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Abstract. With the exponential growth in the number of mobile devices, providing Internet access via WiFi in
trains is rapidly becoming a necessity. Cellular network is predominantly used for the backhaul connection to the
train. However, the railway companies of developing countries may not go for cellular-network-based solutions
mainly for two reasons: (1) high deployment cost of a cellular network and (2) lack of sufficient coverage of
existing cellular networks of telecom companies along the railway tracks. In this paper, we propose a Software
Defined Networking (SDN)-based architecture to provide Internet connectivity inside trains. The backhaul
connection to the train, in the proposed architecture, is provided via WiFi. Deployment of such an architecture is
more cost-efficient than that of a dedicated cellular network of the same capacity, or that of the existing cellular
networks of telecom companies, since there are no running tariffs and the spectrum is free. Moreover, this
architecture can be used to provide connectivity in the coverage holes of the existing networks of the telecom
companies. Through simulation, we show that the architecture can provide high throughput and packet delivery
ratio while maintaining per packet delay within reasonable limits inside a train.
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1. Introduction
Providing Internet access through WiFi during a train
journey is becoming one of the most sought after services.
However, providing persistent Internet access inside a
moving train has many challenges [1, 2], such as frequent
handovers, poor bandwidth, etc. In developing countries
like India other additional aspects also have to be considered for the design and deployment of such services. These
aspects are:
• Overall cost: The key aspect of design of the
architecture is its overall cost. The cost should be kept
as low as possible keeping in view the economic
condition of the developing countries.
• Speed of train: Almost none of the developing
countries have high speed trains [3]. For example, in
India the average speed of the express trains are below
100 Kmph [4]. Thus, the network architecture for the
developing countries does not need to necessarily
handle very high speeds.
• Existing optical fibre cable network of the railways:
For better signaling and communications with trains,
railway companies use Optical Fibre Cable Network
*For correspondence

(OFCN). The connectivity in the backhaul network
between the track-side network components to the
stations can be established by taking advantage of the
OFCN. This will further reduce the overall cost of the
architecture. For example, the Indian Railways have
already laid optical fibre cables along most of the
important railway tracks [5].
Cellular network is predominantly used for providing the
backhaul connection to the train. The design of the backbone network can be of the following two ways: (1) The
railway company owns the complete backbone cellular
network [6, 7] or, (2) The railway company has agreements
with one or more telecom companies to provide the backhaul connectivity via their existing network [8]. However,
there are certain aspects, for both the types of approaches,
which might dissuade the railway companies of developing
countries, like India, to go for such solutions. In the first
case, the cost of deployment of the entire cellular network,
comprising of the track-side base stations and the core
network, might become prohibitively high [9, 10]. Additionally, they will also have to purchase the rights of a
spectrum over which the cellular network will operate
[9–11]. In the second case, the coverage of the cellular
network in the urban areas, as well as the quality of the
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connection, is expected to be good, as the percentage of
mobile Internet subscribers, generally, is high [12, 13].
Thus, concentrating more in the urban areas seems to be a
cogent rationale from an economic standpoint for the
telecom companies. However, the same is not true for the
rural areas [12, 13]. This creates coverage holes [12–14] in
such areas and when the trains pass through these areas,
they get disconnected from the network. Moreover, even
the areas which get coverage from cellular networks in the
rural areas, mostly suffer from poor bandwidth [12–14].
Additionally, there will be a running cost associated with
availing the services of the cellular network which will only
add to the overall cost. So, in both cases, going for fullscale deployment of the backbone network for complete
coverage may not be always economically viable.
In [9], it is shown that the deployment of a WiFi network
of the same scale and capacity as that of an LTE network is
more cost-efficient. Moreover, the additional cost of purchasing the license of a spectrum is not there for a WiFi
deployment as WiFi operates in unlicensed spectrum.
Additionally, in [15] it is shown that WiFi can be adapted to
provide support to high-speed transport communications.
Thus, in this paper, we propose a WiFi and optical networkbased backhaul connection to the train and a Software
Defined Networking (SDN)-based architecture which will
ensure uninterrupted and continuous connectivity. The
existing OFCN of the railway companies can be used for
the backbone connections, thus avoiding the cost of
deployment of the optical network. SDN [16–19] enables
network programmability and also provides a global view
of the network at the controller. The advent of SDN has
lead to a shift in network design and control. In this paper,
we have proposed an SDN-based architecture to reap the
benefits of SDN principles.
The proposed SDN-based architecture has been implemented in ns3 network simulator [20] for performance
analysis. A preliminary version of this paper was earlier
published in [21], with only some initial results. In this
paper, the complete architecture is presented and explained
in detail. Different design decisions are also discussed in a
separate section. A thorough performance evaluation of the
proposed architecture is presented in this paper. The results
show that the proposed architecture is able to provide high
throughput as well as high packet delivery ratio for both
TCP and UDP applications. Additionally, the delay per
packet is also within reasonable limits for both types of
applications.
If the railway company opts for full-scale deployment
of the backbone network then the proposed architecture
can be used as it will be more cost-efficient than a cellular
network. On the other hand, if the railway company uses
existing networks of telecom companies, then the proposed architecture can be used to provide connectivity in
the coverage holes of those networks along the railway
tracks.
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The rest of the paper is organized as follows. Section 2
presents the relevant background and related work. Section 3 presents the proposed architecture for SDN-based
WiFi connectivity in train. Section 4 discusses some of the
issues faced after the initial implementation and simulation
of the proposed architecture. Section 5 describes the simulation-model-based performance results. The conclusions
are provided in section 6.

