical data transport networks should support protocols such as: Gigabit Ethernet, 

ATM, FDDI, Fast Ethernet, Ethernet  

• The communicating devices should provide space stabilization (auto tracking) with accurate 

pointing functionalities (+- 0,05 mrad precision) and more reliable  

• These systems should provide high security of the wireless optical channel and should allow 

effective monitoring through IP network. 
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Modern FSO for no-mobility applications such as in [30] can reach very long-distance coverage of 

up to 7 km, and provide very high bandwidth capabilities between 100 Mbps up to 30 Gbps. The 

use of wavelength at 1550 nm makes the overall FSO system extensively safe to the human eye 

(class M1). Finally, the usage of optical wireless channels guarantees the wireless License-free 

operation and provides high confidentiality of data transfer. 

 

e. FSO and impact on the railway infrastructure 

To evidence the main impacts of the FSO on the existing railway infrastructure we need to consider 

two related aspects: 

a. Impact on the railway rolling stock made up of all those vehicles (e.g., trains) running on 

rail for transporting people or things.  

b. Fixed infrastructure including tracks, electric piling, electric lines, buildings, cabins, etc. 

For what concerns the impact of FSO on rolling stock the main required action is the installation 

and operation of the optical antennas on the train roof-top. In general, FSO beams can be categorized 

into two types: narrow and wide beams. A laser beam with a divergence angle smaller than 0.0057° 

is considered to be a narrow beam. Narrow beams typically incur significant pointing/tracking errors 

since the LoS (mandatory) condition of the FSO link is easily impacted by a train’s motion, track 

irregularities, and the turbulence effect of the atmosphere. Thus, a precise and complex alignment 

is required for the narrow beam to prevent dropping the connection between the transmitter and 

receiver. This is achieved by the alignment system, i.e., the acquisition-tracking-pointing (ATP) 

acquires the exact positions of the transmitter/receiver and points the transmitter to the receiver and 

correct the pointing errors especially for moving trains [31]. In contrast, the wide beam has a larger 

divergence angle than the narrow beam, and it can fully cover the train or a portion of the track; in 

this way, the constraint of precise alignment is significantly relaxed thus reducing the ATP 

complexity of avoid it. For this reason, the FSO solution in [31] suggests to use a wide beam for 

FSO communications. 

The deployment of the FSO system in scenarios with train mobility such as mainline, regional 

freight and metro/urban requires the installation of BSs along the railway line. To this purpose an 

accurate cell planning is required whose main purposes are indicated in the following points:  

1. Evaluate the number of required optical BSs to be deployed along the line; this number depends 

on the required data rate (i.e., from 155 Mbps to 1 Gbps or higher);  

2. Identification of the installing sites over the rail line taking into account of the inter-distance 

among BSs that may vary in accordance with the railway topology and morphology including: 

the presence of curves preventing LOS conditions, obstacles that cannot be removed etc.  As 

indicated in previous Section, if necessary, the inter-distance could be also calculated taking 

into account of the minimum length of the trains moving on the selected rail lines so to reduce 

the number of BSs at the expense of an increased complication of the on-board optical 

transmitting/receiving system; 

3. Connect the optical BSs to the optical backbone and then to the external networks; in some 

railway scenarios railway operators have already installed an optical backbone used to transport 

signaling information from the wayside devices to the rail data center. Optical fibers run along 

the railway path and many of them are un-used (i.e., the dark fiber) or are considered as backup 

in case of fault of the active fibers. The availability of dark fiber can greatly simplify and 

significantly speed up the deployment of the FSO communication network. Instead, the 
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necessity of building up an optical backbone from scratch should not be seen as an impairment 

for the realization of the FSO access network. In fact, it is not difficult to install (non-buried) 

cables with fibers running over the railway path thus avoiding excavation works that could lead 

to the significant increase of installation costs.  

Finally, interconnection of the FSO backbone to the external networks should occur at the point of 

presence (POP), which is the access point to the network along the access network, provided by the 

Railway Service Provider that could be part of the railway company. The POP is an active node for 

the distribution of the network infrastructure that hosts the transmission and routing equipment and 

can route traffic to the end users connected to it. The POPs generally differ in functionalities. In 

accordance with the network organization of the railway service provider, which generally extends 

over a geographical area (i.e., wide area network), in addition to the POPs on the fiber backbone 

there can be POPs of regional or urban collection of small and medium size and capacity. In general, 

all the offices that are part of the network are connected to the POPs. 

 

5.2.2 IoT Short Range 

 

a. Considerations about IoT technologies in the railway contexts 

Internet of Things (IoT) is becoming more pervasive and offers new possibilities on how the 

technology can be leveraged for greater business impact. In this deliverable we have discussed on 

the eligibility of IoT technologies, Bluetooth, Zigbee, UWB and NB-IoT for applications into the 

railway ecosystem. Eligibility analysis presented in Section 4.5 has been conducted considering two 

important aspects for each one of the considered technologies: 

a. offered transmission data rate offered inside the radio coverage area of the single access point; 

b. support of mobility. 

The following considerations mainly apply to the short range IoT technologies Bluetooth, Zigbee 

and UWB. The NB-IoT, which is fully integrated in the 4G LTE will be analysed at the end of this 

Section. 

 

b. Short Range IoT technologies 

As presented in [53], transmission data rate offered by the single IoT technology can be very high 

such as in the case of UWB (hundreds of Mbps) or very limited such as in Zigbee (few hundreds of 

kbps). Furthermore, coverage area of each technology can vary from hundreds of meters such as in 

Bluetooth or too few meters, such as UWB. In addition, all the IoT technologies analysed in this 

deliverable are barely network access interfaces whose main goal is to provide radio connectivity 

from one terminal to an access point connected to an external network (typically using the IP 

protocol) and in general they are not equipped with all the “signaling features” required for 

supporting mobility control and management at network level which is an important and distinguish 

feature of every mobile radio access system. The CBTC system used for train communications and 

signaling in metro/urban scenarios is mostly based on Wi-Fi technology whose features have been 

cleverly extended to introduce efficient mobility management at CBTC network level for the trains 

moving in the service area. 
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In Section 4.5 we have demonstrated by means of the eligibility analysis, that the absence of 

mobility support and the reduced radio coverage limit the applications of the selected IoT 

technologies in railway scenarios characterized by train mobility at moderate or high speed i.e. 

mainline, regional, or urban metro.  

Station/yards, wayside, and on-board train and even freight for some signalling applications are the 

typical rail scenarios commonly considered for the useful application of IoT technologies.  

The analysis of the applicability and pros and cons of IoT technologies for on-board train 

communications among the multitude of on-board sensors and monitoring devices etc., is out of the 

scope of the AB4Rail project. This is the main topic of other important Shift2Rail projects such as 

CONNECTA [32]. Even the applicability of IoT for on-board networking providing connectivity to 

passengers is not of interest in AB4Rail, which focuses on alternative bearers for supporting critical 

and performance rail applications using the ACS-GW. 

 

c. IoT and the Wayside 

The usage of IoT technologies in the wayside scenario has been envisaged in [49] as alternative 

means to rapidly and efficiently connect the several field elements (FE) to the smart wayside object 

controllers (SWOCs) distributed along the railway line as well as to provide communication 

services to wayside maintenance staff operating along the railway line. In the more general case, to 

provide connectivity with external networks the SWOC should embed an ACS-GW which can 

interface with all the available radio technologies and/or with fixed access technologies such as 

powerline as reported in Section 5.2.5 in this Deliverable. The capacity provided by the IoT 

technologies should be sufficient to transport data from several types of the sensors deployed on the 

wayside to the SWOC. In this case, the usage of Bluetooth instead of UWB should be dictated by 

the distance between the SWOC and the single sensor or the device. The usage of local radio links 

to interconnect wayside devices to the SWOC offers new opportunities for maintenance staff and 

fast train or line monitoring and control. 

1. Staff could use local radio technologies based on IP protocol to rapidly and seamlessly 

interconnect (after authentication and identity verification procedures, etc.) to the rail control 

centre to communicate using multimedia rich communications with voice/video and data 

communications even including pictures/videos concerning for example the current status of the 

apparatus to be repaired and to possibly receive suggestions in the case reparation  should be 

more difficult than expected or go beyond the skills of the technician on site. 

2. The possibility of adding “on the fly” one or more monitoring/control devices on the wayside 

to be interconnected via radio to the local SWOC by IP protocol and that report information 

(pictures/video or data) to the control center concerning the behavior of the field elements or 

line device(s) to be monitored.  

 

d. IoT and Freight scenario 

Important applications of IoT devices to freight rail scenario have been recently considered. In 

particular, rail freight is increasingly supported by information systems and communications 

technologies. A decade or so ago, typical freight trains had a crew of four people compared with 

two of today. Rail companies have made growing use of onboard computers, local area networks, 

automated equipment identifiers, GPS tracking, automatic reporting of work orders to headquarters, 
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car scheduling and train order systems, and two-way wireless connections (Association of American 

Railroads 2003).  

Signalling and monitoring systems along the freight tracks are always more automated mainly 

taking advantage of commercial fiber-optic communications cable laid along the railway. The rails 

themselves and all electrical cables along the line could be used as communications channels for 

signal controllers and trackside signals (refer to Subection 5.2.5.1 discussing the applications of 

broadband powerline in the ACS context). Wayside “hotbox” detectors can take infrared readings 

on the bearing boxes of passing rail cars and automatically report overheated journals over the 

available networks. As another example, (not of interest in AB4Rail) to help track shipments, nearly 

all locomotives and rail cars are tagged with automatic identification transponders, which 

automatically record car locations. This technique allows automatic verification of the standing 

order of cars in each train and faster, more accurate reporting of car locations to railroad service 

centers and customers. 

e. IoT in station, yards and depots 

Similarly, to the wayside scenario, IoT devices can be used in station, yards and train depots to 

realize an “additional” (and maybe secondary) communication network that runs alongside existing 

communications networks the latter using legacy technologies. This network could be used by the 

station staff or by the several sensors and devices deployed over the station for signalling (e.g. 

semaphores, train switches etc.) to transfer data to/from the station control center and/or to the rail 

control center. This allows to: 

a. improve monitoring/control operation over the station, yard or train depot area; 

b. offload a relevant part of station traffic from legacy radio communication technologies e.g. 3G, 

4G and (private) 5G and Wi-Fi if and when used in the station. 

