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The population of smart mobile devices drives the mobile trafﬁc growth rapidly. To deal with the trafﬁc
explosion, heterogeneous radio network integration is considered as a cost-effective solution for mobile
operators to reduce network congestion. With the coverage overlapping of various wireless networks
(e.g., LTE and Wi-Fi), we can use multiple networks to transfer different services simultaneously. In this
paper, we integrate the multiple radio access technology (multi-RAT) with software-deﬁned networking
(SDN) to make the multi-RAT network more programmable, dynamically manageable and adaptable. The
analytic model and performance evaluation show that our mechanism can signiﬁcantly reduce the
response times when the multi-RAT network trafﬁc is unbalanced, where the throughput degradation of
adapting our mechanism is 4.15% on average.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Smart mobile devices have become popular in the recent years,
which drive the mobile trafﬁc growth rapidly. According to the
Ericsson Mobility Report, the number of Global mobile broadband
subscriptions grew 30% year-on-year and the overall data trafﬁc is
forecasted to have an 8-fold increase from 2014 to 2020 (Ericsson,
2014). To deal with the trafﬁc explosion, heterogeneous radio
network integration is considered as a cost-effective solution for
mobile operators to reduce network congestion.
Most existing smart mobile devices are equipped with multiple
radio interfaces, including Long Term Evolution (LTE), Wi-Fi,
Wideband Code Division Multiple Access (WCDMA), and so on.
Therefore, multiple radio access technology (multi-RAT) is a viable
solution that combines, for example, Wi-Fi and cellular technology
to fulﬁll the explosive growth of user data trafﬁc. Many mobile
operators have deployed Wi-Fi hotspots that are integrated with
mobile networks. In such deployment, several Wi-Fi ofﬂoading
mechanisms were proposed to switch between the cellular connections and the Wi-Fi connections. For example, Chunghwa Telecom has proposed an auto switch mechanism (Li, 2015) to swap
the network access between cellular and Wi-Fi for Apple iOS and
n
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Google Android smart phones. However, this mechanism does not
support seamless session mobility. Therefore, an application session is terminated and needs to be re-connected when the device
switches the connection between cellular and Wi-Fi. The 3GPP and
the IETF proposed two network protocols, GPRS Tunneling Protocol (GTP) (3GPP TS 29.274, 2015; 3GPP TS 29.281, 2015) and Proxy
Mobile IP (PMIP) (IETF RFC 5213, 2008) to support IP mobility.
Both GTP and PMIP based approaches rely on the mobile core
network to enable session mobility. The 3G‐WLAN interworking
system (3GPP TS 23.234, 2004) is speciﬁed by 3GPP to extend 3G
services and functionality to the WLAN access environment. It also
deals with the 3G‐WLAN handover issues. One of the experimental
studies is presented in (Rajavelsamy et al., 2005), which shows
that the mobility performance will be signiﬁcantly degraded by a
large number of service connections.
Other than mobility issues, when the coverages of various
wireless networks (e.g., LTE and Wi-Fi) are overlapped, using
multiple networks to transfer different services simultaneously
helps to balance the network load. Bandwidth aggregation is a
solution that enhances the performance of high-bandwidth
applications by aggregating the offered bandwidths from multiple RATs. In Ramaboli et al. (2012), the bandwidth aggregation
solutions on application, transport, network, and link layers had
been surveyed. This paper studies bandwidth aggregation based
on service ﬂows, that is, different network interfaces are used to
transmit different service ﬂows (e.g., LTE for VoIP and Wi-Fi for
FTP). In this way, we can utilize the network resources more
properly. Furthermore, we extend the concept of bandwidth
aggregation on multi-RAT to an emerging proposed network
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architecture called software-deﬁned networking (SDN) (Open
Networking Foundation, 2012).
SDN is a computer networking approach that allows the network administrator to control the network manually through the
abstraction of lower-level functionality. Different from the distributed MAC learning and data forwarding switches in traditional
data network, the SDN switches are only responsible for data
forwarding. The control function is decoupled from the switches
and moved to a centralized SDN controller. Since the switches are
controlled by the SDN controller via a predeﬁned communication
protocol OpenFlow (Open Networking Foundation, 2014), they are
usually called the OpenFlow switches (OFSs) and the OpenFlow
controller (OFC), respectively. This design makes the network
more programmable, dynamically manageable and adaptable.
These advantages motivate us to integrate SDN with multi-RAT
bandwidth aggregation.
With the centralized OpenFlow controller, multi-RAT load balancing issues can be handled dynamically. The user equipment's
(UE's) data ﬂows can be switched from one network interface to
another according to network load. Furthermore, through this
network switching mechanism, seamless UE mobility can also be
supported; that is, the connection will not be interrupted during
handover. This approach is called multi-RAT bandwidth aggregation (MRBA).
In MRBA, the UE is required to install a multi-RAT Client (MRC)
to manage both the LTE and the Wi-Fi network interfaces. Application services executed in the UEs do not need to be modiﬁed
under the proposed approach. The MRC provides a uniﬁed radio
network interface at the IP layer to host applications, such that the
application connections are not affected when the radio link is
switched (e.g., between LTE and Wi-Fi). The OpenFlow controller is
installed an Aggregation Control Bundle (ACB) for handling multiRAT bandwidth aggregation.
The paper is organized as follows. Section 2 introduces the
SDN-based MRBA architecture. Section 3 describes the MRBA
procedures. Section 4 studies the load balance and mobility issues.
Section 5 presents the performance results. Section 6 analyzes the
service request response time of MRBA with the analytical model.
Finally, conclusions are given in Section 7.