2. Related works
The network architectures for providing Internet connectivity in trains should also have robust mobility management mechanisms to support the frequent handovers
efficiently. In this section, we look into some of the
mobility management mechanisms in literature.
In [22, 23], modifications to the cellular networks (LTE
and 5G) to facilitate Internet access inside trains are proposed. However, they depend on the default handover
mechanism provided by the Mobility Management Entity
(MME) of the cellular networks. This may not be an ideal
approach for networks with high mobility and frequent
handovers. In [24], a seamless handover mechanism for
high-speed trains is proposed for LTE-based network. To
support handover efficiently, they have proposed to deploy
two antennas (one on the head carriage and the other on the
tail carriage). During handover of the head antenna, the tail
antenna will be used for the data transmission and once the
handover is completed the head antenna will take over the
data transmission. However, as there are only two antennas
and if the handover mechanism fails for either the head or
the tail antenna, or for both, then the train will get disconnected. In [25], a similar solution for WiMAX-based network is proposed, where two mobile routers are placed at the
head and the tail carriages. However, this paper also does
not support more than two mobile routers and as a result, has
the same shortcomings as that of [24]. In [26], a routing
algorithm is proposed which uses the predicted link available time between the base station (BS) and the mobile unit
(MU). The MU has multiple antennas with which it can
connect to multiple BSs belonging to different networks.
The algorithm runs on an SDN controller placed in the
backbone network. It predicts the link available time using
the location and the velocity of the train which is reported to
the controller by the MU, and updates the routes in the MU
accordingly. However, the paper does not talk about how the
packets in the backbone network, comprising of different
networks, should be routed for correct delivery. Additionally, there is only one MU on the train and the paper does not
talk about any mechanism to support multiple MUs. Consequently, it has the same shortcomings as that of [24, 25].
In [27], summary of various other types of proposed handover mechanisms is presented. We do not present additional details about these handover mechanisms here.
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Table 1. Comparison of different mechanisms.

Mechanism
[22]
[23]
[24]
[25]
[26]
Proposed
solution

Backhaul
Technology
LTE
5G
LTE
WiMAX
LTE
WiFi

Spectrum cost
associated
Yes
Yes
Yes
Yes
Yes
No

Table 1 compares the existing works with the proposed
solution. In our proposed solution, we modify the existing
WiFi architecture to suit the highly mobile nature of such
networks. Thus, the deployment cost of the proposed
solution does not include the cost of acquiring a spectrum
as opposed to that of the existing solutions. The number of
rooftop devices in the proposed solution is minimum three
and also supports additional rooftop devices as and when
required. Thus, in the proposed solution, the train has very
less chance of getting disconnected from the network as
compared to the solutions proposed in [24–26]. Moreover,
the proposed handover process is orchestrated by SDN
controllers, both inside the train and in the backbone network, to suit the highly mobile environment. This ensures
the correct delivery of packets, during and after the handover, which may not happen if the default handover
mechanism is used, like [22, 23] or if the orchestration is
not done for the backbone network, like [26].

No. of rooftop
devices
Multiple
Multiple
Two
Two
One
Multiple (Min. 3)

New Handover
Mechanism
No
No
Yes
Yes
Yes
Yes

SDN
Orchestration
No
No
No
No
Yes (only for train)
Yes

terminals (RTs) are the wireless devices which connect
with the PAPs to deliver packets. The minimum range of
the RTs is also taken as 170 m (approx.). On a train at least
3 RTs will be placed. They will be placed at equal distance
along the length of the train so that there will always be at
least one RT connected with a PAP. All the network
devices inside the train are OpenFlow compliant. The onboard APs, the Train Gateway (TG), the RTs, all connect
with the Train Controller (TC) via OpenFlow protocol. The
on-board APs forward packets to the RTs via the TG and
vice versa.
The mobility management mechanism for the proposed
architecture comprises of six steps: Initial configuration and
connection (Sec. 3.1), Train Connection Establishment and
Information Dissemination Protocol (TCEIDP) (Sec. 3.2),
Tracking the connection status of the train (Sec. 3.3),
Packet traversal inside train (Sec. 3.4), Packet traversal in
the backbone network (Sec. 3.5) and Sending NAT entries
to the newly connected Pole APs (Sec. 3.6). Each of these
steps is explained in the following sections.

3. SDN-based WiFi connectivity in train
This section presents the details of the proposed architecture for SDN-based WiFi connectivity in train.
Figure 1 presents the overall network architecture for
SDN-based WiFi connectivity in train. Each key station on
the rail route has a Station Gateway (SG) which connects to
the Core Network and the Core Gateway (CG) in the Core
Network connects to the Internet. The key stations are
connected to the Core Network via optical fibre. The Pole
APs (PAPs) are installed on the track-side poles every
650 m and these APs also are connected via optical fibre to
their corresponding stations. The minimum range of the
PAPs is taken as 170 m (approx.). The PAPs, the SGs and
the CG are OpenFlow compliant. The PAPs and the SGs
connect with the Station Controller (SC) and the SC and the
CG connect with the Core Controller (CC) via OpenFlow
protocol.
The trains will have at least 15 coaches. The average
length of the type of coach considered is 24 m (including
gaps between two coaches). So, the minimum length of the
trains will be 360 m (approx.). In each coach of a train at
least one on-board AP will be available. The rooftop

3.1 Initial configuration and connection
The RTs will be assigned IP addresses which can be used to
uniquely identify the train. They will also be configured
with the unique train number of the train. Initially, the
mapping of the train number to the IP and MAC addresses
of the RTs should be done at the corresponding SC as well
as the CC.
Figure 2 shows the initial configuration and connection
process for a train. When the RTs initially connect with the
PAPs present at the origin station, the RTs send the train
number along with their IP and MAC addresses to the
connected PAPs using Train Connection Establishment and
Information Dissemination Protocol (described in Section 3.2). The PAPs then map the train number to the list of
connected RTs’ IP and MAC addresses.
The PAPs send a connection message for each RT containing this information along with their own IP and MAC
addresses to the corresponding SC. The SC creates a
mapping of the train number to a list of IP and MAC
addresses of the RTs and the corresponding PAPs with
which they are connected. The SC sets the status of each of
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Figure 1. Overall Network architecture.

the RTs to CONNECTED. This information is updated at
the SG by the SC by sending connection messages.
The SC then sends RT information message for each RT
containing the train number along with the RT’s IP and
MAC addresses to the CC. The CC creates a mapping of the
train number to the list of IP and MAC addresses of the
RTs. The first time an SC receives information about a
train, it sends a connection message containing the train
number along with the IP address of the corresponding SG
to the CC. The CC, in turn, updates this information at the
CG by sending a connection message. The CG maps the
train number to the list of connected SGs.

3.2 Train connection establishment
and information dissemination protocol (TCEIDP)

Figure 2. Initial configuration and connection.