Big data and machine learning based algorithms could be used in the control center to analyze data 

in real time collected from this (and other) network so to setting up a decision support system, even 

able to predict potentially dangerous situations by means of AI algorithms, that supports 

management staff as well the local staff. Meanwhile, the same IT infrastructure to analyze data 

could be used to help managing of the several numbers of communicating devices deployed over 

the area.  

The secondary local area network should be totally managed and be under control of the railway 

stakeholder. Possible implementation of very limited mobility support implemented at network 

level (using for example mobile IP technologies) could be taken into consideration by the network 

owner. Finally, security aspects are mainly related to the vulnerabilities of the selected IoT radio 

access technologies. We refer to vulnerability to: 

a. interference (intentional or not e.g. jamming) due to operations in free licensed bands or  

b. vulnerability at radio interface due to the fact that in many cases these technologies only 

offer encryption at transmission level  

Implementation of security functionalities at network level (e.g. AAA, firewall etc.) is left to the 

network manager which can be part of the railway organization. 

For what concerns the IoT implementation, the costs of IoT devices could be high since Bluetooth, 

Zigbee and UWB integrated chip(s) should be properly “boxed” to operate within the railway 

environment respecting the requirements of duration and reliability. For this reason, we should be 

taken into account of the possible presence of mechanical shocks/vibrations, large excursion of 
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environmental temperature during the day, adverse atmospheric phenomena, significant fluctuations 

in the supply voltages.  

Considering the installation of IoT devices, the impact is limited and therefore does not impact 

existing infrastructures. Instead, they can used for access to networks provided a suitable existing 

infrastructure for communication backhauling is available in the considered rail area. 

To this purpose the railway stakeholder could take advantage of fibre-optic communications cable 

that, in many countries, has been laid along the railway line especially in mainline and regional 

scenarios. Another solution based on broadband powerline communications for low-cost 

backhauling is analysed in Section 5.2.5 of this Deliverable.  

 

f. Virtual extension of hot-spot radio coverage for IoT devices over the railway line 

In this section, we discuss on the possibility of extending the coverage of a single IoT access point 

by assuming the single train embeds an On-board Distributed Antenna System (O-DAS) as 

indicated in Figure 14. 

Figure 14. On board distributed antenna system. 

 
 

The train is equipped with a number of antennas distributed along the length of the train. In general, 

it is not required that antennas are uniformly spaced as in case of Figure 14, where they are located 

at (optionally constant) distance dA among each other.  

Signals received from antennas are collected and processed at the DAS collector before they are 

demodulated, and data transferred to the ACS-GW installed over the DAS platform. In the reverse 

direction, data from ACS are transferred to the DAS collector for modulation and transmission over 

one or more (intelligently) selected antennas. DAS collector typically implements baseband 

modulation/demodulation operations and typically supports waveforms associated to different 

communication standards including LTE and 5G.  

In principle, DAS collector can be programmed to support any communication waveform thus 

extending the potentials of DAS. In particular assuming the dA among antennas in Figure 14 is 

selected to be lower or equal than the short range IoT technology such as, for example, the UWB 

(10 m of coverage radius e.g. dA=20m).  

In Figure 15, we consider a single UWB access point whose coverage area is traversed by one train 

equipped with the O-DAS.  
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Figure 15. Virtual extension of the UWB coverage area. 

 
 

Thanks to the availability of multiple antennas on train, it can be observed that while the train is 

moving on one board antenna exits the UWB radio coverage area while the next start entering the 

radio coverage. This process continues until the last antennas on the train abandons the UWB 

coverage area. The O-DAS controller continuously monitor the antenna to be used for 

transmission/reception for connecting to the UWB access point. With the adoption of this approach 

the time interval during which the train can be remain connected to the UWB access point increases 

with respect to the classical case with the train equipped with two antennas at the opposite ends. 

This arrangement also leads to a blackout time interval when passing from the connected antenna 

to the one at the other end of the train. The approach considered in this Section is similar to that 

proposed in Subsection 5.2.1 concerning the planning of the FSO network. In that case the 

availability of an (optical) O-DAS allows to further increase distance among optical base stations 

taking into account for the length of the train. 
In the case we have an access point associated to a short range IoT technology with larger coverage 
area than UWB (e.g., Bluetooth or Zigbee) and then larger of dA, when the train moves more 
antennas can be simultaneously connected to the same access point. This situation could be 
exploited by the O-DAS controller to improve link quality by considering spatial diversity 
transmission. 

5.2.3 LPWAN 

5.2.3.1 NB-IoT and its applications in the ACS context 

NB-IoT is a 4G Low Power Wide Area Technology boasting supreme coverage and that can connect 

IoT sensors and devices to the existing cellular network guaranteeing low energy consumption. The 

technology has reached a very high level of maturity and several integrated circuits at very low cost 

that can be easily embedded into existing devices are available on the market from a decade. 

However, even in the NB-IoT case, integrated chip(s) should be properly “boxed” so to operate 

properly within the railway harsh environment. Several applications and tests in different railway 

contexts concerning the usage of NB-IoT in railway have been conducted. As an example, in [35] 

a system for the monitoring of train parameters using MEMS sensors connected to the external 

network by the NB-IoT has been proposed and tested on the field. Still in [35], NB-IoT sensors have 

been also deployed at the wayside to directly connect themselves to the 4G network and then to the 

train management system. Recently Huawei has launched the industry’s first NB-IoT solution for 

trackside scenarios enabling the creation of an intelligent railway with comprehensive sensing 

capabilities. The proposed NB-IoT-based network provides reliable access to IoT devices for track 

maintenance, power supply, and communications and signalling [36]. Sensors are readily accessed, 

and services are quickly rolled out. Furthermore, a unified Big Data processing platform is used to 
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implement data convergence. In general, the impact of NB-IoT deployment on the existing railway 

infrastructure is negligible except for the costs of the enabled NB-IoT devices.  

However, in all the considered and developed applications, the NB-IoT is always used as a 

standalone communication technology able to directly interconnect sensors/devices on train or on 

the wayside to the train management system etc., thus by-passing, in practice, the (possible) 

presence of an ACS-GW (on board or into the -wayside- SWOC), which interconnects rail devices 

to the external network.  

In this scenario, it seems to be not simple to reconcile the NB-IoT deployment with the ACS vision 

concerning the operations of the future railway communication system. In general, in accordance 

with the ACS paradigm, the NB-IoT technology is an alternative bearer to be integrated into the 

ACS-GW at IP level.  

It means that: 

- traffic received on the local network connected to the ACS-GW can be routed at IP by the 

ACS-GW itself over the NB-IoT bearer 

- the ACS-GW cannot receive/transmit NB-IoT signals from/to local sensors i.e. it could not 

act as the eNB integrating NB-IoT technology.  

In the assessment of NB-IoT technology we have implicitly assumed the ACS-GW on board or 

embedded in the SWOC can collect traffic from local sensors (delivered to the ACS-GW using local 

area network maybe including local radio access technologies) that in turn are transferred using the 

NB-IoT bearer.  

In the following, we list some options for reconciling the ACS view in this case i.e.: 

 

a. A (very convoluted) way to reconcile the ACS view could consider the possibility for the NB-

IoT signal generated by the single sensor to be received by the LTE network which in turn re-

route it to the ACS-GW that re-transmit it the train management system using one of the 

available bearers even including the NB-IoT bearer; 

 

b. A second and very interesting option to reconcile the ACS view is to assume the railway operator 

could adopt private 4G/5G technologies; in this case the single (wayside) ACS-GW could also 

integrate all the necessary hardware/software to act as a private eNB/gNB communicating with 

the corresponding private EPC/5GC. In general, the private LTE-EPC is in charge of: keeping 

the user database, enforcing policies, allocating IP addresses, managing mobility and tracking 

and providing gateway functionalities to the public data networks. However, it should be 

observed the usage of Private 4G/5G technologies applied to ACS may violate, in a broad sense, 

the bearer independent principle upon which the ACS is founded. This case is depicted in Figure 

16 in the case of an on-board ACS-GW. 
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Figure 16. Integration scenario for NB-IoT with ACS-GW: the ACS-GW embeds an eNB (as 

minimum). 

 
 

c. The third option consists in the separation of the sensor network from the ACS communication 

network; the situation is depicted in Figure 17. In this case, we allow NB-IoT sensors to operate 

outside the ACS context and they can communicate directly with the train management system 

or the railway data-center etc. We obtain a separate sensor network operating in parallel to the 

ACS communication network. This case is depicted in Figure 17 in the case of an on board 

ACS-GW.  

Figure 17. Separation of NB-IoT based sensor and the ACS communication networks. 

 

 

 

Finally, it should be observed that this problem can be mitigated or does not exist when considering 

the FRMCS context. In this case the NB-IoT should be integrated into the FRMCS multi-access 

core and in FRMCS it is not required for one device even including the NB-IoT sensors to be 

mediated by a Gateway to communicate with their destination through the FRMCS multi-access 

network.  
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5.2.4 Aerial technologies  

a. Impact of LEO and HAPS  

From the analysis conducted in Section 4.5, it has been evidenced that, potentially, LEO HTS 

satellites and HAPS can offer significant advantages as alternative bearers to be integrated into the 

ACS.  

In practice both aerial technologies seem to be able to support most (if not all) of the ACS traffic 

classes in many of the considered rail scenarios from mainline to regional freight. Obviously, from 

our analysis we have avoided to consider usage of LEO HTS and HAPS in urban/metro and station 

scenario. Referring to the station scenario we have assumed that communications can conveniently 

exploit all the available terrestrial networks, 3G-5G and even WiFi. Finally, as indicated in previous 

Section 4.5, FSO technology may provide a very high-capacity transport bearer for traffic 

backhauling for the ACS-GWs even in railway station. 

In general, the rail stakeholder adopting LEO and HAPS should rely on the availability of these 

communication systems on the market. LEO and HAPS network are managed and controlled by 

Telco operators, so that the adoption of these technologies for railway communications is akin to 

the usage of public radio access networks for railway communications encompassing all issues 

related to the sharing of available transmission capacity with other clients. In the assessment 

analysis in Sections 4.2,4.3 and 4.5 we have assumed the available transmission capacity is allocated 

for railway communications but in a realistic setting only one (un-known) fraction of it could be 

available for railway transmission. In a realistic deployment phase this fact should be taken into 

account for assessing the ACS classes that can be effectively supported by the bearer. All aspects 

of security, support to critical communications etc. are left to the LEO or to HAPS telco. 

