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Chapter Overview

*  Survey the global CBTC vendor ecosystem and major supplier platforms

* Examine interoperability challenges and open-standards strategies to mitigate lock-in

*  Explore 5G, FRMCS, and next-generation communication for CBTC

* Assess Al/ML applications in train control — where they fit and where they cannot (yet)
* Analyze CBTC-PTC convergence drivers, barriers, and realistic timelines

* Look ahead to autonomous rail technologies: virtual coupling, GNSS, digital twins



Major CBTC Suppliers and Their
Platforms
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Major CBTC Suppliers and Platform Landscape

MAJOR CBTC SUPPLIERS AND PLATFORM LANDSCAPE | cHapTER 15 / 4

CBTC systems integrate train control, communications, and wayside equipment to deliver safe, relliable,
g ’)) high-capacity urban rail operations. The table below summarizes leading global suppliers, their CBTC platforms,
key deployments, and core strengths.

1. ALSTOM [ 2.siEMENs [ 3. THALES / HITACHI RAIL 4. CRRC / CASCO 5. HYUNDAI ROTEM / KT

SIEMENS HITACH | |ES ‘ Hyunon.. ‘
ALSTOM gy i | [ THALES | HiTACKY, | |8 cnne | geaseo || “iigrem | kit

URBALIS™ TRAINGUARD™ SELTRAC™ OMESTIC CBTC PLATFORM
e KEY DEPLOYMENTS 0 KEY DEPLOYMENTS e KEY DEPLOYMENTS e KEY DEPLOYMENTS e KEY DEPLOYMENTS

+ Paris Métro Lines 1, 4, 14 « HNew York City Subway (L Line) + Vancouver SkyTrain = Beijing Subway Lines (15, 17, 19) « Seoul Subway Line 8
* Singapore North East Line * Kuala Lumpur MRT (KVMRT) + New York City Subway (Line 7) = Shanghai Metro (Lines 14, 18) « Shinbundang Line
* Sao Paule Line 4 (Yellow) *  Nuremberg U-Bahn (Line U3) s BART (San Francisco Bay Area) *  Guangzhou Metro (Line 22) * Uijeangbu Light Rail Transit
@®) strencTis @ strencis (@ strensTHs @ strenoTas @) smrencTas
+ Fully integrated CBTC solution = Modular, cpen architectuns = Field-peovan CBTC platiorm = Desp expertise in Chinas metro = Strang integration with Korsan
« High capacity and short headways = Communications-based moving = High reliability and availability networks rail ecosystem
W e block (CBM) ksl et = High localization and cost - Reliabla wirelsss CBTC solutions
road global metro expersence = Proven in mixed and high-density ety metio g effectivensss = Experienced in urban metro and
+ Strang signaling and systems ntwarks - . « End-to-end system delivary light rail
- = - 8 IHacicle wnd sorvion = Strong references in North bil - a
integration heritage trang lifecy Amarica capability Focus on innovation and
capability = Rapid deployment and scale operaticnal efficiency
L J .
KEY DEPLOYMENTS STRENGTHS NaTE
LEGEND Represantative projects where the i Core differentiators and capabilities Platforma continue ko svobre with atvances in CBM,
platform is in revenue service of the platform mawing block, ATO, and cybarsscurity.

Q CBTC performance and availability depend on system design,
Deployments Ested are examples and not exhaustive.

, operations, and maintenance prac | SOURCE: Vendor public information, industry reparts

DATE: May 2025

Figure 15.1 — Four tier-1 suppliers dominate the global CBTC market after major consolidation.
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Tier-1 Vendor Comparison

Vendor Platform Global Base US Projects Notable

Siemens Trainguard MT ~380 km NYCT Line 7, L-Line 25-yr Paris L14 heritage
Hitachi Rail SelTrac ~400+ km BART TCMP (200+ km) 40-yr Vancouver GoA 4
Alstom Urbalis/CITYFLO ~500 km Muni Metro (150 km) ERTMS compat; NY mfg
Wabtec [-ETMS ~15K km PTC LIRR/NJT consulting PTC-CBTC bridge



