|RSE//

Telecommunications

Helsinki Metro's cellular network pilot project
— results and observations

This article shares the results of

a cellular pilot project that was
deployed by Helsinki's Metropolitan
Area Transport Ltd (City Transport),
with the technical assurance
support of WSP’s Communications
and 5G Connectivity experts,

to inform on the suitability of
cellular-based communication
subsystems for train control and
other metro systems applications.

Communications-Based Train Control
(CBTC) and the European Train Control
System (ETCS) are recognised in the
railway sector as train control systems.
A typical ETCS architecture is supported
by a radio cellular communication
subsystem, the Global System for Mobile
Communications-Railway (GSM-R),

Jere Pulkkinen, Dimitris Kaltakis
and Giuseppe Russo

which will be replaced in the near
future by the Future Railway Mobile
Communication System (FRMCS).

CBTC has been widely adopted in
recent years on metros and other urban
railway services and is the recognised
concept for mass transit state-of-the-
art technology.

Although the performance and
functional requirements for a CBTC
system are established within an IEEE
standard (IEEE1474.1-2004), there

is currently no independent CBTC
standardisation defining functional
requirements for interoperability
between different suppliers’ CBTC
systems or with ETCS standards (see
'‘CBTC Interoperability in IRSE News,
July/August 2020, irse.info/irsenews268).

From a radio communications point

of view, a typical CBTC architecture
comprises a train to wayside
communication subsystem, many based
on Wi-Fi, with some early deployments
of cellular-based communication
subsystems. There are also several
studies which tackle the Bearer
Independence Concept (BIC) for rail
where the train application selects the
appropriate bearer depending on the use
case and performance requirements.

It is also widely recognised across

the rail and telecoms communities

that a new generation of railway radio
telecom systems is required to address
the demand for new digital services
across a wide range of railway users and
application use cases.

>>>

Opened in 1982, Helsinki Metro is currently 43km long and
saw an annual ridership in excess of 92 million in 2019.
Photo Shutterstock/Midefons.
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Helsinki Metro

capacity upgrade

City Transport is in the process of
implementing a programme to increase
Helsinki Metro’s capacity and reliability.
There are also several systems in use

in the metro, including the existing trip
stop system, that are approaching or are
already at the end of their lifecycle.

As part of the capacity upgrade
programme of works, the existing trip
stop system will be replaced with a new
continuous Train Control System (TCS)
which will enable shorter headways
and increase the safety level of

metro operations.

Figure 1 shows the new (blue) systems
that are to be deployed as part of this
programme and the existing (red)
systems that will be integrated into
the new TCS. This is expected to use
packet-based data transmission of train
control information, and it requires the
building of a new radio network for
data transmission between the train
and wayside equipment. It is also the
intention of City Transport to use the
radio network in the future to fulfil the
business, performance, and critical
requirements of a diverse range of
users and systems.

Figure 1 — Train Control System overview.
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Cellular pilot deployment

City Transport deployed a new cellular
communication network to test 4G

and 5G network performance and its
suitability for Automatic Train Control
(ATC) and other metro systems
requirements. This pilot deployment
delivered 4G and 5G coverage to one
of the Helsinki Metro's depot test-tracks
and its associated tunnel. The chosen
location offered a good combination of
open-track sections and tunnel section
representative of the Helsinki Metro
network environment. There were two
independent networks present, one on
private spectrum (single frequency band)
and another on the Mobile Network
Operator's (MNO'’s) public bands.

Trackside infrastructure

The trackside radio
infrastructure incorporates:

» Two overlapping networks (one
private 2300MHz and one public
3500MHz) covering the metro
depot test tracks and its associated
tunnel (Figure 2).

e Various antenna deployments
including radiating cable deployment
for the private network. Rooftop sites
(positions 8 and 9) provided extra
redundancy and the ability to test
additional handover scenarios (when
communication from the radiating

cable must be handed over to a
macro site). In-tunnel directional
antennas provided an infill solution
for the public network and existing
MNO's macro sites in the area.