 

b. Lack of standardization in the new LEO and HAPS: actual approaches 

Typical access schemes for sharing satellite resources in actual system can be classified as indicated 

in Table 30. 

Table 30. Access schemes for sharing satellite resources. 

 
 

Except for some public standards such as DVB-S and DVB-S2, the details of the underlying 

communication protocols depend on the selected satellite system/constellation and are typically 

proprietary. From the literature and considering the 3GPP standardization activities on 5G 

extensive, the new LEO satellite as well as HAPS should be integrated with the 5G even at radio 

interface level. The different 5G integration scenario for LEO and HAPS are depicted in the schemes 

in Figure 18, where the integration between technologies should occur at mmWaves frequencies 

around 26-28 GHz or even higher. 
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The integration of 5G with aerial networks has been envisaged by 3GPP for HAPS or LEO satellites. 

The possible options of Non Terrestrial Network (NTN) architecture in 5G context based on the 

RAN architecture principles described in [3] are shown in the following Figure 18. 

Figure 18. Options for the integration of 5G with aerial networks, [40]. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

In Figure 18 (a), the satellite or the HAPS will relay a “Satellite friendly” NR signal between the 

gNB and the UEs in a transparent manner. The possible modifications to be added in 5G-NR to 

become “friendly” for satellite/HAPS communications are currently under study. In Figure 18 (b), 

the satellite or the HAPS includes full or part of a gNB to generate/receive a “Satellite friendly” NR 

signal to/from the UEs. This requires sufficient on-board processing capabilities to be able to deploy 

gNB or Relay Node functions. In Figure 18 (c) the satellite or the HAPS will relay a “Satellite 

friendly” NR signal between the gNB and the Relay Nodes in a transparent manner. Finally, in 

Figure 18 (d) the satellite or the aerial includes full or part of a gNB to generate/receive a “Satellite 

friendly” NR signal to/from the Relay Nodes. This requires sufficient on-board processing 

capabilities to be able to deploy gNB or a Relay Node functionality. 

Among the four scenarios depicted in Figure 18, that presented in Figure 18 (a) is of great interest 

and seems it can be realized by introducing some minor modifications to the existing 5G standard 

so to render the 5G-NR friendly. To our opinion, the LEO scenario in Figure 18 (b) considering the 

gNB installed in the satellite seems to be difficult to realize in practice. This is true especially when 

taking into considerations the costs of the satellite and the necessity of keeping the satellite 

functionalities as simple as possible for improving reliability and availability. Instead, the scenario 

in Figure 18 (b) can be of some interest in HAPS. 

In Figure 18 (a) the HAPS or the LEO satellite act as forwarders of the friendly 5G-NR radio signals 

generated from the ground gNB. This allows to “extend” the gNB radio coverage. In the 

configuration in Figure 18 (a) the friendly 5G-NR radio is used for aerial communication.  

This approach has some significant advantages such that: 
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1. No need to define and standardize new (and typically proprietary) waveforms for LEO satellite 

communications; 

2. Immediate integration of LEO and HAPS networks with terrestrial 5G core network; 

3. Seamless integration of existing terminals used for terrestrial access with the aerial component. 

In the HAPS case terrestrial terminal could also be able to communicate directly with HAPS 

and this could be useful for the situation depicted in Figure 18 (b); 

4. The 5G-NR radio interface is an advanced and innovative waveform allowing a very efficient 

usage of the available radio resources for a large set of services with variable bit rates ranging 

from few kbps up to some Gbps. The 5G-NR can also be used to interface with existing 4G core 

network in the NSA 5G mode; 

5. The 5GC, designed in accordance with a flexible service-oriented architecture, incorporates all 

the features and mechanisms to guarantee the full respect of QoS requirement for different types 

of services by implementing the innovative and powerful concept of network slicing; 

6. The 5G (and also 4G) are already designed to support critical communications and this is a very 

important aspect to be considered in the railway context; 

7. The adoption of 5G is already envisaged and mandatory in practice in both ACS and FRMCS.  

Expressed in other terms, the adoption of architectures in Figure 18 (a) and maybe even that in 

Figure 18 (b) in the HAPS case, allows to incorporate all the innovative and evolving 5G features 

into the aerial networks. Most important, it also allows to significantly speed up the introduction of 

HAPS (and new generations of LEO HTS) on the market also making it easier and safer 5G 

telecommunications operators to invest in these new technologies.  

 

c. Impact on existing railway infrastructures of aerial network 

To discuss on the impact of existing railway for the integration of LEO-HTS and HAPS as 

communication assets we need to consider modifications that should be considered for the 

assessment of their impact on the infrastructure i.e., (i) the rolling stock including trains and the on-

board communication network, and (ii) the railway infrastructures including the wayside. 

 

d. Impact on rolling stock 

Main challenges of communications with mobility with satellite or HAPS are related to physical 

LoS obstructions. Among them land-mobile is likely to face the most extreme and unpredictable 

obstructions. Specific challenges which are unique to rail environment and ground-based vehicle 

mobility include: 

• LoS blockage from buildings, trees, tunnels, and other structures; 

• Crossing of national and service provider boundaries; 

• Harsh physical environments, such as heat, vibration, and electro-magnetic interference; 

• Crossing satellite footprints and beams of HTS-LEO or HAPS; 

• Limits in antenna size. 

 

 

In addition, for high-speed trains on the mainline scenario we should also include: 
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• Doppler shift whose entity depends on the operating frequency and can be significant at 

mmWaves; 

• Changes in signal levels due to movement within coverage beams of HTS-LEO or HAPS. 

Another important issue for LEO-HTS and HAPS consists in synchronization acquisition and signal 

tracking. In a fixed satellite installation, the satellite modem locks onto a synchronization signal 

received from the satellite. In Time Division Multiple Access (TDMA) systems, this 

synchronization is crucial. Without it, bursts from different modems will not be aligned and can 

interfere with each other.  

In rail mobility applications, the clear reception of a satellite or HAPS signal is not guaranteed due 

to the aforementioned obstructions and it may become even more complicated in the case of moving 

satellites as in the LEO-HTS case. In the case of short interruptions, typically less than 30 seconds, 

the modem’s own internal clock can “free-wheel” or “fly-wheel” in order to bridge the gap. 

However, this free-wheeling is not sufficiently accurate over longer periods; hence, in the absence 

of an external clock reference, the modem must turn off the transmitter in order to prevent problems 

with the transmissions of other terminals.  

Furthermore, as a train moves across the footprint of the satellite beam, the received signal level 

may vary, especially towards the edge of the beam. In addition, the changing of atmospheric 

conditions may cause receive and transmit signal degradation. To maintain a high-quality service, 

the satellite or the HAPS modem should take these factors into account by dynamically changing 

the modulation and coding used in both directions, and by changing the transmit power in the 

satellite in route direction. 

The satellite/HAPS modem should also account for Doppler shifts in the signal causing changes in 

symbol timing. Doppler shift has to be estimated and compensated especially at high transmission 

frequencies as those foreseen for these systems.  

In HAPS and LEO-HTS the train may cross from one satellite or HAPS coverage area to another. 

This is the norm for the newer LEO HTS and HAPS operating in the Ka-band when trains move 

from one spot beam to another. In either scenario, the satellite system should be able to seamlessly 

hand off traffic from one beam to another. 

The modern and more innovative IP-based satellite modems and HAPS modems should be 

specifically designed and optimized for a broad range of applications, and they should incorporate 

all the arrangements required to cope with the several impairments due to mobility cited before. For 

LEO-HTS they should also be able to acquire and track synchronization signals from moving LEO-

HTS. What is required is that the satellite/HAPS modem, hide to the higher transmission layers (IP 

and above) all the layer 1 and layer 2 functionalities, including multiple access (TDMA, Aloha or 

5G interface in the not so distant future) required to setup, maintain and drop transmissions to/from 

the HTS-LEO satellites or the HAPS. In order for the satellite/HAPS modem to be integrated with 

the existing on-board communication system it is required the modem could connect to the ACS-

GW by means of a (typical) Ethernet link and expose two IP interfaces: one for data transfer and 

the other one for controlling the satellite modem. It would be of some interest if the Application 

Protocol Interfaces (API) used over IP control interface would be standardized and possibly based 

on SIP protocol so to ensure immediate integration with the on-board ACS-GW. The modem should 

also implement the “IP Steady State” [33] functionality allowing the maintenance of the IP session 

during even prolonged periods in the case of link outages e.g. the train travels through a tunnel.  

If the signal is lost for a relatively longer time period when the satellite/HAPS is available again, 

the link is restored so that users do not have to re-establish IP connectivity. 
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The basic satellite infrastructure required on board the train also includes a stabilized satellite/HAPS 

antenna, equipped with mechanical and/or electronic tracking systems with servo controllers and 

positioners to maintain accurate pointing to the target satellite. The tracking systems provide initial 

signal acquisition and instantaneous reacquisition after a signal loss due to signal obstructions, 

weather conditions, or antenna mis-pointing due to sudden turns. Requirements for allowed antenna 

pointing errors are indicated in [37].  

For what concerns the terrestrial railway infrastructure, no modifications should be considered for 

including LEO HTS or HAPS as alternative communication assets. It is however required to inter-

connect the LEO HTS or the HAPS network gateways managed by the corresponding telco to the 

railway data-center where the network side ACS-GW could be located. Connection among the 

gateway and the rail data center could be based on an IP private network maybe using a dedicated 

optical terrestrial link. As a (much) less secure alternative IP connection over Internet could be 

considered. Other options could be investigated but this is out of the scope of the AB4Rail project. 

 

e. Experimental and preliminary commercial activities on new LEO satellites 

The service rollout for OneWeb services is expected for Q4 2021. OneWeb demonstrations are 

underway and key customers and regional commercial services will launch in the Arctic region in 

late 2021, rolling out to global services in 2022. OneWeb operates service demo sites at locations 

in the UK and in USA. Services are now reserved to partners that can plug in and explore the 

network for customised solutions, integrate our products easily with existing BSS / OSS systems, 

troubleshoot their pain points, and advance smoothly through alpha and beta testing before launch.  