Fig. 1 depicts the SDN-based multi-RAT network architecture
that consists of the multiple radio access networks (e.g., the LTE
and the Wi-Fi networks in Fig. 1 (A)) and the SDN network (Fig. 1
(B)). The UE equipped with the multi-RAT Client (MRC; see Fig. 1
(1)) has multiple wireless network access interfaces (e.g., LTE and
Wi-Fi). The UE connects to the SDN network through an LTE base
station (called eNB; see Fig. 1 (2)) or a Wi-Fi access point (AP; see
Fig. 1 (3)). LTE base stations are connected to the SDN network
through the mobile core network (Fig. 1 (4)) while Wi-Fi APs are
directly connected to the OpenFlow switches (OFS; see Fig. 1 (5)).
The OpenFlow switches are controlled by the OpenFlow controller
(OFC; see Fig. 1 (6)). The Aggregation Control Bundle (ACB; see
Fig. 1 (7)) is installed in the OpenFlow controller, which analyzes
the packets and applies ﬂow entries for packet routing on OpenFlow switches. The packets are forwarded to the application server
(Fig. 1 (8)) in the external data network (Fig. 1 (C)) by the OpenFlow switches. Details of MRC and ACB are described in the following subsections based on our previous work (Yang et al., 2014).
2.1. Multi-RAT client
Fig. 2 illustrates the MRC, which is a client-side software
installed at the UE equipped with both LTE and Wi-Fi network
modules. At the network side, the multi-RAT function is implemented in the OFC to be described in the next subsection. When
the UE ﬁrst connects to the network, moves between different
wireless base stations (e.g., LTE eNB and Wi-Fi AP), or detects the
congestion of network, the MRC communicates with the OpenFlow controller to determine appropriate data transmission paths.

(1) Applications

Multi-RAT Client (MRC)
(2) Virtual Network Interface ( IP_UE)
(3) LTE Network
Adaptor (IP_LTE)

(4) Wi-Fi Network
Adaptor ( IP_Wi-Fi)

(5) LTE Network
Module

(6) Wi-Fi Network
Module

2. Network architecture
This section ﬁrst introduces the SDN-based multi-RAT bandwidth aggregation (MRBA) architecture. Then we discuss the
multi-RAT Client used in the UE side, and the Aggregation Control
Bundle (ACB) deployed on the OpenFlow controller.

Fig. 1. The SDN-based multi-RAT network.