The Train Connection Establishment and Information
Dissemination Protocol provides a framework to establish a
successful Layer 3 (and above) connection between the RTs
and the PAPs as well as provides a framework for the RTs
to send their IP and MAC addresses along with the train
number to the PAPs. Even after establishing an IEEE
802.11 connection at the MAC layer, higher layer packets
may still get dropped due to low signal strength and larger
packet size. TCEIDP will keep on trying until a successful
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application layer connection between the PAPs and the RTs
is established. Once the connection is established, then the
RTs and the PAPs will start the transmission of the data
packets. Thus, TCEIDP tries to ensure that data packets are
not dropped unnecessarily.
Figure 3 shows message passing of Train Connection
Establishment and Information Dissemination Protocol
(TCEIDP). TCEIDP follows a client-server model. The
RTs run the client and the PAPs run the server. Every time
an RT successfully completes association with a PAP using
IEEE 802.11 MAC management frames, the TCEIDP client, running on the RT, broadcasts a TCEIDP CONNECT
message on the WLAN interface. The CONNECT message
contains the IP address of the RT. This starts the connection
establishment process. When the server, running on the
PAP, receives the CONNECT message, it replies with a
TCEIDP GATEWAY message to the client using the RT’s
IP address. The GATEWAY message contains the IP
address of the PAP. The receipt of this message completes
the connection establishment process at the client side. If
the client does not receive the GATEWAY message within
a stipulated interval of time, the client again broadcasts the
CONNECT message. The client will keep on sending the
CONNECT message after every timeout, until either it
receives the GATEWAY message or the RT and the PAP
disassociate at the IEEE 802.11 MAC layer. The client then
replies to the server with a TCEIDP ACK message using
the PAP’s IP address. The ACK message contains the train
number and the IP and MAC addresses of the RT’s WLAN
interface. The ACK message completes the connection
establishment process at the server side as well as delivers
the train information pertaining to that particular RT to the
connected PAP.
TCEIDP runs on UDP and both the client and the server
use the IP address of the WLAN interface of the devices on
which they are running. Whenever the client sends a

Figure 3. Train connection establishment and information
dissemination protocol.
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TCEIDP message it sends to the TCEIDP server port.
Similarly, any message from the server to the client is sent
to the TCEIDP client port.

3.3 Tracking the connection status of the train
The connection status of the train has to be tracked both in
the backbone network as well as inside the train in order to
deliver the packets correctly. Table 2 shows the different
types of OpenFlow Experimenter Messages used for
tracking the connection status of the train.
3.3a Tracking in the backbone network: The initial connection establishment using TCEIDP is done at the origin
station before the start of the journey. Subsequently, when
the train moves, the RTs connect with other PAPs.
Figure 4 shows how the connection status of a train is
tracked in the backbone network after a connection is
established. Before an RT uses TCEIDP to send the train
number along with its IP and MAC addresses, the PAP with
which it connected only has the MAC address of the RT.
The PAP does not know which train it belongs to or what its
IP address is. The PAP does not wait for the TCEIDP to
complete and sends a connection message containing the
MAC address of the connected RT along with its own IP
and MAC addresses to the corresponding SC. If the SC has
the mapping of the train number to the list of IP and MAC
addresses of the RTs of the train, then it sends an RT
information message containing the train number and the IP
address of the RT to the PAP. It also sets the status of the
RT to CONNECTED. When the PAP receives the information from the SC, it maps the IP and MAC addresses of
the RT to the train number.
When the SC does not have a mapping of the train
number to the list of IP and MAC addresses of the RTs of
that train, the PAP gets the train number and the IP address
of the RT through TCEIDP. After this, the same process is
followed as described in section 3.1. If the CC receives a
connection message from the SC, this means that the SC
has received the information about an RT of the train for
the first time. If the CC has any information about the RTs
of the train, it forwards them to the SC by sending RT
information messages for each RT of the train. Once the SC
receives all the information from the CC, it adds the details
of the other RTs of the train to the list of IP and MAC
addresses of the RTs mapped to the train number. The SC
sets the statuses of all the other RTs of the train to
DISCONNECTED.
Figure 5 shows how the connection status of a train is
tracked in the backbone network after a disconnection is
completed. When the RTs get disconnected from the PAPs,
the PAPs remove them from the list of connected RTs for
the train. The PAPs also update this information at the
corresponding SC by sending a disconnection message
containing the train number and IP and MAC addresses of

Pole AP

Connection Message

Station Controller

Station Controller

Receiver

Core Gateway

Core Controller

Pole AP

Station Controller Station Gateway

Connection Message

Disconnection Message

Disconnection Message

Train Number, Rooftop Terminal’s IP and
MAC addresses and the corresponding Pole
AP’s own IP and MAC addresses

Train Number, Rooftop Terminal’s IP and
MAC addresses and its own IP and MAC
addresses

Train Number and Station Gateway’s IP
address

Train Number, Rooftop Terminal’s IP and
MAC addresses

Train Number and Station Gateway’s IP
address

Train Number, Rooftop Terminal’s IP and
MAC addresses and the corresponding Pole
AP’s own IP and MAC addresses

Train Number, Rooftop Terminal’s IP and
MAC addresses

Train Number, Rooftop Terminal’s IP and
MAC addresses

Train Number, Rooftop Terminal’s IP and
MAC addresses and its own IP and MAC
addresses

Rooftop Terminal’s MAC address and its own
IP and MAC addresses

Contents

After receiving disconnection message with
the Rooftop Terminal’s information from
the corresponding Pole AP

After the disconnection from the Rooftop
Terminal

After receiving connection message from a
Station Controller

After receiving connection message with the
Train Number and Station Gateway’s IP
address for the first time from the
corresponding Station Controller

After receiving connection message for the
first time with the full information of any
Rooftop Terminal of a train

After receiving connection message with the
Rooftop Terminal’s full information from
the corresponding Pole AP

After receiving connection message with the
Rooftop Terminal’s full information

After receiving connection message with only
the MAC address of the Rooftop Terminal
of a train

After the receipt of the TCEIDP ACK
message from the Rooftop Terminal

After successful association with the Rooftop
Terminal

Event
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Station Controller

Station Controller

Station Controller Core Controller

Connection Message

Rooftop Terminal Information Message Core Controller

Station Controller Station Gateway

Connection Message

Rooftop Terminal Information Message Station Controller Core Controller

Rooftop Terminal Information Message Station Controller Pole AP

Pole AP

Sender

Connection Message

Type of message

Table 2. Types of OpenFlow Experimenter Messages for tracking connection status of the train.
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After the disconnection from a Pole AP

After receiving disconnection message from a
Rooftop Terminal containing its IP address

IP address of the Rooftop Terminal

IP address of the Rooftop Terminal
Train Gateway
Train Controller

Rooftop Terminal Train Controller

After receiving connection message from a
Rooftop Terminal containing its IP address
IP address of the Rooftop Terminal
Train Controller