OneWeb has designed a new class of LEO User Terminal (UT) to connect to the internet no matter 

where you are. The technology behind the OneWeb UT includes a dual parabolic antenna and 

integrates complex satellite communications technology to meet specific needs for many different 

sectors including small, medium and large enterprises, rural schools and communities.  Also, major 

vertical sectors such as Maritime, Aviation, and Governments with mission critical applications 

have been considered. Details on the OneWeb waveform are not public. However, it is known that 

the user terminal antenna on the ground will be a phased array antenna measuring approximately 

36 by 16 cm and will provide Internet access at 50 megabits/second downlink bandwidth. 

Starlink is the SpaceX LEO constellations which is the OneWeb competitor. It provides high-speed, 

low latency broadband internet. Starlink is now delivering initial beta service both domestically and 

internationally and will continue expansion to near global coverage of the populated world in 2021. 

During beta, users can expect to see data speeds vary from 50Mb/s to 150Mb/s and latency from 

20ms to 40ms in most locations. There will also be short periods of no connectivity at all. Thanks 

to the launch of more satellites, the installation of more ground stations and the improvement of 

networking software, data speed and latency, its uptime is thinking to improve. 

To the best of authors knowledge, no experimental trials concerning the usage of OneWeb or 

Starlink constellations for railway applications has been conducted. When the OneWeb and/or the 

Starlink constellation will be completed within the end of the next year (i.e., 2022) it would be of 

some interest for Shift2Rail Consortium to start an experimental campaign to test on the field the 

integration of the OneWeb/SpaceX communication services into the ACS for the support of railway 

communications for critical communication. Both OneWeb and Starlink LEO constellations adopt 

their proprietary waveforms and for the moment no 5G integration is expected. 

f. Experimental activities on HAPS, 4G and 5G 
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The HAPS Alliance is a consortium of companies in the HAPS industry. A collaborative effort and 

experimentation has begun to bring 5G Internet service to remote areas via autonomous and solar-

powered aircraft. The group is building a fleet of “floating cell towers” that operate in the 

stratosphere, at several kilometers above jet aircraft flight paths. In addition to providing 

telecommunication services, the array will also contribute to high-resolution earth observation, 

weather prediction and atmospheric modeling. HAPS can also enable the deployment of Internet of 

Things (IoT) devices to remote regions and disaster areas. Furthermore, it should be considered that 

recent developments in materials, solar power, batteries and artificial intelligence have made 

possible to build cost-effective unmanned aircraft that can operate for months at a time with little 

to no human intervention.  

g. Preliminary experiments from HAPS alliance 

The Loon balloon is one of the vehicles it is used for testing. A Loon is a helium-filled mylar balloon 

floating about 20 km above the Earth’s surface, carrying an internet router and associated gear. Each 

unit can provide internet access to a 40 square km area. Google plans a network of Loons that 

communicate with the ground and with other Loons. Hundreds of Loons combined could provide 

wireless internet access worldwide. Communication uses the 2.4 GHz and 5.8 GHz bands which are 

publically available without a special license. Instead of being tethered to the ground, the Loons 

move on air currents. As one floats out of range, another should float in range. Each Loon includes 

a solar powered fan to pump air in and out of the balloon, allowing the Loon to change altitudes in 

order to maintain its position relative to the other balloons in the network. In 2020, Loon completed 

a record-setting 10-month flight. The first stage involved testing its telecommunications’ ability 

over Peru country for three months, after which it traveled around the globe. It then spent the next 

10 months experimenting with its navigation systems in the South Pacific, eventually landing in 

Baja, Mexico. The Loon system architecture is depicted in Figure 19. 

Figure 19. Loon system architecture. 

 
 

As shown in Figure 19, the Loon relay the radio communication links from ground stations to users’ 

LTE phones outside of the coverage of traditional ground cellular communication infrastructures. 

Furthermore, communication may be directly forwarded to the end user and not to ground access 

points. 

In September 2020, HAPS Mobile launched the Sunglider (also called the HAWK30) to an altitude 

of 19 km to run a battery of tests related to propulsion, power management, navigation, and 

communication. Both the Loon and the Sunglider carry an array of telecommunication equipment 
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jointly developed by Loon and HAPS Mobile. The airborne cell stations are outfitted with multiple 

antennas capable of transmitting high-speed (1 Gbps) data to mobile devices up to 700 km away. 
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5.2.5 Power Line Communications 

5.2.5.1 Use cases for PLC application in railway with ACS 

 

In this Section we analyze possible railway scenarios based on the integration of broadband 

powerline communication (PLC) devices as alternative bearers into the ACS system.  

PLC technologies fall into three areas [38]: 

• Ultra-Narrow Band (UNB) operates at a very low data rate (100 bps) in the low frequency 

band (0.3–3 kHz). UNB uses one-way communication, used for load control. UNB has a very 

large operational range (hundreds of kilometers); 

• Narrowband (NB) operates in the frequency band 3–500 kHz (3–148.5 kHz in Europe). 

Single-carrier NB technologies achieve data rates of a few kbps-Low Data Rate NB-PLC 

(LDR NB-PLC). Nowadays, multicarrier technologies are capable of data rates of up to 800 

kbps-High Data Rate NB-PLC (HDR NB-PLC); 

• Broadband (BB) operates in the high frequency band (1.8–30 (250) MHz) and has data rates of 

several Mbps up to hundreds of Mbps especially for indoor applications. 

For BB PLC the main standards are TIA-1113, HomePlug, IEEE 1901, ITU-T G.hn. In general BB 

PLC provides high data rates over lower communication distances (coverage) than narrowband 

PLC. However, BB-PLC can provide an effective solution for applications with high bandwidth 

requirements. The new standards IEEE 1901 and ITU-T G.hn provide a new solution for coexistence 

and high performance among the different BB_PLC technologies.  

Focusing on PL applications in the ACS railway context, the main scenarios to be considered in the 

AB4Rail should include mainline, regional, urban/metro, freight, and station/yard the first four 

being characterized by moving trains into areas at different speeds and embedding the ACS-GW. It 

is straightforward to observe that in these contexts, PLC devices could only be used as a viable 

option to realize the on-board communication network connecting the (several) sensors and 

control/monitoring devices spared on the train and the on-board ACS-GW for connecting to the 

external networks. However, this scenario is of interest in other S2R projects such as CONNECTA. 

In our analysis we limit the study on the applicability of PLC to railway in the following two use 

cases: 

a. PLC for improving the smart wayside object controller (SWOC) for wayside applications; in 

the considered use case we assume the ACS-GW is integrated into the SWOC for providing 

smart, multilink, multi-standard SWOC connectivity to the external networks; 

b. PLC for application in the railway station context. 

The considered use cases could be of some (maybe limited) interest for railway stakeholders taking 

into account for the following aspects: 

1. Deployment of PLs could not be pervasive along the railway line, i.e. power line could be 

installed/ available only along some segments of limited extension of the railway line. Actually 

PL are used to power up apparatus along the line and their usage for telemetry for sensors located 

along the line (i.e. the UNB and NB PLC) and for remote signaling control (e.g. to switch 

semaphore lights) have been proposed and investigated; 

2. PLC is a very low-cost transmission technology that can efficiently exploit already existing 

infrastructures requiring minor modifications to the existing infrastructures and, possibly, low 

costs for installations; 
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3. The considered use cases could be of some interest only for applications in restricted parts of 

existing railway infrastructures. 

 

5.2.5.1.1 Use case 1: PLC in the wayside scenario i.e. PL acting as backhaul 

The principle scheme of the considered communication architecture in the ACS wayside scenario 

is depicted in Figure 20. 

Figure 20. Interconnected SWOCs, Master and Slave using the PL for backhauling. 

 

 
 

We assume PL have been (or it is already) deployed along the railway line and that it can be used 

to interconnect one or more SWOCs, i.e., Nswoc, at relative distances dij where i,j = 1, 2, ..., Nswoc. 

Each SWOC connects to a number of field objects by creating (if necessary) a local area network.  

In accordance with specific necessities, local area links can be based on different wired/wireless 

technologies such as Bluetooth, ZigBee etc. and can adopt IETF and/or proprietary transmission 

protocols.  

In the considered scenario, one (or a limited number) of the inter-connected SWOCs embeds the 

ACS-GW device to inter-connect the SWOC(s) with the external networks for communications 

to/from the TMS or the railway data center. Let us indicate this SWOC as the master (M) SWOC. 

As shown in Figure 20, the non-ACS SWOCs (or slave (S) SWOC) can forward data collected from 

its sensors to the M-SWOC by means of the available PL link. 

The maximum distance between the M-SWOC and the S-SWOC connected at the same powerline 

is an important parameter to be determined in the design phase by taking into account for the amount 

of traffic to be exchanged between the S-SWOC and the M-SWOC, which determines the required 

transmission capacity between the M-SWOC and the S-SWOC.  

When considering PL for broadband communications over relatively long distances (i.e. up to more 

than one km) the effect of distance, the number and the length of branches and the noise influence 

the achievable data rate. 

In Figure 21, we plot the bit rate channel capacity for PL as a function of the distance between the 

transmitter and the receiver for two different types of cables and for variable number of branches. 

Noise power spectral density of -70 dBm/Hz has been considered to obtain these results. Data have 

been taken from [39] and the following parameters have been considered: 
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• The frequency band 1.8–30 MHz for broadband PLC; 

• According to IEEE 1901 standard and FFT OFDM PHY specifications, 917 active carriers have 

been  considered; 

• Transmitter impedance was 40 W, receiver impedance 100 W, and node impedance was 250 W; 

• Transmitting power spectral density was set to −50 dBm/Hz. 

 

Figure 21. Channel capacity for a NAYY150SE cable with varying length from transmitter to 

receiver and a varying number of branches [39]. 

 
 

It can be seen from the curves in Figure 21 that with a distance of 150m between transmitter and 

receiver the transmission capacity decreases approximately by 4 Mbps from 22 Mbps to 18 Mbps. 

With further increase in the number of branches (two and three), the capacity approximately drops 

of 2 Mbps. This capacity drop is less significant for longer distances between transmitter and 

receiver and for distances greater than 1200m the curves approximately collapse. 

