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The quest for system performance in 
Singapore re-signalling project
L Y Lam FIRSE
Land Transport Authority, Singapore

The Singapore North-South-East-West Line re-signalling project is 
to replace a fixed block ATC signalling system with an advanced 
CBTC moving block system. The North-South-East-West Line 
(NSEWL) project team has taken this opportunity to look into 
areas where the advanced signalling system can improve the 
system performance. This paper gives a brief review of the legacy 
fixed block ATC system and the railway infrastructure and their 
limitations, and then describes the principles and approaches by 
which system performance improvements are realised in the new 
CBTC moving block system.    

INTRODUCTION
The existing Fixed Block Automatic Train Control (ATC) signalling 
system has been in operation since 1987. As the system is 
aging there are issues of system reliability and equipment 
obsolescence. System breakdown is much more often than in 
the past and it is also difficult to find replacement parts. The 
Singapore North-South & East-West Lines (NSEWL) Re-signalling 
Project addresses the issues of equipment obsolescence and 
system availability, as well as improving the line capacity by 
providing a shorter headway and reduced journey times.

The main scope of the Re-signalling Project comprises the 
replacement of the existing signalling system of the NSEWL 
which includes conventional Relay-based Interlocking, Automatic 
Train Protection (ATP), Automatic Train Operation (ATO) and 
Automatic Train Supervision (ATS) systems with a Communication 
Based Train Control (CBTC) moving block signalling system and 
a Computer Based Interlocking system (CBI). The Re-signalling 
Project is implemented in three stages; the first stage covers 
the North-South Line (NSL) which is scheduled to be put into 
operation in 2017, the second stage is the Tuas West Extension 
which in fact is an extension of the existing East-West Line (EWL) 
and the final stage is the existing EWL, they are scheduled to 
complete by 2018.

BRIEF DESCRIPTION OF THE LEGACy AND RE-
SIGNALLING ATC SySTEMS
The legacy ATC System
The legacy signalling system was designed based on speed code 
signalling and fixed block principles with trackside intelligence, 
in which the trackside equipment installed in each station 
oversees the trains running in its area, while the Automatic Train 
Supervision (ATS) system provides remote control and indications 
to operators at an Operation Control Centre (OCC).  In this 
signalling system the track is divided into sections known as 
blocks which are known braking distances within which trains 
are able to come to a stop safely in emergency.  The number of 
blocks taken by each train to stop under emergency depends 
on the initial speed band within which the train is travelling. At 
each block the train receives a coded signal denoting the speed 
at which the train is required to pass into the next block and 
a maximum safety speed, a figure which is determined by the 
spacing between the trains and the average gradients on the 
track which the train is experiencing.  

This system under normal operation requires two trains separated 
by at least one complete block.  There is at least one clear block 
between trains and it serves as an overlap. The block length is 

sufficiently long for a train to decelerate from the highest entry 
speed allowed in the block to the next speed band speed. There 
are three speed bands in the legacy ATC signalling system. 
They are 78, 62 and 40 km/h. A train running at speeds within 
the highest speed band requires three blocks to stop, in case of 
overspeed. In the intermediate speed band it requires two blocks 
to stop and at speeds within the lowest speed band it requires 
one block to stop. The signalling principles of this fixed block 
ATC system is shown in Figure 1. 

Determination of ATP permissible speed on block 
section
The maximum operating speeds a train can run on a section of 
track is determined by the maximum allowable Civil Speeds on 
the track section concerned. Maximum Civil Speed is derived 
from track alignment as-built design such as applied cant, cant 
deficiency, radius of curve, transition length, rate of change of 
cant of the section of track and gradient etc. 