Train Gateway

After the receipt of TCEIDP GATEWAY
message from the Pole AP
IP address of the Rooftop Terminal
Rooftop Terminal Train Controller

After receiving disconnection message from a
Station Controller
Train Number and Station Gateway’s IP
address
Core Controller

Core Gateway

After receiving disconnection message with
the information of the last connected
Rooftop Terminal of a train
Train Number and Station Gateway’s IP
address
Station Controller Core Controller

Sender

Receiver

Event
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the RT along with their own IP and MAC addresses. When
the SC receives this information, it updates the connection
status of the RT to DISCONNECTED. The SC updates this
information at the SG by sending a disconnection message
which removes the details of the RT from the list of
connected RTs for that train.
When the RTs of the train are no longer connected to any
of the PAPs controlled by a particular SC, the CG should
not forward any data packets destined for the train to the
corresponding SG. The SC sends a disconnection message
for the train to the CC containing the IP address of the SG
along with the train number. The CC updates this
information at the CG by sending a disconnection message
which removes the IP address of the SG from the list of SGs
mapped to the train number. After this update, the CG will
not forward any new data packets corresponding to the train
to the disconnected SG.
3.3b Tracking inside the train: Inside the train, the TC
keeps track of the connection status of the RTs. Figure 6
shows how the connection status of a train is tracked inside
the train.
After an RT connects with a PAP and completes the
connection establishment process using TCEIDP, the RT
sends a connection message to the TC with its IP address.
The TC, in turn, sends this information to the TG by
sending a connection message. The TG adds the IP address
of the RT to the list of connected RTs. Henceforth, the TG
can send outgoing packets via this RT.
An RT gets disconnected from a PAP because of an
IEEE 802.11 Disassociation, or when the RT misses a few
Beacon frames in a row. After the disconnection, the TG
should not use this RT to send any outgoing packets.
Whenever an RT gets disconnected from the PAP it was
connected to, it sends a disconnection message to the TC
along with its IP address. The TC updates this information
at the TG by sending a disconnection message. The TG
removes the IP address of the RT from the list of connected
RTs. After this update, the TG will not forward any
outgoing packets to this RT.

3.4 Packet traversal inside train

Disconnection Message

Disconnection Message

Connection Message

Connection Message

Disconnection Message

Disconnection Message

Type of message

Table 2 continued

Inside the train, there are two levels of Network Address
Translation (NAT), one at the on-board APs and another at
the RTs. Figure 7 shows the packet traversal from the
mobile device to the RTs and vice versa.
3.4a Packet traversal from the mobile device to the rooftop
terminals: Whenever a session is initiated by a mobile
device inside the train, the packets go through NAT at the
current on-board AP of the mobile device. After receiving
the first packet of the flow, the on-board AP contacts the TC
for a unique port number corresponding to the destination
port number and IP address pair. All the packets in the flow
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Figure 6. Tracking inside the train.
Figure 4. Tracking in the backbone network after a connection is
established.

Figure 7. Packet traversal inside train.
Figure 5. Tracking in the backbone network after a disconnection is completed.

will have the unique port number as the source port number
and source IP address as the IP address of the current onboard AP. The TC then adds the NAT entry in all the RTs

for the particular flow. The source IP address in the NAT
entry is set to the IP address of the current on-board AP.
After applying NAT, the packet is then forwarded to the
TG by the current on-board AP. The TG has the
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information of the RTs which are currently connected with
a PAP. The TG chooses an RT (most recently connected)
and sends the packets to that RT through an IP-in-IP tunnel.
The RT does another NAT using the NAT entry added by
the TC. The outgoing packets will have source IP address
as the IP address of that RT. This IP address can be used to
uniquely identify the packets originating from the train. The
RT then sends the packets to the PAP with which it is
connected.
3.4b Packet traversal from the rooftop terminals to the
mobile device: Whenever an incoming packet from the
PAPs is received by an RT, the RT applies NAT by consulting its NAT entries. The destination address of the
packet is now changed to the IP address of the current onboard AP with which the mobile device is connected. The
packet is then forwarded to the TG. The TG then forwards
the packet to the current on-board AP. The on-board AP,
after receiving the packet, applies NAT and changes the
destination IP address of the packet to the IP address of the
mobile device and the destination port number, from the
unique port number to the original port number. After the
NAT, the packet is forwarded to the mobile device.

3.5 Packet traversal in the backbone network
In the backbone network, there are three levels of NAT, one
at the PAPs, another one at the SGs and the final one at the
CG. Figure 8 shows the packet traversal from the PAP to
the Internet and vice versa.
3.5a Packet traversal from the Pole AP to the Internet:
After a PAP receives a packet from an RT on the train, the
PAP checks for the corresponding NAT entry for the
packet. If it does not find the entry, then the PAP contacts
its respective SC for the corresponding NAT entry. If the
SC has the corresponding NAT entry, then it sends the NAT
entry to all the PAPs currently connected with the RTs of
the train.
If the SC does not have a corresponding NAT entry, it
then contacts the CC for it. If the CC does not have the
corresponding NAT entry then it creates a NAT entry by
assigning a unique source port number corresponding to the
destination port number and IP address pair. The CC sends
the (either existing or newly created) NAT entry to the
corresponding SC. The SC then sends the NAT entry to all
the PAPs currently connected with the RTs of the train.
The PAP then applies NAT and changes the source IP
address of the packet to the IP address of the PAP and the
source port number to the unique port number. The PAP
stores a modified NAT entry which uses the train number in
place of the source IP address. The PAP then forwards the
packet towards the station with which it is connected. The
SG applies NAT on the packet and changes the source IP
address of the packet to its IP address. The SG also creates
a modified NAT entry which uses the train number instead

Figure 8. Packet traversal in the backbone network.

of the source IP address. After the operation is completed,
the packet is forwarded to the Core Network. The CG
similarly applies NAT and changes the source IP address of
the packet to its IP address. Similar modified NAT entry is
also created by the CG. The packet is forwarded to the
Internet after the NAT.
3.5b Packet traversal from the Internet to the Pole AP:
The incoming packet from the Internet is received by the
CG. The NAT entry corresponding to the packet gives the
train number of the train. As the CC updates the CG about
the stations, which are currently connected with the train (at
most two), the CG selects a station (most recently connected) and sends the packet to the SG of the station. The
destination IP address of the packet is changed to the IP
address of the SG after NAT.
Similarly, the NAT entry at the SG corresponding to the
packet gives the train number of the train. The SG has a list
of connected RTs of the train and their corresponding
PAPs. The SG chooses one of the PAPs (most recently
connected) from the list. The destination IP address of the
packet is changed to the IP address of that PAP and the
packet is forwarded to it. The PAP does another NAT on
the packet. The NAT entry at the PAP also gives the train
number of the train which is mapped to the IP address of
the RTs which are connected to the PAP. Again an RT is
chosen (most recently connected). The destination address
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of the packet is changed to the IP address of the chosen RT
and the destination port number is changed from the unique
port number to the original port number. The packet is then
forwarded to the RT.