To evaluate the maximum number of S-SWOCs that can be deployed over the same PL we start by 

assuming transmissions of data from the field elements to the corresponding S-SWOCs and then 

data from the S-SWOC to the M-SWOC are of periodic type. This seems to be a reasonable 

assumption especially when messages and data transfer associated to events are indicating 

exceptional situations or data from voice calls from wayside staff, are sporadic. We assume PL 

access is fair for S-SWOCs and the M-SWOCs. The M-SWOCs can communicate with S-SWOCs 

too. 

Let di be the (selected) distance from the i-th S-SWOC to the M-SWOC. Let RbT,i be the data rate 

associated to the traffic generated by the field elements on the i-th S-SWOC and that has to be 

transferred to the M-SWOC. We indicate with Rb,i the transmission data rate from the i-th S-SWOC 

to the M-SWOC that, for the given di, can be obtained from the curves in Figure 21, according to 

the number of existing branches on the PL i.e. Rb,i = Rb,i (di) and i = 1, 2, .., NSWOC. Finally, let aiRbT,i, 

with 0 <ai for i = 1, 2, …., NSWOC, be the data rate of the traffic directed from the M-SWOC to the 
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i-th S-SWOC. Without loss of generality, it has been expressed as a proportion of the traffic from 

the i-th S-SWOC to the M-SWOC. 

If we assume d1>d2>d3>…>dNSWOC and they represent the desired positions of the S-SWOCs on the 

same PL i.e., the di can be obtained observing the positions of the field elements deployed along the 

rail line and then selecting the positions of the associated S-SWOCs connecting them. Assuming 

we start to deploy SWOCs at distances d1, then d2, d3, …. the maximum number of S-SWOCs, 

NSWOC, that can be connected to the same PL respecting the traffic constraints is as follows: 

 

∑
𝑅𝑏𝑇,𝑖(1+𝛼𝑖)

𝑅𝑏,𝑖(𝑑𝑖)

𝑁𝑆𝑊𝑂𝐶
𝑖=1 < 1           (10) 

In Eq. (10), the ratio 
𝑅𝑏𝑇,𝑖(1+𝛼𝑖)

𝑅𝑏,𝑖(𝑑𝑖)
 is proportional to the time required for transferring data from the i-

th SWOC to the M-SWOC and vice versa. In practice, it represents the degree of utilization of the 

PL transmission channel by the i-th traffic source. As outlined previously, the Rb,i(di) in Eq. (10) 

can be taken from the curves in Figure 21, which fully characterize the PL in terms of its 

transmission capability.  

Example  

From the CTA, we can determine the data traffic envisaged for wayside applications. Considering 

the communication applications for the wayside reported in Table 31, and the corresponding data 

rates for the “today” and “tomorrow” situations, we obtain an overall traffic of 90.03 kbps for today 

and 1.995 Mbps for tomorrow, in downlink. 

Table 31. Applications and communication services for the wayside applications. 

Data Rate DL Today Data Rate UL Today Data Rate DL 

Tomorrow 

Data Rate UL 

Tomorrow 

90.03 kbps 70.72 kbps 1,995.85 kbps 1,482.97 kbps 

 

From traffic values in Table 31, and the curves indicating the transmission capacity vs Tx-Rx 

distance in Figure 21, we can obtain that the maximum distance between the M-SWOC and the last 

S-SWOC should take into account of the constraint in Eq. (10). In particular, to evaluate the number 

of S-SWOCs that can be deployed along the PL respecting the constraint in Eq. (10), we consider 

the data rates indicated in Table 31. We further assume the M-SWOC and the S-SWOCs generates 

the same amount of traffic, i.e. the RbT,i in both directions are the same for each M-SWOC – S-

SWOC communicating pair. However, the PL bit rate curves have been extended up to 2500 m and 

for the clarity of the plot, they are not shown in Figure 21.  

Finally, in Table 32, we indicate the results concerning the calculation of the maximum number of 

S-SWOC that can be installed over the PL, while respecting the condition in Eq. (10). As expected 

the lowest the RbT,i (M-SWOC to S-SWOC and vice versa), the higher the number of S-SWOC that 

can communicate along the same PL. Results in Table 32 have been obtained considering a PL with 

strong noise and increasing number of branches. Performance can be greatly improved [39] 

considering low noise PL and better power cables. 

Table 32. Maximum distance achievable for “today” and “tomorrow” scenario, for different 

NSWOC values. 

S-SWOC NSWOC NSWOC Max Distance Max Distance 
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Distance [m] (Today) (Tomorrow) (Today) [m] (Tomorrow) [m] 

100 14 3 1,400 300 

200 8 2 1,600 400 

300 6 2 1,800 600 

5.2.5.1.2 PLC for backhauling in other rail scenarios and in the station  

In the use case analyzed in the previous Section, the PL technology is used as backhaul for 

transferring data from SWOCs devices connected to the same cable and then to external networks 

by means of one ACS-GW. The possibility of considering the PL for backhauling opens other and 

maybe interesting opportunities in other railway scenarios including station, train depots and 

railroad yards (i.e., flat yard, gravity yard, hump yard). The usage of PL for backhauling allows to 

rapidly deploy low-cost communication system that can be used for signaling and applications 

services envisaged for these scenarios [48]. This communication system could be based on the joint 

usage of wireless access points (possibly adopting local area technologies such as IEEE 

802.11/WiFi standards) connected to one (or more) local ACS-GW or to a local router in the area 

by means of PL backhaul as shown in the general principle scheme in Figure 22.  

Figure 22. Principle scheme of local communication system based on the joint usage of local area 

radio access points and PL for backhauling  

 
 

As shown in Figure 22 workers can communicate with each other or with external networks by 

accessing the local access points which are connected to the PL acting as backhaul to the local ACS-

GWs. The ACS-GWs could also be connected with each other so to realize local full network 

connectivity. Depending on the overlapping of the radio coverage areas of each access point, 

workers could also be simultaneously connected to more than one access point thus improving link 

reliability and/or increasing the available transmission capacity. Workers can connect to the access 

points, using IoT SR technologies, even using commercial devices embedding these technologies 

such as smartphones or tablets. 

The local ACS-GW (or the router) in Figure 22 provides connection to external networks and then 

to the TMS or to the railway data center using all the available RAN such as 3G, LTE and 5G or 

FRMCS. Even in this case the distance between the ACS-GW and the last access point over the PL 
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should be selected taking into account for PLC performance degradation with the Transmitter-

Receiver distance (see data rate curves in Figure 21 in previous Section) so to guarantee the required 

transmission capacity for transferring voice, video and data traffic: 

a. to/from the local ACS-GW or the local router  

b. among rail workers in the same working area. In this case, as shown in Figure 22 local 

voice/data traffic services are managed by the local ACS-GWs. 

One example for the application of this hybrid PL-based system could be the station scenario. The 

PLs already installed into railway station, possibly deployed along the tracks, offer a natural support 

for creating a backhaul connecting one or more local access points installed for example at the 

beginning of each track to the ACS-GW installed at the station. A simple scheme of this 

communication system is indicated in Figure 23. 

Figure 23. Example of application of PL for creating the backhaul for connecting the on-board 

ACS-GWs to the access point installed at the head of (each) the station track.  

 
 

The access point communicates with the on-board ACS-GWs by means of local area technologies 

such as WiFi. Then data can be transferred to/from the local ACS-GWs installed at the station and, 

if necessary, to the external networks. With this arrangement there is no need for the on-board ACS-

GWs to transfer/receive data using the external radio access networks (e.g. LTE or 5G). In general, 

part of the traffic from the on-board ACS-GWs could be transferred over the local network and the 

remaining part over the other radio access technologies thus off-loading these access networks.  

This “low-cost” communication solution based on PL for backhauling could be taken into 

consideration for those stations characterized by a large number of trains parked on the tracks that 

are receiving/transferring large quantities of data (e.g. voice records, records of telemetry data 

retrieved and stored during the journey, etc.) from/to the central server. In this case, voice traffic 

(critical or performance data) could be transferred by the on-board ACS-GW using other radio 

access technologies such as LTE or 5G.  
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5.2.5.1.3 PL in other railway scenarios  

In principle, the backhauling functionality provided by PL can be used in other railway scenarios 

(e.g. mainline, regional, urban/metro) even in the presence of train mobility. In fact, we could 

assume that some radio access points are installed along the line and connected to the PL for 

backhauling toward a wayside ACS-GW. To this purpose, Bluetooth, ZigBee, UWB etc., could be 

considered as candidate for the realization of these access points. The on-board ACS-GW could 

communicate by exchanging data with them while train is moving along the line in the area covered 

by PL. However, to achieve sufficient transmission capacity on the PL, as shown Figure 22, the 

maximum distance of each access point from the wayside ACS-GW gateway is limited in practice 

to 1 km (2 Mbps) and then repeaters need to be installed to increase the covered railway line. This 

leads to an increased complexity in terms of number of devices, management of the PL-based 

communication system and also deployment costs. Furthermore, if the backhaul capacity needs to 

be increased beyond the (basic) 2Mbps, it is necessary to locate the access points closer and to 

increase the number of repeaters to achieve the desired communication performance. 

Starting from previous considerations, the usage of existing PL infrastructure in other rail scenarios 

beside the wayside, stations, and yards, should be analyzed with care putting into evidence the 

(strict) necessity of adopting PL, the benefits and limitations even in terms of costs of the resulting 

system. 

 

5.2.5.1.4 Discussion on the impact on the existing infrastructures for PL broadband 

backhauling 

The impact on existing rail infrastructures in terms of equipment and installation effort required to 

setup a communication system based on PL backhauling should be minimum or negligible. In 

principle, the only carpenter's works should concern the installation of electrical sockets used to 

connect communication devices (such as access points) to the single PL. The broadband PL 

transmission equipment is available on the market and, after a proper adaptation for operations in 

the railway context (i.e. the “boxing”), it should be easily integrated with existing communication 

devices even including the ACS-GW and then with the existing rail communication network. In 

fact, in general existing PL transmission devices adopt Ethernet devices and can be integrated at IP 

protocol level as required by ACS.  