» Various radiating cable topologies
and connection methods (e.g.
different sides of the track, or tunnel
wall fixing locations), as well as
various radiating cable transition
scenarios (e.g. height change or
track side change).

» Various dedicated Base Band Units
(BBU) and Remote Radio Units (RRU)
feeding respectively the radiating
cables for the private network
(positions 1, 4, 6 and 7) and the
antennas for the public network
(positions 1, 2, 3, 4 and 5). This is
illustrated in Table 1.

The test track consisted of 800m of
open track and 600m of tunnel. This
deployment provided additional benefits
when evaluating the suitability of the
technology as it enabled the testing

of high availability arrangements, the
density of the deployment, and the
performance of several installation
methods, as well as the evaluation of
potential fault scenarios.

Train equipment

The train installations included two
dedicated routers for the private
network, each connected to two
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Figure 2 — Simplified track layout of test track and

locations of radio system units.

Remote position 8

Depot area

4G LTE anchor
2300MHz
3500MHz

Remote position 3
4G LTE anchor
3500MHz

Remote position 5
4G LTE anchor
3500MHz

Remote position 6
2300MHz

Remote position 9

Remote position 7 2300MHz
2300MHz
Table 1 — Equipment installed in each location.
Technology and band 1 2 3 4 5 6 7 8 9
5G NR 3500 MHz (5G NSA) X X X
4G LTE Anchor X X X X X
4G LTE 2300 MHz X X X X X X
5G NR 2300 MHz (5G SA) X X X X X X

Figure 3 — Onboard architecture.
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undercarriage antennas and a third
independent router for the public
network connected to four rooftop
antennas. The routers presented an
ethernet interface for connection
to the on-board train systems and
the test system. This deployment is
illustrated in Figure 3.

Due to technical limitations of the
routers, it was not possible to set them
up in an active/hot standby configuration

Private router’s
antennas
on each side of
the underframe

which would be more reflective of the
actual intended end-system.

Regardless, this deployment enabled

the testing of high availability train
arrangements (via individual router

test result correlation) and a basis

for ongoing evaluation of the train
antenna positions. Finally, the ethernet
interface provided a standard IP interface
that was used as an input for the

various test streams.

Integration with mobile core and
end-to-end connectivity

The core architecture implemented a
resilient backhaul into the MNO's core.
For resilience, the end connection
was presented via two private Access
Point Name (APN) servers providing the
gateway between the mobile network
and the metro’s Local Area Network
(MetroLAN). This architecture enabled
the testing of a private interface to

>>>
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Figure 4 — Logical architecture for the pilot. The MNO provided both the private and public networks.
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the testing system as well as testing
the capability of the network to carry
existing metro systems’ traffic.

The end-to-end connectivity is
illustrated in Figure 4. In this diagram

the green components represent the
radio network, and the red components
represent any application/system that
uses standardised interfaces, showcasing
the flexibility of the deployment.

This architecture provided standardised
interfaces for connection into external
systems and is representative of the
architecture of modern and standardised
radio communication networks

that can be used for track-to-train
communications. In this concept the
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radio communication network is seen as
a bearer independent ‘black box’ by the
application responsible for sending and
receiving the packets.

In this pilot, the red components were
the testing equipment that generated
and captured the data streams for
further evaluation. This is discussed in
more detail later.

Testing
The objective of the testing was to:

* Measure all desirable performance
indicators that can inform on the
suitability of the cellular networks
to support existing and future
applications (Table 2).

Radio

e Measure the performance of the
radio environment in normal
and failure (degraded service)
modes and confirm suitability of
the antenna and radiating cable
specification and location.

o Confirm functionality of existing
on-board systems over the
cellular network.