Impact of Vendor Consolidation on US
Procurement

* Alstom acquired Bombardier (2021); Hitachi Rail acquired Thales GTS (2024)

* Reduced independent bidders from six to ~four tier-1 suppliers for major US systems

* Agencies face narrower competitive pressure and longer 18-24 month procurement cycles
* Merged product portfolios shift toward modular, software-defined architectures

*  Open-interface standards (IEEE 802.11, source-code escrow) now essential to mitigate lock-in



Interoperability and Open
Standards
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Single-vendor inertia imposes 10-25%
cost premium over asset life

IEEE 1474 defines what, not how — no
vendor-interchangeable interfaces
prescribed

European EULYNX, OCORA, RCA initiatives
lead in standardized interfaces

US has no equivalent framework — must
compensate through procurement
strategy

The Lock-In Risk vs. Open Standards

Compensatory mechanisms: ICDs, source-
code escrow, royalty-free patent licensing

Modular procurement: separate onboard,
wayside, OCC contracts

Framework agreements with multiple
qualified suppliers

Open APIs (REST, OPC UA) for non-safety-
critical integration



Open Architecture and Interoperability Concept

OPEN ARCHITECTURE AND INTEROPERABILITY CONCEPT

Layered Architecture Showing Vendor Lock-in Points and Open Targets

LAYERS (BOTTOM — TOP) CURRENT STATE (Vendor-Spexific) TARGET STATE (Standardized / Open)

SYSTEM INTEGRATION Vendor. ntegration e} DESH ANCHITECIURE
System Management, Vendor A Vendor B Vendor C P Part 7 :
Operations, Tools, Toals & Tooks & Tooks & {7 L
Maintenance | Maitanance | | Maintensnce | | Meintenance | | ememeing LocKaM |,,r1§’5,§::,.| MULTI-VENDOR
| Propristary bnterfaces H (Low) : 9 ] PROCUREMENT
= = - - e S 4 - AND COMPETITION
APPLICATION SOFTWARE | Exopiatery ATR/ATY e
ATP/ATO Algorithms, Verdor A Vordor B Vendor €| — I INTEROPERABILITY
Supervision, Functions Algerihine Mgudtire’ Mgorithms | | L eepesT LOCH-IM (Application AND PORTABILITY
Clossd APls { Function Blocks P (HIGH) ard ’ Interface)
RS R | (EC 62250)
7 cath { FLENIBILITY AND
c;g'mmu::-cmuu Standard Protocols / Messages / Security IEC 62290 TECHNOLOGY
Data Link, Messaging E i€c 61375 | | IEC 61375 1 vec 62380 | Security T ..:'" 3 EvoLUTION
Session, Security KEY LOCK-IN mesy || owThy (Safaty) Profiles Pt
(VERY HIGH) |n1elbp¢‘rnh|e ‘ e
SRERNGE , ) REDUCED LIFE CYCLE
F'mpnaury / Custom Hardware : i Open / Commeodity Hardware 1 COST AND RESK
[=5:2:] g‘“hnn?fgiﬂm Noa-Standard Equipment ey __ COTS / Open Standards IEC 62290 |
. nboas = == Partd |
O Expmen. G, = =] g:;;e_ (< ) = E T = (Hardre | A wiousnon anp
= Competitivs Muski-Vender Supply j o e atll  FrsTeR DEPLOYMENT
1 Vesdor-Spectc/Propietay || Stadadimsd/Open (L)) LockinSevedty: High | E ) LockinSewsity: low  ---m- IEC 62290 Intertace Points
RESULT: OPEN ARCHITECTURE CBTC SYSTEM = | WENDOR A ! + | wenoorB |+ | VENDORC | + | VENDOR D = INTEROPERABLE CBTC SOLUTION

ries defines e intarface architecture for CBTC syster

to achieve interoperabiily and system opeaness.