For what concerns the installation of this devices, in principle, every existing power cable, even 

including those for lightning could be used to connect the PL equipment to the PL Gateway which 

in turn inter-connects the PL-based network to the outside. The main requirement in the selection 

of the PL cable is the electrical continuity allowing to inter-connect the communicating devices. 

The PL based communication network should be entirely managed and controlled by the PL 

gateway. In order to improve the resilience of the PL network, more PL gateways could be 

connected at the same PL acting as (cold) reserves taking over the operation of the main PL gateway 

in case of out of service or malfunctions.  

When selecting an existing cable, the number of devices already attached to the existing PL should 

be small as possible because the PL performance degrades with the number of branches, as shown 

in Figure 21. In principle, when possible and if retained necessary, it would be better to install a 

new power cable into the existing electrical conduits and/or service tunnels inside the station, yards 

or along the rail line. Then, the PL broadband communicating devices should be only connected to 

this new cable.   
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At the moment, it is not clear if the (pervasive) adoption of broadband PL for backhauling can be 

of some interest in railway stakeholders. In the affirmative case, the PL-based communication 

infrastructures using dedicated power cables should be one good solution to be considered even 

though this would require a dedicated installation over the existing premises.  

In principle, the BB-PLC based communication system offers a simple connectivity solution that 

could also be considered as an affordable backup of existing communication infrastructures since 

the impact on the existing infrastructure is negligible and all related to the installation of BB-PLC 

broadband devices in the considered railway area. 

 

5.2.6 LoRaWAN 

The LoRa protocol has been designed for non-continuous transmission limited by a duty cycle. This 

originates from the fact that LoRa transmits in license-free ISM bands which are accessible to 

everyone. For this reason, the ITU has imposed those transmissions with the LoRa protocol are 

limited by the duty cycle, that can vary from 0.1% to 1% of time for the end devices, and 10% for 

the LoRa gateway only, [45]. 

The LoRa standard adopts the Chirp Spread Spectrum (CSS) modulation scheme, able to improve 

resilience against interference, Doppler effect and multipath issues. The LoRa standard states that 

packets contain the following fields, [46]: 

- a preamble, with 8 symbols 

- a header (mandatory if the explicit mode is used) 

- the payload: from 51 Bytes to 222 Bytes, according to the Spreading Factor (SF) 

- a Cyclic Redundancy Check (CRC) field 

- a coding rate: 4/5, 4/6, 4/7, 4/8 

- a spreading factor: from 7 to 12 

The LoRa bandwidth (BW) can take the following values: 

- 125, 250 (in the HF ISM 868) and 500 kHz (in 915 MHz band, only valid in USA) 

- 7.8; 10.4; 15.6; 20.8; 31.2; 41.7 and 62.5 kHz (in the LF 160 and 480 MHz bands) 

The raw LoRa data rate can vary from 22 bps (with a BW of 7.8 kHz with SF of 12) to 27 kbps 

(with a BW of 500 kHz and a SF equal to 7). Finally, the frequency hopping is foreseen to mitigate 

external interference, [43]. Reference values are reported in Table 33. 

For each LoRa bandwidth and coding the calculation of maximum airtime should consider the 

maximum packet size which is equal to 235 Bytes; it is the sum of the maximum payload (MTU) 

of 222 Bytes and the maximum overhead of 13 bytes, [47]. 

Table 33. Reference values for LoRaWAN. 

LoRaWAN Features Europe North America 

Frequency Band [MHz] 867-869 902-928 

Channel Bandwidth 125/250 kHz 125/500 kHz 

Spreading Factor (SF) 7-12 7-10 
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5.2.6.1 LoRa for ETCS application 

In general, due to (too) short duty cycle, LoRa applications into railway should be restricted to a 

very limited set of services mostly based on (asynchronous) transmission/reception of messages. 

The most important rail application falling into this category is the exchange of ETCS messages. 

Besides security aspects, in this Section we investigate the applicability of LoRa to support ETCS. 

We remind that the maximum payload length of LoRa message is 222 Bytes and we observe that 

the ETCS 128-byte application message is compliant with this length. However, we need to add the 

overhead linked to the upper layer protocols (TCP / IP) which are in total 40 bytes (+ 24 bytes 

possibly for GRE tunnel protocol in the ACS case). In any case, the sum of the bytes of the ETCS 

packet (including the overhead) must not exceed 222 Bytes as in this case. 

Furthermore, since the LoRa provides for transmission on 8 different channels, it is necessary to 

recalculate the duty cycle for each channel, knowing that the overall duty cycle cannot exceed 1% 

for the LoRa transmitting nodes. For example, if the number of active channels is 3 (by default), the 

duty cycle for each channel must be 1%/3=0.33%. 

Consequently, the calculation of the duration of the time interval LoRa is allowed to transmit the 

ETCS packet includes the following steps:  

1. Set of input parameters 

o SF=7 (best case, maximum bitrate) 

o CR=4/5 (minimum code protection) 

o Number of LoRa active channels: 1 (min)-3 (default)-8 (max) 

o Bandwidth: 250 kHz (@ EU 868 MHz, only valid in Europe) or 500 kHz (@ 915 

MHz only valid in USA) 

2. Lora airtime calculation for the packet transmission: it depends on SF, CR e BW (125/250 

kHz, or 500 kHz in case of USA) 

3. Calculation of the packet transmission time over the LoRa network  

o The duty cycle requirements must be considered (for each LoRa channel)  

o The packet transmission time must be compliant with the ETCS transmission 

requirements (<= 7 s for high-speed railway lines – this limit could be extended in 

the case of Regional/Freight lines characterized by trains moving at lower speed) 

As an example, the following Table 34 shows some results obtained by calculating the packet 

transmission time over the LoRa network. The Tpacket [s] parameter is the time period after which 

we can transmit a new packet. 

Table 34. Latency values for LoRa technology. 

Message Payload 

[kB] 

Bandwidth [kHz] Duty cycle 

[%] 

Tpacket [s] 

128 125 1 23,1 

128 250 1 11,5 

128 500 1 5,8 

160 500 1 6,9 

168 125 1 29,2 

168 250 1 14,6 

168 500 1 7,3 

188 125 1 31,8 
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188 250 1 15,9 

188 500 1 7,9 

222 125 1 36,9 

222 250 1 18,4 

222 500 1 9,2 

Considering the LoRa frequency bands in Europe (EU868 MHz], the LoRa network provides a 

packet transmission time greater than ETCS requirements (<=7 s). The only LoRa configuration 

compatible with this requirement imposes the usage of 500 kHz bandwidth available not in Europe 

but in USA. 

From previous discussion, due to the duty cycle limitation of 1% the LoRa technology cannot be 

used to transmit ETCS messages that should be sent more frequently, i.e. typically 7 seconds for 

high speed lines.  

However, as indicated at the beginning of this section, LoRa technology can be used for services 

based on transmission of message that can be compatible with the imposed duty cycle constraint.  

In particular:  

a. if the transmission of the message is periodic, the duty cycle constrains the transmission 

period between two successive messages as indicated by Tpacket [s] in Table 34; 

b. In the case of aperiodic messages, it is necessary to consider the overall duty cycle for a 

single transmitter and to evaluate the duration of the time interval (e.g. the number of 

seconds) during which LoRa is allowed to transmit in one hour. 

Indicating with ∆ this quantity and with Yi the airtime required for the transmission of the i-th packet 

that we should send in one hour, the number Nmsg that can be transmitted is such that (considering 

the duty cycle constraint) 

     ∑ 𝑌𝑖 < ∆
𝑁𝑚𝑠𝑔

𝑖=1
       (11) 

 

The calculation of packet airtime is not a simple matter since it is a function of all the LoRa 

parameters specified and it tends to increase with the SF and the CR (i.e., less overhead CR = 4/5, 

maximum overhead = 4/8). 

In order to correctly assess the duty cycle constraint, the other parameter we must consider is the 

number of trains that are inside the single LoRa cell. In order to provide an example, if we assume 

five trains within a cell of 10 km size, we should consider the following cases: 

- All the five trains use the same LoRa sub channel → duty cycle = 1% 

- Each train uses one dedicated LoRa sub channels → duty cycle = 1/5 % (0,20%)  

Same considerations can be applied to the wayside objects network: 

- Identify the number of the wayside devices using the single LoRa channel 

- Calculate the duty cycle, given the number of LoRa channels that we decide to use 

- Calculate the packet transmission time interval and then the maximum number of messages 

that can be transmitted in accordance with Eq. (11); the calculation should be based on a 

controller required to manage / coordinate the transmission (compliant with the duty cycle), 

or that the devices know when to transmit (e.g. the transmission slot). 

5.2.6.2 LoRa for other railway applications  

In this Section we discuss on some specific applications of LoRa that have been proposed for 

railway in the last few years. They show that even though the duty cycle limitation, the LoRa 
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technology can be still used in rail environment for some very specific applications. According with 

LoRa Alliance, rail applications for asset tracking, IDs and information sharing, sensor data can be 

considered, [44]. 

The typical applications can be casted as: Predictive Maintenance Planning, Product Lifecycle 

Tracing and Quality Assurance, Railway container tracking, Intelligent Railway Track. The railway 

asset tracking can improve punctuality, security, and operations in general.  

Both LoRa Alliance and GS1 members are already working on LoRaWAN applications for the rail 

context. The needs of the railway sector regard the railway asset inventory and condition monitoring 

together with an efficient management of their heterogeneous IDs, an unstructured typology for 

information sharing, significant cost of collecting IDs and sensor data.  

The expectations are mainly focused on a cost-effective visibility on railway assets and on the 

reduction of Total Cost of Ownership (HW cost, OPEX/connectivity, long battery life) to collect 

IDs and sensor data (e.g. localization). 

The reading of the asset information is currently performed through RFID devices but its evolution 

is going towards a manual/fixed reading by fixed or mobile readers. The Long-Range option is still 

lacking. 

The initiatives in this sense are mainly focused on two scopes. The first one regards the sharing of 

GS1 identifiers (GIAI, SGTIN, SSCC, GLN, etc) together with sensor data as geolocation, 

temperature, vibration, shocks, etc.) over LoRaWAN networks. The second one, focuses on the 

harmonization of the compatibility between LoRaWAN and relevant standards, such as the EPICS 

data model to increase the visibility between supply chain stakeholders. 