In the legacy system, the speed bands are designed to optimise 
the block length to achieve the best possible headway of the line 
and maintain safe separation of trains. The Maximum Permissible 
ATP speed was 80 km/h but was adjusted downward by 2 km/h 
to 78 km/h due to unexpected low adhesion on the overhead 
section in Singapore after all trackside signalling installation 
works was completed. The ATP trip speed of the 78 km/h speed 
band is 84.5 km/h and maximum speed a train can reach after 
emergency brake application is 88.5 km/h. Due to limitation of 
the technology, it is not possible to provide two sets of speed 
bands, one for the overhead section and the other for the 
underground section without doubling the ATP equipment both 
on board the train and trackside. The performance of the line is 
degraded and journey times are longer. This requires more trains 
to run the service. 

The signalling Maximum Permissible ATP speed is derived 
based on the Civil Speed limit on the track minus the speed 
increase after an emergency brake application triggered by the 
on-board ATP system, due to traction runway until propulsion 
cut off and full emergency brake is applied. Due to the discrete 
nature of the speed bands the ATP permissible speed band for 
each block can only be set at one of the three designed speed 
bands. To ensure safety the ATP permissible speed band is 
rounded down to the closest speed band below the Maximum 
Permissible ATP speed. Figure 2 shows the principle of how the 
ATP permissible speed band (the blue lines) for each block is 
derived based on the Civil Speed (black line and the Maximum 
Permissible ATP Speed (red line) and the position of block 
boundaries. It can be seen that it is not easy to optimise system 
performance while maintaining safety with reference to the Civil 
Speed to make best use of the line capacity provided by the 
trackwork. 

The architecture of the replacement signalling 
system
The replacement signalling system is a radio based CBTC moving 
block system supplied by Thales Canada. Its high level system 
architecture is shown in Figure 3. It comprises the following four 
major systems.
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Figure 1 – Fixed block ATP system operating principles.

Figure 2 – Determination of ATP permissible speed (fixed block signalling).

Figure 3 – System architecture of replacement signalling system.
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• ZC – Zone Controllers;

• VOBC – Vehicle On-Board Controller;

• ATS – Automatic Train Supervision;

• DCS – Data Communication System.

Zone Controller 
The Zone Controller (ZC) is the core component of the wayside 
vital system. It comprises two systems, a train movement control 
system and an interlocking system. The train movement control 
system is called Movement Authority Unit (MAU) which is 
configured in a two out of three configuration.  The interlocking 
system is a Computer Based Interlocking (CBI) system which 
is configured in a two times two out of two system. MAU 
calculates the train protection envelope dynamically and issues 
Limit of Movement Authority (LMA) to train carried Vehicle 
On-Board Controller (VOBC) based on the information from the 
interlocking and trains reported position in its controlled area. 
It also communicates with its neighbouring MAUs to exchange 
cross boundary commands and trackside equipment status. The 
Computer Based Interlocking system manages route setting and 
prevents conflicting movement of trains. It controls trackside 
signalling equipment upon receiving commands from MAU. 
It also collects trackside equipment status and the state of 
emergency operating devices and then forwards them to MAU 
which in turn generates LMA for each train in its control territory. 

Vehicle On-Board Controller
The Vehicle On-Board Controller (VOBC) is the core of the on-
board system. It provides Automatic Train Protection (ATP) and 
Automatic Train Operation (ATO) functionalities based on the 
LMA and train control commands received from MAU through 
Wi-Fi communication between trackside Access Point and Mobile 
Radio Unit on train. 

The VOBC is a vital ATC component of the CBTC on-board 
system. Each VOBC consists of a Main Processor Unit (MPU) 
and a Peripheral Processor Unit (PPU) in a 3-car electric multiple 
unit (EMU) train. There are duplicate sets of these units in each 
VOBC connected in a two out of two configuration. Trains always 
operate as 6-car formations. Each consists of two EMUs and 
hence has 2 VOBCs installed, one at each end, in a hot-standby 
redundancy configuration to ensure a high level of availability. 
To ensure all critical status are retained during VOBC switchover 
these status are being held for a time. Timer relays are used 
to hold the command status until the takeover VOBC has 
completed its activation and is in control of the train. 