3.6 Sending NAT entries to the newly connected
Pole APs
For proper mobility management, along with the tracking
of the connection status of the train, corresponding NAT
entries of the train should be sent to the newly connected
PAP. Figure 9 shows how the NAT entries are sent to the
newly connected PAPs.
After a newly connected PAP completes the connection
with the RT via TCEIDP, the PAP then sends a connection
message to the corresponding SC (explained in section
3.3.a). If the PAP is connected to the same SC as the previous PAP, then the SC will send all the NAT entries,
pertaining to the train, to the PAP. If the PAP is connected
to a different SC as the previous PAP, then this is the first
time the SC will be getting the information about the train.
Thus it will not have any NAT entries pertaining to the
train. As already mentioned in section 3.3.b, the SC then
will send a connection message to the CC. The CC, on
receipt of the connection message, will send all the existing
NAT entries for the train to the SC (in addition to the other
OpenFlow Experimenter messages mentioned in section
3.3.a). The SC will then forward all the NAT entries to the
PAP and also to the corresponding SG.
As a result, the newly connected PAP will be able to
correctly apply NAT to the packets originating from the
train and forward them to the SG which, in turn, will
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forward them to the CG. Conversely, if packets destined for
the train arrive from the Internet first to the CG, it will
choose this Station (most recently connected) and forward
the packets to this SG. Since, all the NAT entries are
already added to the SG it will be able to correctly apply
NAT and forward the packets to this PAP (most recently
connected). Similarly, as all the NAT entries are already
added, the PAP will also be able to apply NAT correctly
and forward the packet to the connected RT.

4. Discussion
After the initial implementation and simulation of the
proposed architecture, few issues were noticed. The issues
are discussed in this section.

4.1 Inefficient tracking of the connectivity
with the rooftop terminals by the Pole APs
The tracking of the connection status of the train is very
important in providing persistent connectivity to the train.
However, it was observed that the PAPs were not always
able to correctly detect the disconnection from an RT. This
was happening because the PAPs were coming to know
about the disconnection only when there was an explicit
Disassociation frame sent by the RTs. Though the RTs
were sending the Disassociation frame when they missed a
few Beacon frames from the PAPs, the PAPs themselves
were sometimes not able to receive these frames due to
poor connection. To rectify this problem, the IEEE 802.11
MAC layer, at both the PAPs and the RTs, was modified.
To track the connectivity with the RTs more efficiently,
the IEEE 802.11 MAC layer at the PAPs expects a tracking
message sent periodically (every 100 ms) by the RTs. If the
tracking message, from the RTs, gets timed out (500 ms),
then the PAPs send an IEEE 802.11 Disassociation frame to
the RTs. This method of explicitly sending tracking messages by the RTs is able to detect, quickly and efficiently,
the disconnection of the RTs from the PAPs.

4.2 Additional time spent for address resolution
by the rooftop terminals and the Pole APs

Figure 9. Sending NAT entries to the newly connected Pole
APs.

It was observed that the PAPs and the RTs spent additional
time on address resolution for each flow, every time one
pair of PAP and RT connected. Moreover, sometimes these
ARP packets were dropped and even more time was spent
on the retransmission of these packets. This caused more
queuing and increased the average delay of the packets.
Furthermore, whenever the traffic rates were high, the
additional address resolution even caused many packets of
some flows to be dropped. This resulted in reduced
throughput and packet delivery ratio. Steps were taken to
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solve this problem, both inside the train and in the backbone network.
In the backbone network, whenever a PAP connects with
an RT, the PAP sends a connection message to the corresponding SC before the TCEIDP is completed. In response
to this, the SC sends the complete information of the RT as
well as all the NAT entries corresponding to the train.
When the NAT entries are added an ARP entry is also
added containing the RT’s IP and MAC addresses. For all
the flows corresponding to the train, the packets will have
the destination IP address as the IP address of one of the
RTs. So, additional time will not be spent for the address
resolution for these packets. If the PAP gets the IP and
MAC addresses of the RT through TCEIDP, then during the
exchange of TCEIDP messages the address resolution will
happen, and the ARP entry added will be used by all the
packets destined for the train.
Inside the train, the outgoing packets will have the destination IP address as the IP address of the destination
remote hosts. The ARP entry at the RTs for any flow will
have the destination remote host’s IP address and the
connected PAP’s MAC address. These ARP entries are
made permanent as these entries should not get removed
every time the RT disconnects from a PAP. However, when
the RT connects with another PAP, these entries will not
work as the MAC address of this PAP will be different. To
counter this, all the PAPs are configured to have same
BSSID. So, every time when an RT connects with another
PAP, the same ARP entries will work with this PAP as
well. Whenever a NAT entry for a corresponding flow is
added at the RTs by the TC, the ARP entry for the flow is
also added with the common BSSID of the PAPs. Thus,
when a packet for a particular flow arrives at an RT, it does
not spend additional time for address resolution and sends
the packet to the connected PAP immediately.