One example where the rail can benefit from the combination of LoRa technology with IoT SR 

technologies as RFID has been proposed in [44] and hereafter reported in Figure 24. 

 

Figure 24. The use of LoRa with IoT short range technologies for railway scenarios, [44]. 

 
 

Figure 24 shows the interfacing of fixed EPC/RFID readers with LoRaWAN Gateways and 

Network. The communication is a 2-way communication both for EPC/RFID reader management 

and collecting data from EPC/RFID readers.  
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The integration of existing EPC/RFID infrastructure with the existing LoRaWAN network is 

realized gives several benefits, such as: 

- Reducing cost by removing cable between RFID reader and IT network 

- Location of readers is flexible 

- LoRaWAN coverage is available and covers entire train track 

- Seamless integration with existing/legacy infrastructure 

- Capturing, aggregating, merging data from different carriers 

- Data is transmitted nearly in real-time and does not need to be stored locally 

- Data sharing with more than one application a day 

- RFID readers do not longer depend on access to CPU or Internet 

In all the cases discussed in this section, it should be reminded that LoRa transmission should 

respect the duty cycle limitations discussed in the previous Subsection 0, and the impact on existing 

infrastructure. 
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6 Conclusions 
The present document is the D2.2 “Assessment of ABs benefits, challenges, and impact on 

infrastructure with RAT Tool and Communication Traffic Analysis” of the AB4Rail project. The 

document is the output of the task 2.2 “Assessment Tool and Communication Traffic Analysis for 

ABs” and task 2.3 “Benefits, challenges and dependencies for ABs”. 

After a review of the main technical features provided by all considered ABs, it is necessary to 

characterize them from an applicability to the railway scenarios.  

The objective of the task 2.2 is to develop the tools required for the evaluation of many of the criteria 

listed in Table 4 for each AB technology in each rail scenario and application category. The task 

2.3 has the main objective to evidence the benefits, challenges, and dependencies of each AB on the 

basis of technical, operational and economic assessment. The considered ABs’ impact on the 

existing rail infrastructures for its deployment in the considered rail scenario have been also 

analyzed considering the impact with the existing rail infrastructures. 

A new methodology has been defined in AB4Rail, for AB assessment based on a three-steps 

procedure. Each step is propaedeutic for the next one and it integrates and adapts the methodology 

already defined by S2R JU members for the TB assessment. The first step (eligibility analysis) 

aims to identify the eligibility characteristics for all considered ABs. Dedicated RAT and CTA tools 

have been developed for ABs. The RAT tool lists the following intrinsic parameters of each AB, 

as: frequency, PHY characteristics, Data Rate and Throughput, Mobility, Additional KPI, possible 

interoperability with GSM-R, interference with others in neighbouring bands, general support of 

railway functionality, coverage, Voice Support of Voice application, Video Support of Video (live 

streaming/VoD) application, and Data Support of data application. The intrinsic technical features 

of all ABs are analysed for supporting mobility (mobility analysis). The type and the size of the 

coverage provided by them are important information to be considered from the technical feasibility 

point of view. The CTA tool has been used to assess the data rate capacity offered to the ABs for 

the supported rail applications. The main results of both assessment tools have been matched with 

the benefits, challenges, and dependencies, in order to evaluate a first potential suitability of all ABs 

for the rail applications (according to ACS Traffic classes) and scenarios (mainline, metro, regional, 

freight and station). At the end of the eligibility analysis, an AB can provide a partial eligibility or 

an absolute eligibility in terms of data rate. In the first case, the AB can support the data rate 

required by one ACS traffic class at least. In case the AB can also support the total amount of data 

rate required by a specific ACS traffic class, the considered AB provides an absolute eligibility. 

Both partial and absolute eligibility results have been obtained for all rail scenarios, and then 

compared with the results from the mobility analysis, in order to identify potential limitation of the 

AB in a mobile or static rail scenario. Then, in the second step (Technical Feasibility) considering 

only the eligible ABs, the assessment proceeds with the analysis of their impact of the existing rail 

infrastructure. The interconnection and interworking with the ACS GW network have been 

analysed, together with novel possible integration schemes.  

The findings for each AB can be summarized as follows.  

a. OWC 

VLC 

- Data rate and mobility analysis 

VLC is not suitable for supporting train-to-ground (and vice versa) communications (with ACS 

GW), in mobile scenarios although the available data rate can reach high values and up to hundreds 

of Mbps. Instead, the VLC can be used by applications in the absence of mobility including the 

station, yard, depot, and wayside scenario, always taking into account the limited dimensions of the 

achievable covers. 
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- Impact on existing infrastructure 

As the other optical technologies that have the advantage of being robust with respect to RF 

interference, the VLC suffers from propagation issues related to atmospheric phenomena and 

obstacles. This leads to link reliability below the target required for mission critical 

communications. In addition, the longevity of VLC-based products is expected to be around 10 

years and follows the technological evolution. In the railway sector and beyond (automotive), VLC-

based products have been available on the market for several years for various applications, 

including sensors and short range V2V and I2V communications. Therefore, the state of 

technological maturity of the VLC is traceable to the real system level tested in an operating 

environment for which competitive production and commercialization already exists. 

FSO 

- Data rate and mobility analysis 

FSO technology is a serious potential candidate AB to support train-to-ground (and vice versa) 

communications (with ACS GW) in all railway scenarios, both in the case of trains in mobility and 

fixed. Depending on the degree of coverage desired, and the distance between the BSs that should 

be deployed along the railway line, the available data rate in mobile scenarios can reach high values 

and up to 1 Gbps. FSO technology can also be applicable in other contexts for providing access or 

optical backhaul technologies in station, yard, and depot. 

- Impact on existing infrastructure 

As the other optical technologies, FSO has also the advantage of being robust with respect to RF 

interference, but it suffers from propagation problems due to atmospheric phenomena and obstacles 

that can lead to a reduction in the achievable coverage, and to a reduction in the reliability of the 

link. This aspect must be appropriately taken into account in the planning phase of the network 

especially when FSO is used to support critical applications. Instead, FSO used for communications 

between fixed points, (for example for backhauling applications), has now reached a level that is 

traceable to the real system level tested in an operating environment for which competitive 

production and commercialization already exists at market level. On the contrary, FSO for mobile 

applications, is still in the study phase for medium / high speed trains and therefore in the Proof of 

Concept (PoC) phase, with some initial preliminary tests to validate the technology in the laboratory. 

 

b. IoT SR 

- Data rate and mobility analysis 

The IoT SR technologies that have been analyzed offer different levels of coverage, ranging from a 

few tens of meters to a maximum of one hundred. As for VLC, even these technologies are not 

suitable for supporting train-to-ground communications (and vice versa) (with ACS GW), in mobile 

scenarios although the data rate available for UWB technologies can reach significant values (up to 

a hundred of Mbps). Surely these technologies can find interesting applications in the absence of 

mobility including the station, yard, and depot scenario, always taking into account the limited size 

of the achievable covers and the guaranteed data rate.  

- Impact on existing infrastructure 

Some of these technologies, operating in the ISM band (including BT and Zigbee), are certainly not 

robust to RF interference due to the presence of other systems operating in the same band (e.g. 

WiFi). Moreover, the IoT-SR can be sources of interference for the railway systems that are based 

for example on WiFi such as the CBTC signaling system. Therefore, their usage in some railway 

contexts (including the metro scenario) should be carefully evaluated and weighted. This leads to 

link reliability below the target required for mission critical communications. The longevity of 

products based on the technologies considered is around 10 years and follows technological 
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evolution. In the railway sector, the use of this type of technologies requires the boxing of the 

integrated circuits that implement them, to adapt the use and commercial chips to the railway 

environment. This leads to an increase of devices’ costs. On the other hand, the installation of these 

devices within existing railway infrastructures is extremely simple and usually does not require 

invasive carpentry work. The state of technological maturity of the IoT SR systems considered is 

traceable to the real system level tested in an operating environment for which competitive 

production and commercialization already exists. Finally, since IoT SR technologies are low cost 

and easy to install, when they are combined with BB-PLC systems acting as backbones, it is possible 

to create communication systems available to railway staff in station, yard, and depots scenarios. 

These communication systems are low cost and accessible through common devices available on 

the market (including smartphones and tablets) that integrate by default some of these technologies. 

c. LPWAN  

LoRaWAN 

- Data rate and mobility analysis 

Although the LORA offers extremely extended coverage (up to several km) and it is also suitable 

for mobile scenarios, this technology is affected the duty cycle limitations and its usage is then 

restricted only to message based applications with a maximum payload of 222 Bytes to be emitted 

in a short period of time (few seconds per hour). In this deliverable we have observed that LoRa in 

Europe is not eligible to support ETCS communications at least in the mainline scenario. Besides 

security aspects, the possibility of relaxing the ETCS requirements in the regional and freight 

scenarios would allow to reconsider the usage of the LoRa for this purpose. 

- Impact on existing infrastructure 

LoRa operates in the ISM band and therefore could be subject to interference due to other systems 

operating in the same band. This could lead to a link reliability lower than the target required for 

mission critical communications such as ETCS, which however in this case could be resolved at 

higher protocol levels (such as Euroradio), keeping the packet length within the set limits. The 

longevity of products based on the technologies considered is around 10 years and follows 

technological evolution. In the railway sector, the use of this type of technologies requires the 

boxing of the integrated circuits that implement them, in order to adapt the use and commercial 

chips to the railway environment. This leads to an increase in devices’ costs. On the other hand, the 

installation of these devices within existing railway infrastructures is simple and usually does not 

require invasive work. The state of technological maturity of LORA is traceable to a real system 

level tested in an operating environment for which competitive production and marketing already 

exist. 

NB-IoT 

- Data rate and mobility analysis 

The NB-IoT is natively supported by the LTE system and therefore managed by the Telco and offers 

continuous radio coverage for all railway scenarios considered, including those with mobility. Due 

to the limited transmission capacity, some specific applications of some ACS Traffic classes cannot 

be supported due to data rate limitations. Furthermore, the technology does not natively support 

some types of streaming-type transmissions, including voice and video. 