The VOBC establishes the position of the train by detecting 
transponders located on the track bed and checks against the 
data in its database. The LMA from MAU provides the reference 
point to which the train should never pass over under worst 
case conditions. It would stop at least a safety distance from any 
obstruction, be it a train or the restriction zone due to activation 
of trackside emergency stopping device or track closed by 
the system. The VOBC also ensures proper train operation in 
all operating modes and stops train at the station within the 
stopping window under automatic mode of operation.

Automatic Train Supervision System and Data 
Communication System
The Operation Control Centre (OCC) is situated in Kim Chuan 
Depot in which the Central Automatic Train Supervision System 
(ATS) servers are installed. They are configured in hot-standby 
configuration. These servers communicate with the local ATS 
servers in each zone to provide overall system-wide and across 
zone boundaries functions. The Data Communication System 

provides the communication infrastructure for ATS, zone 
controller, VOBC and trackside radio network as well as external 
interfacing systems through which control orders, messages and 
indications are conveyed. 

BASIC ELEMENTS GOVERNING THE HEADWAy
The following elements play a part in determination of headway.

• Technology;
• System Design;
• Traction power (acceleration);
• Line speed;
• Brake rate (emergency and service brakes);
• Dwell time;
• Crossover track design;
• Overlap (safety margin) and System tolerances;
• Train length;
• System response times.

Technology 
The replacement ATC system is a communication based moving 
block system. It ensures safe train separation by applying the 
appropriate safety distances between trains. This allows trains to 
be driven as close to each other as the physical characteristics 
of the system permitted. It achieves it through continuously 
monitoring the position of each train and the state of all trackside 
elements (signal, points, emergency stop plungers/switches, 
civil blast doors, protection key switches, track circuits, track 
circuit interrupter, platform screen door etc.) received by the 
MAU and PMI. Based on this information and train parameters 
the MAU determines the limit of movement authority for each 
train and each train gets an update in every second. This brings 
an improvement in headway in the order of 20 seconds on plain 
track when compared with the legacy fixed block ATC system.  

System design - VOBC head-tail redundancy 
There are two VOBCs on each train, one at each end. In normal 
operation one VOBC is active and the other end VOBC is 
passive. The passive one has no control of the train and the 
active one is not necessarily the one at the front end of the train. 
To improve availability of on-board ATC system, the system is 
designed with an automatic seamless switchover between the 
two on-board VOBCs.  Switchover is only taking place under two 
scenarios. It does so when 

1) The active VOBC fails to perform its ATC control functions or 
2) At terminal stations as a way of verifying the healthiness state 

of the passive VOBC to reduce the chance of VOBC failing to 
takeover on demand. 

The requirement of automatic seamless VOBC switchover is 
implemented in such a way that it will not cause any service 
disruption even when the train is on the move between stations. 
To ensure seamless VOBC switchover the Emergency Brake (EB) 
command status is held during the switchover until the other end 
VOBC has fully taken over. A timer relay of 0.5 second is used 
to hold the status of this critical command. Figure 4 shows the 
connection of the EB Relay (EBR) at two ends of the train. 

Holding the EBR while the VOBC is switching over extends the 
propulsion cut-off time. This in turn extends braking distance and 
lowers the ATP permissible speeds. A longer distance required 
to stop a train after an emergency brake application means a 
longer separation distance between trains. This means a longer 
headway. In addition, the lower ATP permissible speed extends 
the journey time. This requires more trains to run the same 
headway service. Figure 5 shows the Safety Braking Model of 
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During site testing it was identified that the time of 0.5 second 
allowed for VOBC switchover is not sufficient long for the other 
VOBC to fully take over the control. It is necessary to extend 
the time to 0.89 second, which implies that the timer relay has 
to be replaced with one of a longer delay time. This means 
that the braking distance will be even longer and the ATP 
permissible speed is lowered further as well. It degrades the 
system performance even further. Figure 6 shows the impact of 
extending the EBR delay time to system performance. This is 
highly undesirable.
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Figure 4 – Head-tail emergency brake relay connection.