Figure 15.3 — Layered open architecture reducing vendor lock-in at support-system level.
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5G and Next-Generation
Communication for CBTC
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From ISM-Band WLAN to 5G-R

®*  Current US CBTC uses 2.4/5 GHz WLAN — unlicensed spectrum, congestion risk, 100-500 ms
handover

®*  5G-NR URLLC: <1 ms latency, 99.999% reliability, native multi-QoS network slicing
*  FRMCS (UIC/3GPP): 5G-based successor to GSM-R; reshaping global vendor roadmaps
US has no dedicated rail spectrum — must use CBRS, private LTE, or carrier partnerships

®*  CBRS Priority Access Licenses deployed at WMATA, MTA, BART for pilot services



WILAN to 5G-R Migration Pathway

IEIIEEYE WLAN TO 5G-R MIGRATION PATHWAY

TIMEFRAME 2024
i

(YEAR)

2026 2028
P ey

2030

2032
f

2034 2036+
I 1

CHAPTER 15

\ 4

KEY MILESTONES

HYBRID TRANSITION
(2026-2032)

Run Wi-Fi and LTE in
; gradual
by-AP replacement;
K

LTE-R / 5G-R OVERLAY
(2028-2035)

®
existing CBTC radio;
cutover zone by zone.

o FULL 5G REPLACEMENT
( 0+)
New-build greenfield
systems deploy
5G natively;
no legacy radio.

ENABLING
TECHNOLOGIES

hd hd

&  Target: 2026

FRMCS STANDARD ((p)  FIRST COMMERCIAL
FINALIZATION A 5G-R CBTC
Target: 2026-2029

] | (UT))) ALLOCATION

CBRS SPECTRUM ]

Target: 2030

[

2026-20. N 2028-2030
ASSESS & PREPARE i PARALLEL OPERATION

—_— (R e g
= 5 EAJ — + (g
(802 11 ac/ax) e ey

* Site survey & RF audst
« Dual-radio capable trains

= Wi-Fi and LTE in parallel
* Gradual AP-by-AP replacement

2031-2032
/. GRADUAL MIGRATION

Q)]

| g | —» o

o APy with 5G-R radios
0 performance & coverage

5G-R

+ LTE phased out
* 5G-R as primary CBTC radio

2032+
5G-R PRIMARY = Parallel operation minimizes risk

STRATEGY SUMMARY

= Incremental CAPEX
= Leverages existing assets
RELATIVE
Low LI - -

____ DEPLOY 56 OVERLAY

2030-2032
DUAL OPERATION

sord 40,

2028-2029

5G-R bl + ()
A

Add 5G-R sites

Interwork with LTE

= Both radios carry CBTC
= Performance & reliability vakidation

2033-2034
ZOME-BY-ZOME CUTOVER

2 %e_,
5,2 — 9.8

+ Migrate lino sections
= Dacommission LTE per zone

2035+
o 5G-R PRIMARY

5G-R™

* LTE decommissioned
*  5G-R nationwide/linewide

STRATEGY SUMMARY
= Overlay reduces service risk
s Zone-by-zone cutover
= Balanced cost & risk
RELATIVE RISK
MEDIUM T )

2031-2033

2030-2031
GREENFIELD DESIGN SG-NATIVE DEPLOYMENT

2033+
COMMISSION & 0P TIMIZE

2033+
5G-R NATIVE OPERATION

S T T
2] "

* SG-R sites with skicing

* MEC edge compute af depot./wayside

5G-R native architecture
No legacy radio

« End-to-end validation
- Continuous optimization

5G-R W

* Mo legacy systems
= Built for future evolutian

STRATEGY SUMMARY
= Best for new-build projects
= Lowest lifecycle cost
* Future-ready by design

RELATIVE RISK
LOW-MEDIUM [ 0]

NETWORK SLICING
Isolates CBTE traffic with gusranteed QoS,
Iatency, and reliability.

MEC EDGE COMPUTE
Places compute at the adge for ultra-low
latency and local break-out.

W~

mmWAVE (24-40 GHz)
Defivers high capacity for dense areas
and high-throughput applications.