The performance tests were executed
against performance indicators

which had been agreed with City
Transport. These were derived from
Metro/urban rail user and system
requirements documentation developed
by collaboration programmes such

as Shift2Rail, via engagement with
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Table 2 — Data communication requirements per application stream.

Download Upload Maximum Jitter Packet Maximum Maximum
minimum minimum latency ms loss ratio message/ connection
data rate data rate (one way) % comms setup time
Mbps Mbps ms timeout seconds
seconds
ATC 0.2 0.2 100 N/A 0.1 3 5
Critical CCTV? 0.2 10 100 30 0.1 1 1
Train diagnostics 0.5 0.5 150 N/A 0.5 1 3
Location tracking? <0.1 <0.1 100 N/A 0.1 1 5
Passenger <0.1 <0.1 500 N/A 0.5 3 5
counting system
Train network 0.2 0.2 300 N/A 1 5 5
management
Train commercial 2 0.2 500 N/A 0.5 3 3
displays
Public Wi-Fi3 250 25 300 30 1 1 3
VolP4 0.15 0.15 100 20 0.1 1 1

1. Per camera. Assumed to be used for operationally critical video for GOA 4 in the future.
2. Assumed to be used for accurate positioning tracking.

3. Per train.

4. Assumed to be used for operationally critical voice in the future.

Figure 5 — Example test runs.

the industry/system suppliers and
previous experience with similar
systems/use cases.

Testing architecture and strategy

A measurement test server provided the
endpoint for the UDP (User Datagram
Protocol) and TCP (Transmission
Control Protocol) data streams that

were simulating the various applications.

The iPerf tool was used to generate
and measure this network traffic to
and from the test server. In addition to
those streams, capacity tests were also
executed using TCP.

During capacity testing the test stream
was configured to use all the available
bandwidth. In addition, network

flows were measured at both ends
with passive network monitoring
probes which provided the network
performance indicators for Uplink (UL)
and Downlink (DL) directions. It should
be noted that traffic prioritisation was
not implemented during the tests.

Each test was executed across one test
run package, where a test run package
is defined as a combination of four

different test runs over the entire length
of the test track (approximately 1400m).

An example test run package is shown
in Figure 5, and this shows a sequence
of test runs between the test track end
points A and G.

Overall, more than 140 testing scenarios
were executed over 60 test run
packages. The tests were rationalised
into thirteen groups which were based
upon operational and failure scenarios.

>>>
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Test results

Private network (LTE)
Normal mode

Normal mode is the situation where all
the radio units which were connected to
the radiating cable (positions 1, 4, 6 and
7 in Figure 2) were online.

Quality of coverage

The ranges for the definitions of radio
coverage parameters are shown in
Tables 3 and 4. Table 5 shows the
average values recorded along the test
track and across one test run package
for each router individually as well

as their combined results. RSRP is
Reference Signal Received Power and
RSRQ is Reference Signal Received
Quality. It should be noted that due to
router limitations it was not possible to
test them in active/hot standby mode
and as such the combined view provides
a worst-case scenario.

Overall signal levels and quality

were excellent along the track. The
train-borne south router experienced
slightly worse signal levels due to its
antenna’s location with respect to the
radiating cable.

Performance metrics

Table 6 shows the average and
maximum capacity as well as the
latency in both downlink and uplink
across one test run package. Results are
presented for each router individually
and also when the results from

both are combined.

The private network can comfortably
and consistently fulfil the requirements
for ATC and critical voice
communication as shown in Table 7.
Due to uplink capacity limitations

the critical CCTV stream failed its
performance criteria.

The VolIP stream failed its performance
criteria in one specific location and
only for one of the two routers, namely
between remote positions 6 and 7
where the radiating cable changes track
sides and there is a long coaxial cable
run under the track connecting each
side. This was an expected result that
should be considered when deploying
the complete radiating cable system. It

Table 3 — RSRP metric definitions.

also must be noted that if the routers
were supporting active/hot stand-by
configuration then this failure would

not materialise as it is indicated in the
combined view row.

