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Chapter Overview

Trace 200 years of signaling evolution — from manual dispatch to digital CBTC

Understand the operational crisis facing US transit: aging infrastructure, capacity ceilings, and
reliability failures

* Define CBTC precisely using the IEEE 1474.1 standard and its three architectural pillars
Compare CBTC vs. traditional signaling across capacity, safety, and lifecycle cost

Survey the global CBTC adoption landscape and North America's position



A Brief History of Railway
Signaling
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200 Years of Train Control Evolution

Evolution of Traim Control Technologies (L828-2026)
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Figure 1.1 — From manual time-interval dispatch (1820s) to modern CBTC (2000s).
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Signaling Milestones

y 1820s-1850s: Time-interval dispatch — y 1920s-1960s: Cab signaling transmits
trains separated by time, not distance speed codes directly to the driver

g 1872: Robinson invents the track circuit g 1950s-1990s: ATC adds automatic speed
— automatic train detection via rails enforcement via onboard braking

y 1880s-1900s: Fixed-block signaling with y 1980s-present: Moving-block CBTC
color-light signals becomes standard eliminates fixed infrastructure constraints



Fixed-Block Signaling

FIXED-BLOCK SIGNALING: TRACK CIRCUIT BLOCK SYSTEM
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[ m ONLY ONE TRAIN CAN OCCUPY EACH BLOCK. ]
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SIGNAL ASPECT LEGEND DIAGRAM KEY
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Proceed with caution. Indicates next block B0 R Track
Mext block is clear, but is CAUTION.

the following block is cccupied. -~ Track circuit (detection section)
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IEITTIEEN 1YPICAL FIXED-BLOCK SIGNALING LAYOUT CHAPTER 1

Figure 1.2 — Track divided into fixed blocks; each block either occupied or clear.
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Cab Signaling: Advisory vs. Enforcement

IGEEEN COMPARISON OF CAB SIGNALING: ADVISORY VS. ENFORCEMENT

Cab signal provides guidance only
Driver controls braking manually.
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WAYSIDE SIGNALING
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Cab signal provides speed limit and enforces compliance.
Automatic braking intervenes if limit is exceeded.
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If the driver exceeds the speed limit, ATP automatically
applies the brakes to bring the train back within limits.

APPLICATION
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ENFORCEMENT
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(BRAKING)

ACTUAL SPEED
(ATP BRAKING ACTIVE)
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Mote: Speed codes follow typical metro conventions (example shown: Code 3 = 60 km/h). Implementation details vary by system.

Figure 1.3 — Evolution from driver-interpreted wayside signals to onboard speed enforcement.
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The Signaling Challenge in Urban
Rail Transit
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US Transit Signaling Crisis

100+ 30% 26-30

years tph

Age of some NYC IRT signal NYC service disruptions cause d NYC peak frequency ceiling
systems by signals (fixed-block)




The Fixed-Block Capacity Ceiling

FIXED-BLOGK GAPACITY LIMITATION DIAGRAM

The following train must stop at the end of the occupied block,

regardless of the actual position or speed of the preceding train. BLGCi END O LNE
‘Where following train
PRECEDING TRAIN ACTUAL POSITION st stog oL LN G RRAIN
OF PRECEDING TRAIN l

'
H WASTED CAPACITY ZONE
L Track space that cannot be used
’ due to full-block separation

BLOCK i-1 BLOCK i (OCCUPIED) BLOCK i+ 1 (CLEAR)
i EXAMPLE PARAMETERS
CAPACITY = Fixed-block ocperation enforces full-block separation. H Elnik :entlh z ng =
. < A . ' rain length 3 »
BUTTLENECK = The following train cannot enter Block i until the end of the block is clear, i Preceding train position into block t oS00 m
= The wasted capacity zone reduces line throughput. ' Minimum separation (fixed-block) : BOO m
i Wasted capacity : 300 m (37.5%)
POTENTIAL WITH MOVING BLOCK
g 1 POTENTIAL CLOSER SPACING
Trains can run closer together based on actual position ACTUAL POSITION based en moving block
and speed, increasing line capacity. l OF PRECEDING TRAIN {safe separation maintained) FOLLOWING TRAIN
H e ——————— 2
PRECEDING TRAIN | E g 5 :
T e e
Block Boundary i MNext Block [ Wasted Capacity Zone [ Potential Spacing with
LEGEND m Towdn HAE Treck (Stop Line) ! Boundary 1 (Unavailable) | Moving Black

Figure 1.4 — Mathematical and operational limits of fixed-block train separation.
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Modernization Economics (10-Year View)

y Status quo cost: $7.5-14 billion over 10 y CBTC investment: $400-800M per major
years (maintenance + lost revenue + line
emergency repairs) ° Annual savings: $50-100M in
° Signal maintenance spending up 40% at maintenance
H [0)
CTA, yet delays increased 25% ° Additional revenue: $200-400M/year
y Replacement parts no longer from capacity gains
manufactured; technicians fabricate .