Figure 5 – Impact on ATP permissible speed and braking distance.

Figure 6 – Impact of extending the EB timer time on system performance.
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In order to retain the seamless VOBC switchover and minimise 

the impact on system performance there are three options to 
be considered as given below. However, the project team only 
considered the first two options in view of the project timeline 
during the execution of the project. The third option is an 
alternative way to achieve a high level of availability with the best 
system performance in terms of headway, line speeds and system 
reliability.

1. Through hardware modification.
2. Software modification.
3. Replace the system with a two out of three system.

Hardware modification
The proposed hardware modification is to remove traction 
control directly at the time EB is triggered by VOBC. This 
shortens the time delay due to delay of multiple relays which are 
in the circuit chain to turn off the traction power. In this way it 
reduces the propulsion runaway time and the train starts coasting 
after traction is removed. 

The EBR timer used remains as 0.89 second to ensure sufficient 
time for VOBC to fully switchover. The hardware modification 
extends the coasting time by the amount of 0.89 second plus 
relay release times and minus the traction runaway time. By 
doing this the speed it reaches after propulsion runaway is 
lower. This improves the system performance significantly both 
in terms of ATP permissible speed and the maximum speed 
the train can reach after propulsion runaway compared with the 
original design. Figure 7 shows the change to the Traction Cut-
off circuit to reduce the propulsion runaway time and Figure 8 
demonstrates the speed profile after EB application. It can be 
seen that it still cannot reach the same performance as that 
without any time delay.

This solution requires modification of rolling stock circuit. In view 
of the number of different train types in the fleet, the size of the 
fleet (141 trains) and circuit variations in different train types this 
option was dropped.

Software modification
The software solution is to let EB apply during the period of 
VOBC switchover and then reset the EBR immediately after 
switchover is completed. The taking over VOBC after it is in 

full control of the train it will check any genuine EB application 
conditions still applied, such as trainline broken, emergency 
stop device/s at station/train is/are operated, closed track (this 
function is to stop train running in the track concerned in control 
mode) is within LMA section of track, etc. If any of these exist, 
EB application will retain and will be in force by the taken over 
VOBC, otherwise VOBC will energise the Zero Velocity Relay. This 
action is to simulate one of the EB reset conditions that the train 
has to come to a complete stop before EB can be released to 
fake the system.

In this software solution there will be a time EB is still applied 
until VOBC switchover and EB reset is completed. There is 
a speed dip in this solution for about 0.6 to 0.7 second. The 
degree of speed dip depends on the difference between EB 
application plus EB reset times and propulsion cut-off time. 

This solution is entirely under the control of the contractor and 
the project team. The degree of modification is relative simpler 
compared with hardware modification and the software can 
apply to all different train types and can be implemented by 
simply downloading the software through an automatic software 
download to trains when they are entering a depot. This option 
was chosen as the final solution.
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Figure 8 – Propulsion cut-off immediately after EB application.

Figure 7 – Traction cut-off circuit.
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Replace the system with a two-out-of-three System 
This option is not considered but worth to have a look into the 
merit it can bring about. The VOBC on each cab is configured in 
a two out of two (2oo2) configuration. Switching over between 
these two VOBC requires a finite time. This always degrades 
the system performance even though the extent may be small. 
There is another option to remove the need to switch over 
between VOBCs. This can be realized by employing a two out 
of three system configuration. In this configuration one unit fails 
to function does not shut the system down as long as there are 
two units which can function correctly and in synchronization. The 
only drawback of this solution is that it cannot meet the project 
time schedule. It also needs further development work to get 
rid of single point of failure of proximity sensor, transponder 
interrogation detector and tachometer. 