The CCTV stream failed all its
performance criteria with the exception
of bandwidth during these tests. The
reason for these failures was that the
uplink capacity of the system had been
reached due to the use of duplicated
CCTV streams for each of the routers
during the test run package. It should be
noted that the CCTV stream was using
very stringent performance criteria most
suited for GOA 4 operation.

Two-train tests

Dual train runs were also conducted

to test the perturbation of the radio
environment under different operational
scenarios where two trains run in parallel
(either the same or different directions).

It was observed that in all scenarios
there was no difference in the radio
communications when compared to a
single train run package, so compliance
was the same as that presented in

Table 7. There was only one exception
in the open track where there was
some abnormal handover behaviour
that caused a brief spike in latency to
around 500ms for the routers closest to
the radiating cable. This issue could be
attributed to the multipath environment
being created by the second train
running in parallel and in the same
direction while the radiating cable lies
between the trains. This is a typical
scenario that system optimisation during
system acceptance would be expected
to resolve the problem.

Radio communication handover
between the radiating cable system
and the rooftop macro sites also
performed as expected during the
dual train running.

Degraded mode

The degraded mode tests took the

form of perturbed radio conditions that
simulated the failure of radio locations
within the tunnel and open track areas.
The aim was to get an understanding of
the radio design principles and to test
the density of the pilot’s cell deployment.

These observations could inform a future
system deployment.

The main observations were that there
was degradation of latency in the
coverage area of radio positions 1, 6 and
7 when these were switched off. Most
of the service degradation was observed
in areas where changes in radiating
cable topology (for example, changing
positions/heights) were occurring. Uplink
was affected in areas where changes in
radiating cable topology were occurring
but there was limited effect on the
downlink performance. Due to the
private nature of the network, lack of
external interference caused the system
to perform better than expected in low
signal situations. The two rooftop sites
were able to provide good coverage
and good handovers to the open track
area when the radiating cable radio
units in the same area were off. For
maximum redundancy the radio design
should avoid designing private network
cell edge areas at the same location

as public network cell edge areas, and
by overlapping the network design,

the reliability of the dual layer network
could be maximised.

The public network could be used to
fulfil the role of the back-up network for
the ATC traffic in all areas where private
network degradation was observed.
Compliance against the agreed
performance targets is shown in Table 8.

There was just one instance of a delay
spike (124 ms roundtrip delay) and

long connection establishment time
(4.7 per cent higher than tolerance)
within the tunnel at the handover area
of radio positions 3 and 4. However, in
the dual layer view, this specific position
does not represent a problem as the
private band can adequately provide a
service during the degraded mode.

Public Network 5G
Non-Standalone (NSA)

Normal mode

Normal mode is the situation where all
the public network radio units within
the tunnel (positions 1, 2, 3, 4 and 5 in
Figure 2) and the MNO's macro layer
around the depot area were online.

Table 4 — RSRQ metric definitions.

RSRP Signal strength metric RSRQ Signal quality metric

>=-80dBm Excellent >=-10dB Excellent

-80dBm to -90dBm Good -10dB to -15dB Good

-90dBm to -100dBm Fair to poor -15dB to -20dB Fair to poor

<= -100dBm Cell edge/No coverage <= -20dB Very poor/No coverage
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Table 5 — Radio coverage average values (private band).

Table 6 — Uplink/Downlink capacity and latency (private band).

North router North router | South router | Both routers
RSRP (average) -77.3dBm Excellent ErEEs) Erees) | CEEEgc)
RSRQ (average) 92 4B Excellent DL capacity 30.2Mbps 28.3Mbps 55.9Mbps
South router UL capacity 4.1Mbps 4.0Mbps 8.4Mbps
RSRP (average) -81.7dBm Good TCP delay 42ms 46ms 44ms
RSRQ (average) -9.5dB Excellent

Both routers

RSRP (average) -79.5dBm Excellent

RSRQ (average) -94 dB Excellent

Table 7 — Performance indicator results and compliance table (private band).