Net 10-year cost: $400-800M vs. $7.5-

components 14B status quo



What is CBTC? Definition and Core
Principles
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IEEE 1474.1 Definition of CBTC

* "Acontinuous automatic train control system utilizing high-resolution train location
determination, independent of track circuits; continuous, high-capacity, bidirectional train-to-
wayside data communications; and trainborne and wayside processors capable of implementing
vital functions."

*  Four critical concepts: continuous operation, high-resolution positioning, bidirectional
communication, and distributed vital processing

* Not adigital upgrade to legacy signaling — a fundamental redesign of train control architecture



The Three Pillars of CBTC Architecture

* Pillar 1 — High-Resolution Train Location: Odometry + RF positioning + sensor fusion = 1-2
meter accuracy, updated dozens of times per second

* Pillar 2 — Continuous Bidirectional Communication: WiFi/LTE/5G radio link with 0.5-2 second
update cycles; MA + speed profiles sent to trains; position + status sent back

* Pillar 3 — Onboard & Wayside Vital Processing: Safety-critical logic distributed between train and
trackside (SIL 3/4); train validates commands and enforces compliance autonomously



Fixed-Block vs. Moving-Block Principle

IEETIEEN FIXED-BLOCK VS. MOVING-BLOCK PRINCIPLE

Track divided into equal blocks. Trains must be separated by at least one full block.

BLOCK 1

BLOCK 2 . BLOCK 3 BLOCK 4 BLOCK 5 BLOCK 6
; : ; 1 { - ! ]
i y : i i i
i frm———— n : i
OCCUPIED EMPTY OCCUPIED EMPTY OCCUPIED
(WASTED SPACE) {WASTED SPACE) (WASTED SPACE)
“le N B B |.[| c K Mo fixed block divisions. Each train has a dynamic safe-braking-distance (SBD) envelope that moves with it.
Trains can run closer together, increasing track utilization and capacity.
TRAIN 1

TRAIN 2 TRAIN 3

SBD ENVELOPE SBD ENVELOPE
- »

SBD ENVELOPE
Y

CAPACITY GAIN
~T70% INCREASE

FIXED BLOCK
3 trains in 6 blocks
Utilization: 50%

CAPACITY COMPARISON
(EXAMPLE)

MOVING BLOCK
3 trains in same length
Utilization: ~B5%

CHAPTER 1

FIXED-BLOCK SUMMARY

Total blocks ;6
Occupied blocks 3
utilization @ 50%
Result: Lower capacity

due to wnused block gaps.

MOVING-BLOCK SUMMARY

Traims shown : 3
Average headway : Shorter
Track utilization : ~85%

Result: Higher capacity
with reduced headways.

TYTETRR S

More trains per hour
on the same infrastructure

LEGEND

==

SBD envelope length is dynamic and depends on train speed, braking performance, adhesion, and system parameters

Block Boundary
(Fixed Block)

Train Empty Block

Safe-Braking-Distance
(Wasted Space)

(SBD) Envelope

——r—— Track i

NOTE:

o

Train ID f
Position

Figure 1.5 — Moving blocks eliminate fixed divisions; safe distance calculated dynamically per train pair.
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Movement Authority (MA) Concept
IEZIEEN MOVEMENT AUTHORITY CONCEPT

((cc g )
BEHIND TRAIN AHEAD OF TRAIN

I WAYSIDE . TTTTTm=m= -
RADIO
_ s a
Braking.Curve i : MOVEMENT AUTHORITY (MA) |
e E e » % o >
e Train Position *,

' . Limit of MA

. l -

SAFE BRAKING DISTANCE ENVELOPE iy [ .'.'. ,'.'.
Sy A P ) VP

Speed I
078 km/h End of Authority

I

[ Movement Authority (MA): Safe Braking Distance Envelope: — — — Braking Curve: Represents the ({( ))) Radio Communication:
Distance the train is authorized Distance required to safely stop theoretical braking profile for H Bidirectional communication
to travel. H from current speed. H the current conditions. between train and wayside.