4.3 Reduced throughput due to loss of block ACKs
between the rooftop terminals and the Pole APs
Block acknowledgement was introduced in IEEE 802.11e
as an optional feature and then from IEEE 802.11n onwards
was made a mandatory feature [28]. Due to the introduction
of the Block ACK feature, high throughputs can be
achieved. The Block ACK feature basically works by
acknowledging a block of data frames (maximum 64
frames) via a single ACK frame. The block of data packets
are sent at an interval of Short Interframe Space (SIFS)
without sensing the channel. The Block ACK frame will
contain a 64 bit bitmap. The first bit will indicate the status
of the data frame with the starting sequence number and all
the following bits will indicate the statuses of the subsequent data frames in ascending order of sequence numbers.
However, the Block ACK feature does not work well in a
mobile environment. In a mobile environment, there are
increased chances of packet loss. After the sender device
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receives the Block ACK containing the statuses of 64 data
frames, it retransmits those packets which were lost, in the
next block of data frames. Since, the 64 bit bitmap
acknowledges only consecutive sequence numbered data
frames, the number of new data frames sent in the next
block depends on the sequence number of the first lost data
frame. If one of the first few data frames gets dropped, then
very few new data frames can be sent in the next block. As
a result, the throughput reduces drastically. The throughput
may further reduce, if the Block ACK itself is lost altogether. This will result in retransmission of the data frames
sent in the previous block. It was observed with initial
simulation results, that the throughput when using Block
ACK dropped even below the throughput obtained when
using Normal ACK.
To avoid reduction of overall throughput, Block ACK
was disabled and Normal ACK was used for the performance evaluation. As a result, the maximum overall
throughput of 50 Mbps (approx.) could be achieved. We
plan to explore how the current Block ACK feature can be
modified to achieve high throughputs in a mobile environment as part of our future work.

5. Simulation-based performance study
The proposed SDN-based architecture for WiFi connectivity in train is implemented in ns3 network simulator [20]
(version 3.27).

5.1 Simulation set-up
All the WiFi devices are configured to operate on IEEE
802.11n mode. The RTs and the PAPs operate in the 5 GHz
frequency and the on-board APs and the mobile devices
operate in the 2.4 GHz frequency. 4-way handshake
authentication process is used between the PAPs and the
RTs to reduce the time taken for connection setup between
them. The mobile devices remain stationary with respect to
the train. The train consists of 15 coaches and the length of
each coach is 24 m, including the gaps between the coaches. So, the total length of the train is 360 m. The PAPs
are separated by a distance of 650 m. A total of 6 PAPs are
spread across 2 stations. So the PAPs cover a total of
3.25 km. The SCs at the 2 stations control 3 PAPs each.
In ns3 simulator, the wired interfaces of the network
devices are set to Point-to-point type. The queue of these
interfaces is set to Drop Tail Queue type and the interconnecting channel is set to Point-to-point channel type.
The wireless interfaces of the network devices are set to
WiFi type and the wireless channel is set to Yans WiFi
Channel type. The propagation loss model used for the
wireless channel in the simulation is set to Log Distance
Propagation Loss model type. This propagation loss model
provides random shadowing effects of different objects.
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5.2 Performance evaluation results for base
scenario
In the base scenario, the proposed architecture is tested and
validated. To understand the benefits of the proposed
mobility management mechanism along with TCEIDP in
the backbone network, we have compared them with two
scenarios: (1) Default IEEE 802.11 mobility management
mechanism in the backbone network, and (2) Proposed
mobility management mechanism in the backbone network
but without the TCEIDP in place. For the second scenario,
we have used an oracle in the backbone network which
updates all the RTs’ IP addresses and the train number in all
the SCs and the CC before the start of packet transmission.
In all the scenarios, we have used the proposed mobility
management mechanism inside the train so that there are no
unnecessary packet drops inside the train. The parameters
used for running the simulations for the base scenario are
summarized in the table 3.
Figures 10 and 11 present the average normalized UDP
throughput and the average UDP packet delivery ratio
experienced by the mobile devices respectively. When the
default IEEE 802.11 mobility management mechanism is
used in the backbone network, the average throughput
achieved is much less than the traffic rate (500 Kbps).
Additionally, the packet delivery ratio is very low. It is
evident from these plots that the default mobility management mechanism is not suitable for such networks. The
movement tracking of the train is very important for correct

Table 3. Simulation parameters.
Parameter

Value

No. of coaches
No. of RTs
Range of RTs and PAPs
Speed of the train
No. of users
Traffic for each mobile device

15
3
170 m
27.8 m/s (100 km/h)
varies from 50 to 100
500 Kbps for both TCP and UDP
applications

UDP Throughput
Normalized Throughput

TCP and UDP applications are setup on the mobile
devices and the remote hosts which are connected with the
CG. The remote hosts send TCP and UDP constant bit rate
(CBR) traffic to the mobile devices. The start times of the
applications at the remote hosts are randomly chosen
between 1 and 10 simulation seconds. The packet interval is
fixed at 200 ms and the packet length is varied to generate
different traffic rates. For 250 Kbps traffic rate the packet
size is set at 6,250 bytes, for 500 Kbps traffic rate the
packet size is set at 12,500 bytes and for 1 Mbps rate the
packet size is set at 25,000 bytes. These packets are fragmented at the IP layer using the MTU value of the interfaces which is set at 1500 for point-to-point devices.
For all the scenarios, three metrics are reported, packet
delivery ratio, normalized throughput and packet delay. All
these metrics are calculated between the source and the
destination applications. Packet delivery ratio is defined as
the ratio of the number of packets successfully received by
the destination application to the number of packets sent by
the source application. Normalized throughput is defined as
the achieved throughput at the destination application
divided by the rate at which packets are being sent by the
source application. Packet delay is defined as the time taken
by a packet to reach the destination application from the
source application.
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Figure 10. Average normalized UDP throughput for varying
number of users.
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Figure 11. Average UDP packet delivery ratio for varying
number of users.

packet delivery, which is not present in the default mechanism. When the proposed mobility management mechanism sans TCEIDP is used in the backbone network, both
the throughput and packet delivery ratio improves significantly. However, there are still packet drops because of
which maximum throughput (500 Kbps) is still not reached.
TCEIDP helps both the RTs and PAPs to establish a successful connection at Layer 3 (and above) as well as
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Figure 12. Average UDP delay for varying number of users.

Normalized Throughput

TCP Throughput
1
0.8
0.6
0.4
0.2
0

50

60

Us

er

s

Us
er

70

Us

90

80
U

er

s

se

Us

10
0

er

rs

s

s

Us

er

s

No. of users
Default IEEE 802.11 Mobility Management
Proposed Mobility Management without TCEIDP
With both proposed Mobility Management and TCEIDP

Figure 13. Average normalized TCP throughput for varying
number of users.