DL data
rate
Mbps

rate

North router

UL data

Mbps

Packet
loss ratio

Jitter

Maximum
latency

Maximum
connection
setup time

Maximum
message/
comms
timeout

Availability

ATC 0.21 0.21 | N/A | | v |
VolP 0.15 0.15 | | | M
Train CCTV 0.20 10.00
South router

ATC 0.21 0.21 | N/A V] | | |
VolP 0.15 0.15 M | M v M M
Train CCTV 0.20 10.00 N/A ]
North and south routers combined view

ATC 0.21 0.21 | N/A | 4| v |
VolP 0.15 0.15 | | | 4 | |
Train CCTV 0.20 10.00 N/A

Table 8 — Performance indicator results and compliance table (public band).

DL data

rate rate

Mbps

ATC 0.21 0.21

UL data

Mbps

Packet
loss ratio

Maximum Jitter

latency

N/A

Maximum
connection
setup time

Maximum
message/
comms
timeout

M M

Availability

VolP 0.15 0.15

M M
M M M

M
M M

Quality of coverage

The radio signal coverage tests showed
that the signal level and signal quality
was at an overall excellent level in the
public bands. Average values recorded
along the test track and across one test
run package met the 'Excellent’ metric
with an average RSRP of -60.8dBm and
an average RSRQ of -8.7dB.

Regardless of these results there were
two locations which experienced worse
signal conditions compared to the rest.

The first location was within the

tunnel and within the handover area
between radio positions 3 and 4.
Handover optimisation in this area could
resolve the issue.

The second location was on the open
track at the front of the metro depot
where the track was curving, and which
was covered by the MNO's macro sites.
There could be a number of reasons
for this including surrounding buildings
shadowing the location and the terrain
topography around the depot.

Performance metrics

Across one test run package the uplink
and downlink capacities were measured
as a DL average capacity of 65.8Mbps
and peak of 153.1Mbps, with the uplink
capacity average being 69.8Mbps and
peak 143.8Mbps.

The network’s capacity was sufficient

to serve all data streams being tested

with the exception of the public Wi-Fi

data stream which was not able to

achieve its maximum set capacity, with

an average DL throughput of 86.4Mbps
>>>
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against a target of 250Mbps. It is noted
that maximum capacity results have
been affected by the number of hops
between depot’s local area network
and the Mobile Network Operator’s
core. Troubleshooting during the

tests revealed that by optimising the
end-to-end connectivity a 300 per cent
increase in capacity could be achieved.
Table 9 provides an overview of whether
the tests met their performance criteria.

The maximum connection setup

time for the CCTV stream failed by
approximately 7 per cent at the handover
areas mentioned before, only when the
Wi-Fi stream (which was consuming

the entire bandwidth) is also present. It
should again be noted that there was

no priority setting for the data streams
and that the CCTV stream was using
very stringent performance criteria most
suited for GOA 4 operation. Taking these
into consideration it was concluded

that the public network can meet the
current CCTV requirements. If the CCTV
stream is to be used for safety critical
applications, then prioritisation needs

to be implemented into the network

or careful consideration given to

the radio design.

The Wi-Fi service is a best effort
service for metro passengers and
failing its maximum throughput target
was not considered a critical failure.
The Wi-Fi stream can potentially
achieve its target if the end-to-end
connectivity is optimised.

Taking all this into consideration, it was
concluded that the public band was
sufficient to serve all data streams that
were simulating the different metro
applications. Results could be further
improved if radio parameters such as
handover thresholds and overlap zones
are properly fine-tuned.

Two-train tests

Dual train runs were also conducted

to test the perturbation of the radio
environment under different operational
scenarios where two trains run in parallel
(either the same or opposite directions).