LEGEND

Completed
ZZZ3 In Progress
Planned/Future

Figure 15.4 — Three-phase migration: hybrid (2026-2032), LTE-R/5G-R overlay (2028-2035), full replacement (2030+).
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CBIC Technology Trend Roadmap

PROPRIETARY RADIO

E MIGRATION

5G/FRMCS

CBTC TECHNOLOGY TREND ROADMAP

>

VIRTUAL COUPLING

FIXED INFRASTRUCTURE IP BACKBONE [+ AUTONOMOUS MAINTENANCE
VENDOR-LOCKED PARTIAL OPENNESS Al REGULATION, ETCS CONVERGEMNCE DIGITAL TWIN, FULLY OPEN ARCHITECTURE
i I3 5G Ads od
((( ))) s WHILE 1 ’—;—"56' Fnu:s’_\‘;_ C/—\\) FRMCS Evotution C/\\_
; - o (Q(b 5
P = it - - il PR | T | D wemannn =
= A - | b ED == i
Warysid: 1 x 1P Notwork H Wayside H (ATP/ATO) = o | s
Equipment i Eopeipment [Core) | Equipment i it o]
Wayside Tona: rmeans | ETCS | ;
L Controlier H Leee ) |

Propristary narrowband radio {e.g., TETRA}
Fixed block or early moving block
Trackside-centric architecture

Hardwired 1/0 and serial links
Vendor-bocked systems and interfaces

Limited scalability and flexibility

» IP-based communications (Wi-Fi, LTE)

= Migration to IP backbone

* Mowing black with higher capacity

* Standard protocols emerging (e.g., IEC 61375,
IEEE 802.11)

= Partial openness and multi-vendor deployment

Cantrollar

5G/FRMCS broadband and ultra-reliable links
Cloud-based ATS [ATP/ATO) with edge nodes
AL/ML for regulation, prediction and optimization
Cybersecurity by design and zero-trust model
ETCS Lavel 2/3 convergence and interopera
Open APls and service-oriented architecture

" Digital Twin &
Simutation

"
Compute

* Virtual coupling and flexible train operations

* Fully open architecture and data portability

* Autonomous maintenance and self-healing systems

= Digital twin for planning, validation and operations

+ Intent-based operations and clased-loop optimization
* Cantinuous software delivery and lifecycle agility

= Centralized or distributed ZC options.

KEY ENABLING 1P & ETHERNET MOBILE BROADBAND CLOUD & EDGE Al & DATA OPEN & INTEROPERABLE
TECHMNOLOGIES CONVERGENCE EVOLUTION COMPUTING INTELLIGENCE ) ECOSYSTEMS.
(TRANSITION From proprietary m From rule-based ta From vendor-locked to
DRIVERS) networks to Al-driven decision
IP conmectivity suppart & satemation
TECHNOLOGY
MATURITY FOUNDATIONAL EVOLVING ? ADVANCED TRANSFORMATIVE
3-Based Train Contred  ATS = Ausomatic Train Supervision  ATP = Automatic Tesin Protection  ATO = Automatic Train Oiperation

RBC = Radio Block Centre FRMCS = Future Railway Mobile Communication System

CHAPTER 15

ETCS = European Train Control System

CBIC=C
ZC = Zone Controller

Figure 15.2 — Vendor timelines: 5G CBTC products 2027-2029, production systems by 2029-2032.
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Artificial Intelligence and Machine
Learning in Train Control
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AI/ML Application Zones in CBIC

GEIIEEE) Al/ML APPLICATION ZONES IN CBTC | CHAPTER 15 |
OUTER ZONE :

Al MATURE

Al is Tully appropriate for offlne
analytics and decision suppart.