TCP Packet Delivery Ratio
1
Packet Delivery Ratio

provides a platform for the RTs to send their information to
the PAPs. In this scenario, as an oracle updates all the RTs’
information at the SCs and the CC, the PAPs do not need to
depend on TCEIDP to get the information. However, due to
the absence of TCEIDP, no proper Layer 3 (and above)
connection is established, before the data packets are sent.
These data packets get dropped as they are sent before the
connection between the RTs and the PAPs become strong
enough for the transmission of application layer packets.
When TCEIDP is used along with the proposed mobility
management mechanism in the backbone network, almost
maximum throughput (approx. 500 Kbps) and packet
delivery ratio (approx. 100%) is achieved. This shows that
not only does the mobility management mechanism is able
to deliver packets correctly to the moving train, but also can
avoid unnecessary packet drops by establishing a successful
Layer 3 (and above) connection via TCEIDP before sending data packets.
Figure 12 presents the per packet average UDP delay
experienced by the mobile devices. The average delay, in
general, increases as the number of mobile devices
increases. As the number of users increases, so also does
the number of packets in the system (more buffering). As a
result more packets get queued up and the average time
spent by the packets in the queues also goes up. The
average UDP delay is highest for the case of default
mechanism. As the default mechanism is not able to provide persistent connectivity, many packets get dropped
during the handover process. After the handover is completed, the IEEE 802.11 MAC layer tries to retransmit these
packets until either the packet is successfully received by
the receiver or the retransmit limit is reached. The packets
which are successfully received will have higher delay as
much time is spent in their retransmission. Additionally,
any new packet arriving at the PAPs or the RTs get queued
up further adding to the overall delay. For the cases where
the proposed mobility management mechanism is used
(both with and without TCEIDP), the average delay is
much less compared to that of the default mechanism. This
is because the proposed mechanism is able to deliver
packets correctly to the PAPs and RTs, thus reducing
unnecessary packet drops and time spent in their retransmission. When TCEIDP is used, the protocol reduces the
packet drops even further and thus much less time is wasted
in trying to retransmit those packets and thus overall delay
reduces. In both these cases, reduction in packet retransmission also decreases the buffering thus reducing overall
delay.
Figures 13 and 14 present the average normalized TCP
throughput and the average packet delivery ratio per
application experienced by the mobile devices respectively.
When the default mobility management mechanism is used,
the overall throughput is much less than the maximum
throughput (500 Kbps), however the packet delivery ratio is
very high. This is because, TCP layer retransmits (sometimes multiple times) the dropped packets and as a result

Page 13 of 18

0.8
0.6
0.4
0.2
0

50

60

Us

er

s

70

Us

er

s

80

Us

er

s

90

Us

er

s

Us

er

s

10
0U
se
rs

No. of users
Default IEEE 802.11 Mobility Management
Proposed Mobility Management without TCEIDP
With both proposed Mobility Management and TCEIDP

Figure 14. Average TCP packet delivery ratio for varying
number of users.

the packet delivery ratio increases, but the overall completion time of the TCP applications increases, thus
reducing the average throughput. Similar results can be
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seen for the case of proposed mobility management
mechanism without TCEIDP. As the proposed mechanism
tracks the movement of the train and correctly delivers the
packets, the number of packets dropped is less as compared
to that of the default mechanism. As a result, packet
delivery ratio is higher for this case. However, still there are
TCP retransmission and so because of large completion
time the throughput does not increase much. For the case of
proposed mobility mechanism along with TCEIDP, maximum throughput (500 Kbps) is achieved in all cases except
the case with 100 users. In all the cases, packet delivery
ratio is 100%. Thus, the proposed mobility management
mechanism along with TCEIDP, is able to track and deliver
packets correctly and also is able to avoid unnecessary
packet drops by establishing a successful Layer 3 (and
above) connection before sending data packets.
Figure 15 presents the per packet average TCP delay
experienced by the mobile devices. The average delay, in
general, increases as the number of mobile devices
increases. As the number of users increases, so also does
the number of packets in the system (more buffering). The
delay for the case of proposed mechanism along with
TCEIDP is highest compared to that of the other to cases.
Many packets are successfully delivered for this case,
which get dropped for the other two cases. These packets
add to the overall delay which is not counted for in the
other two cases. Additionally, these packets experience
higher delay as they get successfully transmitted only after
multiple retransmissions, thus increasing the average TCP
delay.
Thus, from the UDP and TCP performance results it can
be seen that the proposed mobility management mechanism
along with TCEIDP is able to provide persistent connectivity to the train. To test the performance of the proposed
mechanism even further, different parameter values are
varied. The performance results from those simulations are
presented in the following sections.

5.3 Performance evaluation results for varying
range of Pole APs and rooftop terminals
In this scenario, the range of the PAPs and RTs are
increased from 170 m to 250 m and we explore the effects
of increasing the range. The traffic rate is also varied from
250 Kbps to 1 Mbps. The parameters used for running the
simulations for this scenario are summarized in the table 4.
Figures 16, 17, 18 and 19 present the average normalized
TCP and UDP throughput and the average TCP and UDP
packet delivery ratio experienced by the mobile devices for
varying range of PAPs and RTs respectively. For the cases
of 250 Kbps and 500 Kbps traffic rate, almost maximum
throughput is achieved for both TCP and UDP. Only for the
case of 100 users, there is a slight reduction in TCP
throughput. Packet delivery ratio is almost 100% for the
cases of 250 Kbps and 500 Kbps traffic rate for both TCP
and UDP applications. However, the proposed architecture
does not scale well for 1 Mbps traffic beyond 50 users. For
both TCP and UDP applications, the throughput reduces
with the increase in the number of users. Due to TCP layer
retransmission, TCP packet delivery ratio is 100% in all the
cases. However, for UDP applications, packet delivery ratio
also reduces with the increase in number of users, as there
is no retransmission in UDP. Increasing the range of PAPs
and RTs from 170 m to 250 m, mostly, improves the

Table 4. Simulation parameters.
Parameter

Value

No. of coaches
No. of RTs
Range of RTs and PAPs
Speed of the train
No. of users
Traffic for each mobile
device

15
3
170 m & 250 m
27.8 m/s (100 km/h)
varies from 50 to 100
Varies from 250 Kbps to 1 Mbps
for both TCP and UDP applications
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Figure 15. Average TCP delay for varying number of users.

s

70

Us

er

250 Kbps, 170m range
500 Kbps, 170m range
1 Mbps, 170m range

s

80

Us

er

s

Us
e

90
rs

10

Us

0U

er

s

se

rs

No. of users
250 Kbps, 250m range
500 Kbps, 250m range
1 Mbps, 250m range

Figure 16. Average normalized UDP throughput for varying
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Figure 17. Average UDP packet delivery ratio for varying
number of users and varying range of PAPs and RTs.
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Figure 18. Average normalized TCP throughput for varying
number of users and varying range of PAPs and RTs.
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Figure 21. Average TCP delay for varying number of users and
varying range of PAPs and RTs.
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Figure 19. Average TCP packet delivery ratio for varying
number of users and varying range of PAPs and RTs.