It was observed that in all scenarios
there was no difference to the radio
communications when compared to a
single train run package, so compliance
was the same as shown in Table 9. There
was only one exception in the open
track, this was when the second train
was physically obstructing the line of
sight from radio position 5 at the start of
the tunnel, causing a brief interruption
to the radio communication. This

can be attributed to the low antenna
height at the end of the tunnel, as was

10

highlighted within the pilot's assurance
team iBwave simulations of the tunnel
environment. Optimisation of the
antenna position needs to be taken into
consideration during the design stage of
similar systems.

Degraded mode

The degraded mode tests took the
form of perturbed radio conditions
that simulated the failure of radio
locations within the tunnel only. The
aim was to get an understanding of the
radio design principles and to test the
density of the pilot's cell deployment.
These observations can inform a future
system deployment.

Due to the cell density, there were no
issues experienced in the tunnel other
than the longer than normal delay
around the handover area between
positions 3 and 4. This area was also
showing longer than average delays
during the normal mode tests. This was
more noticeable when either positions
3 or 4 were off. This could be attributed
to the geometry of the track, the size of
the tunnel, and the relevant positions of
the directional antennas providing the
coverage in this area, which are lower
than antennas on the roof of the train.
This is a clear example of a location
where proper pre-installation radio
design could avoid this issue.

Signal quality and signal levels were
good to excellent throughout the tunnel
during all degraded mode scenarios,
which reveals that the radio design could
be rationalised (less density but better
located cells).

There was degraded signal quality in the
open track area when the last tunnel
radio (position 5) was off. This resulted in
one occurrence of longer than average
packet delay. The radio design should
consider whether sufficient coverage is
provided for handover between tunnel
and macro layers.

For maximum redundancy, the radio
design should avoid designing public
network cell edge areas at the same
location as private network cell edge
areas. By overlapping the network
design, the reliability of the dual layer
network could be maximised.

The private network could fulfil the
role of the back-up network for the
low bandwidth train services such as
train diagnostics, commercial displays
and location tracking in all areas
where public network degradation was
observed. This assumes prioritisation
of traffic and Quality of Service (QoS)
is implemented.

Private Network 5G
Stand Alone (SA)

The 5G SA network implementation
was one of the first 5G SA 2300MHz
Time Division Duplex (TDD) commercial
networks in Finland not accessible by
the general public. It should be noted
that the routers used in this pilot were
not specifically required to be fully
compliant with 5G SA.

Quality of coverage

Table 10 shows the average values
recorded along the test track and across
one test run package for each router
individually as well as their combined
results. Due to router limitations it was
not possible to test them in active/
hot standby mode and as such the
combined view provides a worst-case
scenario. Signal levels are broadly the
same while signal quality was shown
to be worse for both routers when
compared to LTE.

Performance metrics

Table 11 shows the average and
aggregate capacity as well as the
latency in both downlink and uplink
across one test run package. Results are
presented for each router individually
and also when the results from both

are combined. Again, because it was
not possible to test them in active/

hot standby mode the combined view
provides a worst-case scenario.

During the 5G SA tests the measurement
server was located closer to the

Mobile Network Operator’'s core when
compared to the test server within the
depot’s local area network utilised in

the 4G LTE tests. This has probably
resulted in better performance as it is
illustrated in Table 11.

As shown in Table 12 the private network
can comfortably and consistently fulfil
the requirements for ATC and critical
voice communication when the results
from both routers are correlated. The
ability of individual routers to maintain
a stable communication path was
observed to be worse in 5G SA than

in 4G LTE in areas where the radiating
cable was on the other side of the train
from the respective router’'s antennas.
Due to uplink capacity limitations

the critical CCTV stream failed its
performance criteria.

All failures noted for the individual
routers occur in areas where the
radiating cable is on the opposite side
of the respective router’'s antennas. This
happens in the tunnel for the south side
router and at the level crossing area
between radio positions 6 and 7 for the

>>>
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Table 9 — Performance indicator results and compliance table (public band 5G non-standalone).