Offline Analytics (SIL 0)

Mot in Safety Path

‘ OUTER ZONE — Al MATURE

Use Cases
«  Predictive Maintenance
Ridership Forecasting
« Incident Pastern Recognition
+  Energy Modeling & Emissions Estimation
- Metwork Simulation & What-if Analysis

EXAMPLE ALGORITHMS ‘_“‘—\_\R

- Gradien| sting Machines

upervised Leaming
Graph Analytics

WERNANCE REQUIREMENTS
Diata Quality & Linasge
Model Validation & Testing
Bias & Fair onitoring
- Cyborsocurity Controls

- Audit Trails & Logs

- o

Al ADVISORY

Optimization (SIL 0-2)
Mot in Safety Path

DATA CONTEXT

———  Historical / Operational Data
=0 Extonel Data Sources

431 MIDDLE ZONE — Al ADVISORY

Use Cases

= ATO Energy Optimization

+  Adaptive Dwell Time Adjustment
+ Schedule Regulation f Recavery
*  Passenger Load Balancing

= Headway Optimization

NO Al
Safety-Critical (SIL 4)
In Safety Path
= ATP (Automatic Train Protection)
= Mowvement Authority
= Emergency Braking

DATA CONTEXT |
| Real-time Operations Data
Contextual Inputs

(&) INNER ZONE — NO Al

Respan
= Enforce M
- Manitor Trsin Integri
«  Enforce Speed Limits
Execute Emergency Braking

- Interface with Interlocking

DATA CONTEXT

Deterministic Algorithms Only

INNER ZONE [ MIDDLE ZONE OUTER ZONE Safety-Critical Real-time Data
e Safety-Critical | ] Al Advisory Al Matune Validated & Deterministic 10
{in Safety Path) 4 (Out of Safety Path} {Qut of Safety Path) ~
l o KEY PRINCIPLE: As the function's impact on safety increases, the use of Al decreases. | Al must never introduce opacity, non-determinism, or unbounded behavior into the safety path.

Figure 15.6 — Al excels in advisory, optimization, and analytics — not SIL 4 safety-critical functions.
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Where Al Fits — and Where It Cannot (Yet)

° Predictive maintenance: Isolation forests, ° ATP braking decisions: SIL 4 — current

XGBoost, LSTMs reduce unplanned standards do not support ML models

H _9Eo,

failures 10-25% g Vision-based collision avoidance: Not yet
y Adaptive scheduling: RL in human-in-the- SIL 4 certifiable; adversarial robustness

loop advisory mode for dispatch unknown

optimization ° Autonomous cyber-defense: ML detects
y Anomaly detection: Cybersecurity anomalies; human experts must validate

(network traffic) and operational threats

degradation alerts .

Governance: NIST Al RMF 1.0 — Map,
y Energy optimization: Eco-driving profiles, Measure, Manage, Govern
regenerative braking coordination



CBTC and PTC: Convergence?
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PTC vs. CBTC Architecture Comparison
_FIGuRE 15.5 [ PTC vs. CBTC ARCHITECTURE COMPARISON

CBTC (COMMUNICATIONS-BASED TRAIN CONTROL)
REPLACES FIXED-BLOCK WITH MOVING-BLOCK CONTROL

PTC (POSITIVE TRAIN CONTROL
OVERLAY ON EXISTING FIXED-BLOCK SIGNALING

(D)) [ oo}
Sadi =

=
RADIO H | COMMUNICATION
220 MHz §777")  Event-Drive
i

[ operaTIONS
H Back Office

COMMUNICATION
Continuous
(Streaming)

i i BACK OFFICE | |
| e 1 PTC Server i
| |

GPS-Based
(Absolute)

______________

 S—

ESa'ﬂ! Logic)

n
Marrowband (On Demand)

R
{ n

¢ - y
i } i f |
H 1 1 I H |
{ WAYSIDE | | WAYSIDE “es | WAYSIDE | ZONE ZONE s ZONE
| INTERFACE UNIT | | INTERFACE UNIT t INTERFACE UNIT | CONTROLLER CONTROLLER CONTROLLER
{ (Signal Interface) | (Ssgnal Interface { {Signal Intartace) | Movement {Mavement Movemen
L | Bt sirlenkiioa =2 Authosity) A thority)

T a'tnirin T nm:x T l,:ll‘l:‘lli | ¢ T MOVING- Elml;k (CONTINUOUS TRACK DIVISION)
DYNAMIC MOVEMENT AUTHORITY (MA} — SPATIAL AND TEMPORAL OPTIMIZATION y