This solution removes the requirement of VOBC switchover 
and the design that requires to keep the train door and platform 
screen door status quo when switchover has taken place. In term 
of reliability, a two out of three system offers a higher reliability 
than a two times two out of two system configuration by R(1 - R)2. 
Where R is the reliability of each constituent VOBC unit, i.e. MPU 
plus PPU, in a two out of two system.

Combination of option (1) with (2) and (3)
All three options can be implemented independently. However, it 
is always possible to combine hardware modification with either 
option 2 or 3. This will reduce the propulsion runaway time, albeit 
a small improvement.   

Traction power (train acceleration)
Figure 9 shows the Tractive Effort Speed curve of a typical 
train traction motor. At the initial low speed stage the torque 
supplied by the motor needs to be limited so as not to exceed 
the adhesion limits and it also needs to limit the current surge 
to avoid any damage to electrical equipment. It is controlled to 

Figure 7 – Traction cut-off circuit.
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Figure 9 – Tractive effort vs speed curve.

Figure 10 – Determination of ATP permissible speed (CBTC).
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provide maximum possible torque without exceeding the current 
limits or adhesion limits in the wheel-rail contact. In this region 
the motor-developed torque is proportional to the armature 
current when the field current is held constant. The acceleration 
is held constant until the motor reaches the constant torque 
hyperbola region. The tractive effort then reduces with increasing 
speed and the motor naturally stops accelerating when the load 
and frictional force, gravitational force, etc. (load torque) is equal 
to the torque produced by the motors. It is noticed that at high 
speed the tractive effort is much lower than at low speed. As the 
speed reached after propulsion runaway depends on the level 
of acceleration, the higher the acceleration the higher the speed 
the train will reach before full EB is established. In the initial 
stage of design the contractor calculated the worst case design 
conditions from 5 to 80 km/h and came up with the proposal to 
set the maximum command ATP speed to be 10 km/h below the 
civil speed.  

The project team saw an opportunity to improve the system 
performance when a train is running at high speed with lower 
acceleration rate. The contractor was requested to do an analysis 
on the runaway speed a train can reach after an EB command is 
issued at various speeds and the results indicate that at speeds 
higher than 50 km/h at level gradient the propulsion runaway 
speed increase is 8 km/h or less. 

After analysis the maximum commanded speed is obtained by 
reducing the civil speed by 8 km/h if the gradient is greater or 
equal to 0% above a certain speed. If the gradient is less than 
0% (downhill), the maximum commanded speed is obtained by 
reducing the civil speed by 10 km/h as it was originally proposed 
by the contractor. This increases the overall line speeds of the 
line. This could not have been achieved in a fixed block ATC 
system due to the limitation of speed bands which are in steps 
and cannot be continuous as in a moving block system.

The legacy system works on discrete speed bands and the 
Maximum Permissible ATP speed is rounded down to the closest 
speed band speed. The trackwork design on straight section 
allows train to operate at speed higher than 100 km/h. The 
rolling stock is designed for train running at speed up to 90 km/h. 
Unfortunate, LTA alignment drawings only provides cant, radius 
of curve, length of section of track, gradient and chainage etc. 
but do not include Maximum Safe Speeds for each section 
of track. To make best use of the infrastructure and reduce 
journey times, hence the number of trains require for service, an 
external consultant was employed to undertake an assessment 
on track alignment to determine the maximum speed limits of 
each section of track. The Maximum Permissible ATP speeds on 
each section of track is then derived based on the results of the 
maximum propulsion runaway speeds from the study described 
above. Figure 10 depicts the principle of deriving the Maximum 
Permissible ATP from civil speeds. 
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Figure 11 – Crossover with fouling point within its own track. The layout allows 
early release of point in rear.