DL data UL data Maximum Jitter Packet Maximum Maximum  Availability
rate rate latency loss ratio message/ connection

comms setup time

timeout
Train CCTV | M ] ] ] ] M M
Train diagnostics | | | N/A | V] | |
Location tracking | M | N/A ™M | | |
Passenger
counting system | M M N/A M M M M
Train network
management M M M N/A M M M M
Train commercial
e 7 7 7 N/A % 7 7 7
Public Wi-Fi | o] ] M M M M

Table 10 — Radio coverage mean values for 5G SA and comparison

with 4G LTE (private band)

North router

RSRP (average) -78.0dBm (-1% vs LTE) | Excellent
RSRQ (average) -11.3dB (-23% vs LTE) Good
South router

RSRP (average) -83.0dBm (-2% vs LTE) | Good
RSRQ (average) -11.4dB (-20% vs LTE) Good
Both routers

RSRP (average) -80.5dBm (-1% vs LTE) | Good
RSRQ (average) -11.4dB (-21% vs LTE) Good

Table 11 — UL/DL capacity and latency of the 5G SA and comparison

with 4G LTE (private band).

North router

DL capacity (average)

32.6Mbps (+8% vs LTE)

UL capacity (average)

4.5Mbps (+10% vs LTE)

TCP delay (average)

30 ms (-29% vs LTE)

South router

DL capacity (average)

38.2Mbps (+35% vs LTE)

UL capacity (average)

4.6Mbps (+15% vs LTE)

TCP delay (average)

27 ms (-41% vs LTE)

Both routers

DL capacity (aggregate)

70.8Mbps (+27% vs LTE)

UL capacity (aggregate)

9.1Mbps (+8% vs LTE)

TCP delay (average)

29 ms (-34% vs LTE)

Table 12 — Performance indicator results and compliance table (private band 5G standalone).

DL data UL data Maximum Jitter Packet Maximum Maximum  Availability
rate rate latency loss ratio message/ connection
Mbps Mbps comms setup time
timeout

North side
ATC 0.21 0.21 N/A V1 [x] [x] ™M
VolP 0.15 0.15 M M [x]
Train CCTV 0.20 10.00
South side
ATC 0.21 0.21 N/A |
VolP 0.15 0.15 ™ 4|
Train CCTV 0.20 10.00 [x]
North and south sides combined
ATC 0.21 0.21 ™ N/A V1 7 7 M
VolP 0.15 0.15 o] | | M M M
Train CCTV 0.20 10.00
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north side router. This was an expected
result that should be considered when
deploying the complete radiating cable
system. These results can potentially
be improved with the growing maturity
of the 5G SA technology and the 5G
SA routers. It must also be noted that if
the routers were supporting active/hot
stand-by configuration then this failure
should not materialise as it is indicated in
the combined view row.

The CCTV stream again failed all

its performance criteria with the
exception of bandwidth during these
tests. The reason for these failures
was again that the uplink capacity of
the system had been reached due to
the use of duplicated CCTV streams
for each of the routers during the

test run package. This was expected
as the 5G SA implementation did not
provide additional capacity over the
same channel bandwidth and the same
MIMO (Multiple Input Multiple Output)
configuration. It is also noted that the
CCTV stream was using very stringent
performance criteria most suited for
GOA4 operation.

Reboot tests

The last set of tests that were performed
were aiming to test the ability of the ATC
stream to be re-established, simulating
a reboot of the train in one instance and
a reboot of the radio network in another
instance. The elapsed time between loss
and re-establishment of the connection
was measured during the tests. For

a train reboot the elapsed time for
reconnection was 7 minutes 13 seconds,
and for a radio network reboot it was 4
minutes 8 seconds.

In both tests the ATC stream was re-
established successfully at its set bit rate
after the elapsed time.