SAFETY NET ONLY — PREVENTS COLLISIONS AND OVERSPEED
DOES NOT CONTROL TRAIN MOVEMENTS FULL TRAIN CONTROL —MANAGES MOVEMENTS, HEADWAYS, AND CAPACITY
SAFETY + EFFICIENCY THROUGH CONTINUOUS CONTROL

ATTRIBUTE PTC (POSITIVE TRAIN CONTROL) CBTC (COMMUNICATIONS-BASED TRAIN CONTROL)
POSITIONING GPS-Based (Absolute Positioning) Odometry + Trackside Transponders (Relatiwe Positioning)
RADID TECHNOLOGY 220 MHz Marrowband Broadband (Wi-Fi / LTE)

Event-Driven (As Needed) Cantinuous (Stresming)
COMMUNICATION / UPDATE RATE Typical: 2 — 10 seconds Typical: 100 - SO0 ms
Limited Improvement Significant Impravement
HEADWAY IMPAGT Typical: 6 minutes Typical: 60 - 120 seconds
FRA (Federal Railroad Administration)} FTA (Federal Transit Administratiom)
JURISDICTION Mainline Railroads Urkan Tranadt snd: Passsngar Radl
[ LEGEND: ——  Data Flow -===  Contrel / Interface Wayside / Field Equipment g Computing / Servers @ Safety Function ]

Figure 15.5 — PTC is a fixed-block safety overlay; CBTC replaces signaling with moving-block.
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Convergence Drivers and Timeline

Shared-corridor capacity pressure: LIRR, Metro-North, Caltrain need throughput beyond fixed-
block

Vendor product consolidation: Siemens, Hitachi, Alstom modularizing PTC + CBTC portfolios

*  FRMCS radio harmonization: single broadband platform supporting both PTC and CBTC
messaging

Caltrain CBOSS failure (2010-2015): cautionary tale — never pioneer hybrid without vendor
reference

Realistic timeline: incremental 2026-2030, first production convergence 2030-2040, mature
2040+



Autonomous Rail Transit Beyond
CBIC
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Emerging Technologies on the Horizon

° Virtual Coupling (VCTS): TRL 5-6; near- ° Advanced Sensor Fusion: LiDAR,
doubling of capacity; commercial computer vision, IMUs for GoA 4 at-grade
deployment ~2035 *  Cloud-Native CBTC: Edge ATP/ATO + cloud

g GNSS-RTK Positioning: Reduces wayside ATS/analytics — cybersecurity
infrastructure cost; pilots 2028-2030 foundational

* Digital Twins: Off-line decision support, * Post-Quantum Crypto: NIST FIPS 203-205;
dispatcher training — adopt now include readiness in next-gen RFPs



What US Agencies Should Do Now

* Participate in APTA, IEEE, TRB, UIC working groups to track emerging standards

* Build internal data-engineering capacity to extract value from existing CBTC data

*  Write next-gen RFPs with open-architecture and technology-insertion clauses

* Engage with FTA Research & Demonstration Program for cost-shared pilot projects

* Reserve 2-5% of O&M budget for innovation pilots and proof-of-concept work



Key Takeaways

1. Vendor consolidation has narrowed the field to ~4 tier-1 suppliers; open-interface
standards (ICDs, escrow, open APIs) are now essential procurement requirements

1. 5G-R and FRMCS are reshaping vendor roadmaps — hybrid WLAN/5G migration is the
near-term path (2026-2032); native 5G CBTC expected in production by 2029-2032

1. Al/ML delivers high value in predictive maintenance (10-25% fewer unplanned
failures) and advisory dispatch optimization, but SIL 4 safety-critical functions remain
deterministic

1. PTC-CBTC convergence is driven by shared-corridor capacity pressure and vendor
modularization — realistic first production convergence 2030-2040

1. Virtual coupling, GNSS positioning, digital twins, and post-quantum cryptography
define the 2030-2045 technology horizon — agencies should invest in pilots and open-
architecture procurement now
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FEnd of Chapter 15

Questions & Discussion
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