- Impact on existing infrastructure 

Operating in licensed bands, NB-IoT has the advantage of being robust against RF interference from 

other systems. Having a “normal” link reliability, NB-IoT does not seem to be particularly suitable 

for supporting mission critical communications. The state of technological maturity of the NB-IoT 

is traceable to the level of a real system tested in an operating environment for which competitive 

production and commercialization already exists. 
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d. broadband PLC 

- Data rate and mobility analysis 

Since the broadband PLC systems are technologies providing a network access from fixed points, 

it cannot natively be used for direct communications between nodes in motion. On the other hand, 

the availability of electrical cables deployed within any railway scenario offers the possibility of 

creating low-cost communications systems, which use broadband PLC devices as a backhaul in 

practically all railway scenarios. 

- Impact on existing infrastructure 

In general, the impact for the installation of BB-PLC devices along the railway line or station, yard 

and depot, is very limited and practically negligible if the electrical cable to be used as a powerline 

is already installed. The state of technological maturity of broadband PLC is traceable to a real 

system level tested in an operating environment for which competitive production and marketing 

already exist. 

e. Aerial technologies 

LEO 

- Data rate and mobility analysis 

From the point of view of railway scenarios, LEO HTS technology is an interesting candidate AB 

to support train-to-ground (and vice versa) communications (with ACS-GW) in all railway 

scenarios, both in the case of trains in mobility and not, except for metro and station scenarios due 

to the connection blackout in the former case. As regards the mobility management, it should be 

ensured that the system manager effectively supports handover between the beams. 

- Impact on existing infrastructure 

The LEO HTS is managed and controlled by a satellite operator, who is also the owner of the 

network. Therefore, the impact on fixed railway infrastructures is practically negligible, compared 

to the need to install on board the train an antenna system and a satellite modem able to guarantee 

the pointing and tracking of satellites. Referring to the commercial LEO HTS systems analyzed in 

this project, the degree of technological maturity is positioned between a complete and qualified 

system, tested in an operational environment in the pre-marketing phase. 

HAPS 

- Data rate and mobility analysis 

From the point of view of railway scenarios, HAPS technology is also a serious candidate to support 

train-to-ground (and vice versa) communications (with ACS GW) in all railway scenarios, both in 

the case of trains in mobility and not, except for metro and station scenarios due to the connection 

blackout. With the data rates considered in the evaluation of the technology, possible limitations 

have been observed for the support of some ACS Traffic Classes. Concerning the management and 

consistency, it should be ensured that the system manager effectively supports the handover among 

the beams between two HAPS and among the beams of the single HAPS (if any and necessary). 

- Impact on existing infrastructure 

The system using HAPS is built and managed by the telco, who is also the owner of the network. 

Therefore, the impact on fixed railway infrastructures is practically negligible. The only impacts 

concern the need to install an antenna system and a modem on board the train capable of 

guaranteeing HAPS pointing and tracking. HAPS technology, probably based on the use of 4G/5G 

technologies, is still in a phase of study and therefore in the Proof of Concept (PoC) phase, with 

some initial preliminary tests for validating the technology in the laboratory and in the field. 

 

The results obtained in this deliverable are important to identify the most promising ABs in the 

railway scenarios from a pure technical point of view. The eligibility in terms of maximum data rate 
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and mobility (Eligibility Analysis) and the Technical Feasibility are necessary for the subsequent 

cost analysis concerning the economic related to the AB deployment of the most promising ABs. It 

has been observed that FSO technologies are already mature for the static scenario, but they need 

to be investigated and still developed for their usage in a dynamic environment (even at high speeds) 

in case of mainline, regional, metro and freight scenarios. The problems due to train vibrations 

together with the management of structure’s temperature are two aspects that need to be analyzed 

carefully. In this deliverable we have analyzed and extended the architectural problem of FSO 

cellular planning by proposing a method to increase the inter-distance among optical BSs taking 

into account for the train length. The findings on IoT SR technologies evidence the main limitations 

for their applicability to rail scenarios. The serious limitations of LPWAN (LoRa) and PLCs have 

been also discussed. Applications of BB-PLC for backhauling has been also proposed and analyzed 

in this Deliverable. The NB-IoT continues to maintain a limited applicability to small data 

transmissions (“bursts”). For what concerns LEOs and HAPS are of considerable interest for the 

railway applications. At present HAPS are not mature technologies since there are only experiments 

with 4G devices and in the future even with 5G technologies. We have identified, for the S2R JU 

members and for the technology/Telco providers some partnership opportunities that can be 

established with the actual LEO HTS telcos to test on the field the effectiveness of LEO HTS 

technology for supporting rail applications even using LEO HTS systems that are still in the pre-

commercial pre-phase. 

 

The document is compliant with the planned activities of the project. The results are stable and 

consistent with the technological trend and the market maturity. Novel interconnection and 

interworking schemes have been also proposed, to stimulate the analysis from the rail stakeholders’ 

point of view. Some solutions have also been proposed based on techniques allowing the extension 

of the coverage area of the access points and considering the length of the train (that can be 

considerable in some scenarios as regional and freight). 

 

The results in this document are propaedeutic and necessary for the next d2.3 focused on the 

economic analysis of the considered AB. At the end of the d2.3 the AB will be declared deployable 

or not if there is a convenience to deploy it from a technical and economical point of view 

 

Due to the availability of Starlink constellation by the end of 2022 in Europe, S2R JU members 

could have the possibility to participate to the experimental trials with SpaceX and to contact the 

members of HAPS alliance for possible joint initiatives concerning the applications of 5G on HAPS. 
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8 Appendix 1: Glossary 
 

 

ID Name Description Values 

1 Capacity [Mbps]   

2 Latency [ms] 

The end-to-end user transport 

delay between the involved 

communication entities. 

Best Effort:  The delay does not harm 

the use of the application by the user (> 

500 ms) 

Normal: ≤ 500 ms 

Low:  ≤ 100 ms 

Ultra Low:  ≤ 10 ms 

N/A:  An application which does not 

use the air interface. 

3 Bandwidth [MHz] 
Anticipated data rate when 

using a specific application. 

High Up to 5000 kbit/s (or even higher) 

Medium Up to 500 kbit/s 

Low Up to 50 kbit/s 

Very low Up to 5 kbit/s 

N/A An application which does not use 

the air interface. 

4 Link Reliability 

The probability that an item 

(here: communication link) can 

perform a required function 

under given 

conditions (here: allows 

communication with the given 

QoS parameters) for a given 

time interval. 

EN 50126 - Railway 

applications- The specification 

and demonstration of 

Reliability, Availability, 

Maintainability and Safety 

(RAMS) 

Very High 99.9999 % 

High 99.9 % 

Medium > 99% 

Low < 99 % 

5 
Communications 

Availability 

The ability of a product (here: 

communication link) to be in a 

state to perform a required 

function under 

given conditions (here: allows 

communication with the given 

QoS parameters) at a given 

instant of time 

or over a given time interval 

assuming that the required 

external resources are 

provided. In this case, it 

includes the communications 

High communications availability (≥ 

99.99% of the time). 

Normal communications availability (≈ 

99.90% of time). 

Low < 99 % 
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link being useable, i.e., free 

from interference etc. 

EN 50126 - Railway 

applications- The specification 

and demonstration of 

Reliability, Availability, 

Maintainability and Safety 

(RAMS) 

6 Maintainability 

The probability that a given 

active maintenance action, for 

an item under given conditions 

of use can be carried out within 

a stated time interval when the 

maintenance is performed 

under stated conditions 

and using stated procedures 

and resources. 

EN 50126 - Railway 

applications- The specification 

and demonstration of 

Reliability, Availability, 

Maintainability and Safety 

(RAMS) 

Low,high 

7 Upgradability 

The potential ability of a 

system, subsystem or 

component to respond to 

changes in operational 

requirements and anticipated or 

foreseeable technical changes 

such as software upgrades 

without 

affecting the basis of its 

structure 

EN 9320:2015-03 

Low,medium,high 

8 Longevity 

The useful life of a system, 

unless otherwise agreed at the 

time of tendering between the 

equipment 

manufacturer and the user, 

shall be taken as 20 years. 

EN50155:2007 

Estimated number of years 

9 Scalability 

Scalability is the capability of a 

service or application to handle 

a growing or decreasing 

amount of users (people or 

devices) or its potential to be 

adjusted to accommodate that 

High, medium, low 
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growth or decline. 

10 
Backward 

Compatibility 

Backward compatibility is a 

property of a system, product, 

equipment, service or 

technology that allows 

for interoperability with an 

older legacy system, or with 

input designed for such a 

system. 

Yes,No 

11 
Resilience to 

interference 

The ability to provide and 

maintain an acceptable level of 

service even in case of out-of-

band interference 

Yes,No 

12 
Cyber Security 

[Network Security] 

Combination of the probability 

of occurrence of harm and the 

severity of that harm, as 

defined in IEC 61508-4:2010; 

ISO/IEC Guide 51:1999, 

definition 3.2. 

High or extreme network security risk 

(Risk Level 20-25) 

Medium network security risk (Risk 

Level 12-16) 

Low network security risk (Risk Level 3 

- 10) 

Extremely Low network security risk 

(Risk Level 1 - 5) 

13 
Traffic 

prioritization 

Mechanism to guarantee the 

QoS  

Possible, not possible  

14 

Dependence on 

existing 

infrastructure in the 

considered scenario 

Identfiy the entity of the 

modifications to be introduced 

in the current infrastructure 

(rollin stock and fixed railway 

infrastructure) to integrate the 

AB into the railway context 

Low, medium, high 

15 
Technology 

maturity 

Indicates the maturity of 

technologies during the 

acquisition phase of a program 

Low, medium, high  

16 

Coexistence issues 

with traditional 

bearers 

Indicates the degree of 

coexistence between TBs and 

ABs in the same scenario/area. 

PHY level issues: spectrum 

issues, adjacent and co-channel 

interference. NWK level 

issues: TB and ABs use the 

same backbone/core network, 

etc. 

Absent, moderate, problematic  

17 

Bearer 

controllability in 

ACS 

It asserts if the bearer can be 

interfaced at IP interface with 

the ACS. 

YES, NO, N/A 

18 
Availability of 

Standard 

It indicates the current status of 

standardization activities 

No, on-going, yes 
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concerning the AB technology  

19 Mobility support 

It indicates the ability of AB to 

implement mobility 

functionalities, e.g. handover, 

AAA, etc. 

Absent, Low, Medium, High 
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