Secondary tests

The secondary testing only involved
standard visual functionality tests

of the existing on-board train
systems, using existing City Transport
Graphical User Interfaces (GUIs) and
monitoring screens.

During these tests the existing on-board
Cisco router, acting as a gateway, routed
any onboard data to/from the depot’s
local area network via the cellular
routers under both private (4G) and
public networks (5G) during dedicated
test run packages.

The purpose of the tests was to confirm
capability of both network and router to
carry existing train systems’ traffic.
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The test results confirmed that the data
communication of all existing onboard
systems worked normally via all cellular
routers (private north, private south, and
public) and for both networks.

Final observations
Performance

The pilot test results showed that

both the private network (4G or 5G)
and the public network are suitable

for supporting ATC performance
requirements. In high public network
load scenarios, it is recommended
that QoS is implemented to ensure the
reliability of any safety critical streams.

The tests also showed that the public
network is suitable for supporting the
metro’s onboard existing systems. It
was observed that when the public
network was capacity stressed, with

all applications present, the Wi-Fi
stream could not reach its maximum
intended capacity of 250Mbps. This
was due to bandwidth limitations
experienced during the pilot tests and
is related to end-to-end connectivity
restrictions and by the number of hops
between end devices and the MNO's
core. Troubleshooting during the tests
revealed that a considerable increase in
capacity could be realistically achieved
by addressing these limitations.

The pilot tests showed that the private
network could not reliably service

the critical CCTV stream due to the
bandwidth limit of that network and
the fact that the CCTV stream was
duplicated over the two private routers.
At the same time the VolIP stream could
be reliably serviced, indicating that if
there was more capacity the issue with
CCTV could be resolved.

Deployment

In normal operation mode, the band
used (2300MHz) and the density of the
radio units was demonstrated to fulfil the
requirements for ATC and critical voice
communication.

For the private network, there was
degradation of latency in the coverage
of three out of the four radio positions
when these were offline. Most of the
service degradation was affecting the
uplink and was observed in areas where
changes in radiating cable topology
(changing positions/heights etc.)

were occurring.

Due to the private nature of the network,
lack of external interference caused the
system to perform better than expected
in low signal situations. The two rooftop

macro sites were able to provide good
coverage and good handovers to the
open track area when the radiating cable
radio units in the same area were off.

In the 5G SA mode all failures noted

for the individual routers occurred in
areas where the radiating cable is on

the opposite side from the respective
router’'s antennas.

Signal quality and signal levels were
good to excellent throughout the tunnel
during all degraded mode scenarios.
There were, however, a few occurrences
of longer-than-average delays in a
certain handover area within the tunnel.
This could be attributed to the geometry
of the track, the size of the tunnel and
the relevant positions of the directional
antennas providing the coverage in this
area, which are lower than antennas on
the roof of the train. These observations
reveal that the radio design within the
tunnel could be rationalised (less density
but better located cells).

Other results showed that the radio
design needs to ensure that sufficient
coverage is provided to allow handovers
between tunnel and macro layers. An
overarching observation was that for
maximum redundancy the radio design
should avoid designing private network
cell edge areas at the same location

as public network cell edge areas. By
overlapping the network design, the
reliability of the dual layer network

can be maximised.

A final observation is that the use of
routers/mobile gateways working in
high availability mode and/or application
devices that can manage packet
duplication via multiple routers are
recommended in order to increase data
communication reliability.

Conclusions

This innovative pilot demonstrated

that a cellular-based communication
subsystem is suitable for train control as
well as other metro systems applications.

The pilot outcomes provided insights
into the deployment of such systems
and also confirmed the expectation
that in order to meet the strict radio
communication availability requirements
necessary to support safety critical
applications, at least two radio network
layers should be present. These layers
can be presented via implementation
combinations of private and public
networks including 5G SA slicing,
depending on the current and future
user requirements. 17/
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