Interlocking modification at critical turnback 
crossovers
At terminal stations or turnback sidings with a long crossover of 
radius 500 metres or above track circuits are designed in such 
a way that the fouling point is within its own track circuit and is 
clear of all other track circuits on the crossover. This allows early 
clearance for other routes to set. Points in these crossovers are 
converted/designed to single ended control and single ended 
detection instead of normally paired point design requiring point 
flank protection in conventional interlocking design. In Figure 11 
the Fouling Points (FP) are indicated at locations marked FP. 
When a train, for example, uses route S26(2) through points 210 
and 211 reverse (right) after clearing the centre track S508T, 
S26(1) route using point S210 normal (left) is allowed to set. In 
CBTC system trains are stopped at least a safety distance from an 
obstruction, be it a train, a signal at red or an area protected by a 
safety device after it is being operated. It is considered safe with 
no provision of flank protection in this application. By doing this 
modification headway is improved by about six seconds.

Brake rates
Braking distance depends on brake rates. Normally various 
service brake rates are used to regulate train speeds and a 
constant station brake rate is used for station braking. When train 
speed exceeds the maximum permissible ATP speed on a section 
of track the emergency brake will be applied by the ATP system 
automatically. For trains running on NSEWL the service brake 
rate is lower than emergency brake rate in the tunnel section. 
However, on the overhead section, the emergency brake rate is 
lower due to lower adhesion between wheel and rail when the 
rail is wet, in particularly under torrential downpour of rain.

The train used on NSEWL has a nominal service deceleration 
rate of 1.0 m/s2.  To provide a degree of regulation the VOBC 
will command a constant service brake rate of 0.8 m/s2 with 
gradient compensation. The worst case emergency brake rate 
for overhead section is 0.66m/s2 and for that in tunnel section 
is 0.97 m/s2. As the EB rate in overhead section is lower than 

the service brake rate the system performance is poorer on the 
overhead section. Emergency brake rate tests were performed 
on the test track at Bishan Depot. However, the results proved 
that it is indeed very low and no improved figure can be used. 
Figure 12 shows the impact of lower EB rate based on the Safety 
Braking Model (SBM) on the station braking profile if the position 
of the movement obstruction, such as train ahead, is the same 
as the tunnel section applied. Train has to follow the ATP control 
speeds as it approaches the station (A-B) and then obey the more 
restrictive overhead SBM curve (B-C) to ensure the EB stopping 
point will not be passed even in low adhesion conditions. The 
final speed reduction to the station stopping point can use the 
full service brake (C-D) as the station stopping point is before the 
EB stopping point. As far as headway is concerned this means 
that trains have to be further apart on the overhead section to 
give the same station braking profile as in the tunnel section. 

Factors that cannot be controlled in this project
Some of the factors that contribute to the system performance 
listed above cannot be controlled under this project. They are 
either civil related or rolling stock related or determined by 
operator based on passenger demand and cannot be easily 
changed without major civil or rolling stock modification works. 
They are 

• Running speeds at crossovers;

• Overlap at terminal/turnback stations;

• Emergency brake rate;

• Train length;

• Rolling stock traction cut-off time;

• Dwell times.

These factors should be addressed to best use the infrastructure 
when the railway is first built or when buying new rolling stock or 
building an extension of the existing railway lines. 
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Figure 12 – Impact of running profile on overhead section.

CONCLUSION
When replacing a signalling system, apart from addressing the 
deficiencies of the legacy system and the advantages that will 
bring about by acquiring a more technologically advanced 
system, opportunities always exist to further enhance the system 
performance that are not normally realised in the new system 
core design. For the Singapore North-South & East-West Lines 
Resignalling Project the project team listed out the factors that 
have a bearing on system performance. Each factor was gone 

through to explore any opportunities to improve the system 
performance further. This systematic examination of each factor 
brought about a series of improvement initiatives. Some of the 
initiatives are novel, some are copied from other projects and 
some arose because of problems due to design errors made 
during the course of the project and forced the team to think of a 
better solution. It is worth doing the exercise. The improvement 
work done reduces the headway as well as the journey time. 

Top left, platform installation showing trackside antenna (AP).
Top right, underframe antenna installation.
Above, depot installation with trains on jacks.
Right, train-carried equipment under test. 
Photos LY Lam.