throughput and the packet delivery ratio for both UDP and
TCP applications. Increasing the range ensures a persistent,
better quality connection between the RTs and the PAPs

and as a result the throughput and the packet delivery ratio
improves.
Figures 20 and 21 present the per packet average TCP
and UDP delay experienced by the mobile devices for
varying range of PAPs and RTs respectively. Delay, typically, increases with the increase in data rate as well as
number of users. This is because, with the increase in data
rate and/or number of users, the number of packets in the
system increases which leads to more buffering. As a result,
average time spent by the packets in the buffers also
increases. Delay experienced, in general, is higher in the
case of 250 m range as compared to the case of 170 m
range. This is due to a combination of a few factors. Firstly,
because of increased interference between the RTs, few
packets get dropped which were previously received successfully. As a result, these packets are retransmitted
(sometimes multiple times) which increases the delay of
these packets. Secondly, the newer arriving packets get
queued up at the PAPs. As they spend time in the queues
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waiting for their turn to get transmitted, their delay also
goes up. Finally, mainly in the case of 1 Mbps traffic, many
packets, with higher delays, are successfully received at the
RTs which were previously getting dropped. This is
because, increasing the range ensures a persistent, better
quality connection between the RTs and the PAPs. These
packets add to the overall delay which was not counted
previously as they were always getting dropped.

UDP Throughput
Normalized Throughput
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Figure 23. Average UDP packet delivery ratio for varying
number of users and varying train speed.
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In this scenario, the speed of the train is varied and the proposed architecture’s performance is tested for higher speeds.
Though the speed of the trains in developing countries rarely
go beyond 100 Kmph, we wanted to test how the proposed
mobility management mechanism performs for higher
speeds. We use 250 m as the range of the RTs and the PAPs
because overall better performance (as shown in the previous
section) can be achieved as compared to a range of 170 m.
We have run the experiments for only UDP applications and
have shown the performance results for 500 Kbps only, as it is
the highest traffic rate for which the proposed architecture is
able to scale well without much degradation in performance.
The parameters used for running the simulations for this
scenario are summarized in the table 5.
Figures 22 and 23 present the average normalized UDP
throughput and the average UDP packet delivery ratio
experienced by the mobile devices for varying train speed
respectively. For higher speeds also, almost maximum
throughput and near 100% packet delivery ratio is achieved
for the case of 500 Kbps. However, the throughput and
packet delivery ratio, in general, decreases slightly as the
speed increases. These results show that the proposed
architecture can support higher speeds.
Figure 24 presents the per packet average UDP delay
experienced by the mobile devices for varying train speed.
As the speed increases, the delay experienced decreases.
With higher speeds, the connection duration of an RT with
a PAP reduces. The newer packets are sent to the next PAP
with which the RT is connected next. Thus, the queue
buildup at each PAP is less for higher speeds and as a result
the overall delay decreases.
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Figure 24. Average UDP delay for varying number of users and
varying train speed.

5.5 Key takeaways
The simulation-based performance study shows that the
proposed architecture is able to provide support for traffic
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rate up to 500 Kbps per user without much degradation.
The average throughput and average packet delivery ratio
are quite high for all the cases. The average packet delay is
also within reasonable limits. Moreover, the performance
does not degrade as the speed of the train is increased.
When the traffic rate is 1 Mbps per user, the architecture
is able to provide almost maximum throughput (1 Mbps)
for 50 users, however, the performance does not scale well
beyond 50 users. Increasing the range of the RTs and the
PAPs, from 170 m to 250 m, does improve the performance for higher number of users. The experiments are
designed to test the limits of the proposed architecture. For
this reason, all the users simultaneously receive traffic at
the same rate for the entire duration of the simulation. This
may not actually happen in reality as different users may
access the Internet at different instances of time and at
different traffic rates. Thus, 1 Mbps traffic rate can also be
supported for higher number of users, if the same rate is not
continuously maintained by all the users and the users do
not access the Internet simultaneously.
IEEE 802.11p is used for wireless access in vehicular
environments (WAVE) and it allows data transfer without
any association process to support quick connection. The
authentication of the users should be taken care of by the
higher layers. However, as shown in section 5.2, even after
connecting using the 4-way handshake authentication process, TCEIDP is still required to establish a Layer 3 (and
above) connection to avoid loss of data packets. Thus,
having a quick connection establishment is not enough for
successful data packet transmission of larger packet size.
The IEEE 802.11p standard supports a theoretical maximum data rate of 27 Mbps [29]. In comparison to that we
could achieve a maximum of approximately 50 Mbps with
IEEE 802.11n as it supports additional modulation and
coding schemes. As mentioned in section 4, Block ACK
performs poorly in mobile environment and, as a result, the
overall throughput achieved is much less compared to the
throughput achieved when Normal ACK is used. As a part
of future work, we plan to explore ways to adapt Block
ACK for mobile environments which may enable IEEE
802.11n to achieve higher throughputs. Additionally, the
modifications to Block ACK can also be incorporated in
IEEE 802.11ac/ax, which may allow even higher throughputs to be achieved. Additionally, IEEE 802.11p can also
be used in the simulations and its performance can be
compared with that of IEEE 802.11n/ac/ax.

6. Conclusion
This paper proposes an SDN-based architecture for persistent WiFi connectivity during train journey. The different network designs for providing Internet connectivity in
trains can be distinguished from each other by the wireless
technologies used for the backhaul connection to the train,
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the backbone network architecture as well as the network
architecture within the train, and the mobility management
mechanisms. The proposed architecture uses WiFi for the
backhaul connection to the train. This architecture can be
used either for a full-scale deployment or for providing
connectivity in coverage holes of existing cellular networks. The proposed architecture has mechanisms in place
to detect the movement of the train and forward packets to
and from the train accordingly. The performance study
shows that the architecture is able to support higher speeds
and provide high throughput as well as high packet delivery
ratio while maintaining per packet delay within reasonable
limits. We plan to extend the work by integrating the proposed architecture with LTE network, which will be able to
easily support high speed vertical handovers between the
two wireless technologies. The hybrid architecture can be
used by either the railway companies or the telecom companies, to provide uninterrupted connectivity to trains.
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