Note: MA is continuously updated as the train moves.

Figure 1.6 — Each train receives an explicit MA defining how far forward it may proceed.



The ATC Triad: ATP, ATO, and ATS

ATC = ATP + ATO + ATS
G = i

TRAIN FLEET REGULATION |  PERFORMANCE
SUPERVISION MANAGEMENT e (TRAFFIC CONTROL) | MONITORING

l COMMAND

A&-ﬂll;gc ::‘E E |

TRAIN ACCELERATION BRAKING DOOR | STATION
OPERATION CONTROL H CONTROL H CONTROL i STOPPING

l COMMAND 1' FEEDBACK
Ol & o) B, -

TRAIN SAFETY | SPEED LIMIT | EMERGENCY | MOVEMENT AUTHORITY
PROTECTION ENFORCEMENT i SUPERVISION | BRAKING ENFORCEMENT

! ; COMMAND FEEDBACK — — —_ INFORMATION / DATA FLOW |
| (TOP-DOWN) (BOTTOM-UP) (VIA CBTC COMMUNICATION NETWORK) J
FIGURE 1.7 ATP / ATO / ATS TRIAD ARCHITECTURE CHAPTER 1

Figure 1.7 — Hierarchical control: ATS (strategy) — ATO (execution) = ATP (safety enforcement).



CBTC vs. Traditional Signaling: A
Paradigm Shift
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CBITC vs. Fixed-Block: Head-to-Head Comparison

Dimension Fixed-Block CBTC

Min. Headway 2-4 minutes 90 sec - 2 min

Train Location Block occupancy (£300m) Continuous (x1-2m)
Communication One-way wayside signals Bidirectional digital radio

Safety Logic Centralized wayside relays Distributed onboard + wayside
Maintenance Hardware-intensive (track circuits) Software-centric, remote diagnostics
Capacity Gain Baseline +20-40% throughput



Case Study: NYC L Line Capacity Improvement

NYC L Line Capacity Evolution (2005-2023)
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Figure 1.8 — The L Line CBTC retrofit: from 15 tph to 26 tph, a 73% capacity increase.



Lifecycle Cost Comparison

30-Year Lifecycle Cost Comparison:
Traditional vs. CBTC (50-km metro line)
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Figure 1.9 — 30-year total cost of ownership: CBTC vs. continued legacy maintenance.



Global Adoption Landscape
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Global CBTC Deployment

250+ 1,000+ 70+

lines km cities
CBTC lines in revenue service CBTC track in China alone (single Cities with operational CBTC
worldwide decade) systems



Regional CBTC Adoption

° Europe: Pioneer — Paris Line 14 (1998), ° North America: Lagging — Only NYC L
London Crossrail, Copenhagen driverless Line, SAS Ph1 in full CBTC revenue service
metro *  CTA, BART, WMATA all evaluating or

° Asia-Pacific: Growth engine — China planning CBTC
dgployed 1’000': km II:' 10 yeacr;; ° Key barrier: aging infrastructure, complex
Singapore, Seoul, Delhi expanding retrofits, funding cycles, workforce

y Middle East: Prestige infrastructure — transition

Dubai, Riyadh, Doha all GoA 4 driverless



Key Takeaways

1. Train control evolved from manual dispatch (1820s) through fixed-block signals, cab
signaling, and ATC to modern CBTC — each transition driven by tragedy, capacity
demand, or economics

1. US transit faces a signaling crisis: 50-100+ year-old infrastructure, capacity ceilings at
26-30 tph, and maintenance costs that exceed modernization investment

1. CBTC is defined by three pillars: high-resolution positioning, continuous bidirectional
communication, and distributed vital processing — enabling moving-block operation

1. CBTC delivers 20-40% capacity improvement, enhanced safety via continuous
supervision, and lower lifecycle costs through software-centric maintenance

1. Global adoption exceeds 250 lines in 70+ cities — North America must accelerate to
close the gap with Europe and Asia
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Fnd of Chapter 1

Next: Chapter 2: Standards, Regulations, and the US Framework

Questions & Discussion

Companion to Communications-Based Train Control - cbtcbook.com - © 2026 Chunjun Wang
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