Fig. 2. Multi-RAT client (MRC).
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The virtual network interface (Fig. 2 (2)) provides a uniﬁed
network interface for applications (Fig. 2 (1)), where an IP address
is allocated to the virtual network interface as IP_UE. All applications in the UE use IP_UE to access Internet services, which will not
be changed when the physical network link is switched between
LTE and Wi-Fi. After the packets were transmitted from the
applications to the virtual network interface, they are dispatched
to either the LTE network adapter (Fig. 2 (3)) or the Wi-Fi network
adapter (Fig. 2 (4)). Each network adapter is associated with a
physical interface with a unique IP address (denote as IP_LTE and
IP_Wi-Fi, respectively). To send the packets to the network, the IPs
of the physical interfaces should be used. In our approach, the
virtual network interface IP (IP_UE) is used by the applications,
and the IP conversion in the packet header is required when a
packet is actually delivered. Initially, a default radio network
interface (e.g., the LTE interface) is selected by the MRC. Therefore,
the source IP ﬁeld in the IP header of the packets will be modiﬁed
to IP_LTE (Fig. 2 (3)), and the packets are transmitted through the
LTE network module (Fig. 2 (5)). If the Wi-Fi interface is selected
later, the IP_Wi-Fi (Fig. 2 (4)) is used; and the packets will be
transmitted through the Wi-Fi network module (Fig. 2 (6)). In the
opposite direction, for all packets received from the network
modules (Fig. 2 (5) and (6)), the destination IP ﬁeld in the IP
header will be replaced by IP_UE, and then sent to the corresponding applications of the UE.
2.2. Aggregation control bundle
In the SDN network, the Aggregation Control Bundle (ACB) is
installed in the OpenFlow controller. The ACB (see Fig. 3(1)) performs the bandwidth aggregation control by communicating with
the OFSs through the Ethernet Adapter (see Fig. 3(5)). If the packet
ﬂows from LTE and Wi-Fi will be merged at a node in the network,
this node is called the aggregation point. In the traditional
approach, the aggregation point in the network is a ﬁxed node
(Yang et al., 2014); while in the SDN network, the aggregation
point can be assigned to any OFS in the network. We will show
how this ﬂexibility is achieved in SDN.
When the ACB receives the packets, the Message Dispatch
Function (MDF; see Fig. 3(2)) analyzes the packets and dispatches
them to the corresponding ACB functions. The UE Management
Function (UMF; see Fig. 3(3)) is used to manage all UEs for the
MRBA service. To perform bandwidth aggregation, the UMF stores
the IP information for each UE. In our approach, every UE
intending to access the MRBA service should ﬁrst register to the
ACB. Through registration, the UMF retrieves required information
of each UE (i.e., IP_LTE, IP_Wi-Fi and the connected Wi-Fi AP's basic
service set identiﬁer; BSSID) and assigns an individual IP (IP_UE) to
the UE. The IP_UE is used by the UE to access the Internet services.
After the UE registration, the UMF decides the aggregation point of
OpenFlow Controller
(1) Aggregation Control Bundle (ACB)

(2) Message Dispatch
Function (MDF)

(3) UE Management
Function (UMF)
(4) Flow Control
Function (FCF)

(5) Ethernet Adaptor

Ethernet Module
Fig. 3. Aggregation control bundle (ACB).
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the UE according to LTE registration path and the BSSID of the WiFi AP. The aggregation point is the OFS that performs the aggregation function to merge the packets from LTE and Wi-Fi. For the
packets sent from the network, this OFS is responsible for distributing them to either LTE or Wi-Fi. The advantage of SDN is that
every OFS can serve as the aggregation point through the standard
OFS feature, which is different from one ﬁxed aggregation point in
the traditional network. The Flow Control Function (FCF; see Fig. 3
(4)) maintains the routing rules of OFSs through the OFC, and
utilizes the UE information stored in the UMF to manage the data
routing paths. The ﬁrst data packet arriving at the OFS triggers a
table-miss (i.e., a packet does not match any ﬂow entry in the ﬂow
table) on the OFS, then the data is encapsulated in the OFPT_PACKET_IN message sent to the OFC (Open Networking Foundation, 2014). The FCF analyzes the OFPT_PACKET_IN message
received by the OFC, calculates the routing path, and then generates the appropriate ﬂow entries for the OFSs. Note that the ﬂow
entries are bi-directional, which means that the rules for both
uplink and downlink streams are considered. After the FCF conﬁgures the ﬂow entries in the OFSs, the packets are sent to their
destinations. Furthermore, the connected UE periodically monitors
the network status (e.g., through the ICMP PING delay time
between the UE and a corresponding node (IETF RFC 792, 1981)).
When the UE detects the congestion of one radio network interface and intends to transfer the ﬂow to another interface, it sends a
ﬂow switching request to the ACB to start the ﬂow switching
procedure. When the UE moves to a different Wi-Fi AP, it sends an
update message to the ACB to recalculate the routing path and
reselect the aggregation point. Details of these procedures are
described in the next two sections.

3. SDN-based multi-RAT bandwidth aggregation procedures
This section describes the SDN-based MRBA procedures,
including the registration procedure and the ﬂow-based bandwidth aggregation procedure. In MRBA, control messages are sent
to the ACB through the LTE network because LTE's coverage is
better than Wi-Fi. Also, LTE automatically supports mobility
management better than Wi-Fi does. Therefore, MRBA related
messages can be securely delivered through LTE. The UE uses the
specialized control_IP and control_port as the destination IP and
port to deliver control messages. When this special IP address and
port number are detected by the OFSs, the message is forwarded to
the ACB.
3.1. Registration procedure
Fig. 4 shows the message ﬂow of the registration procedure,
where the UE registration message is sent to the ACB through the
LTE network.
Step 1. The UE connects to the LTE eNB through IP_LTE.
Step 2. To access Wi-Fi at the same time, the UE connects to the
Wi-Fi AP through IP_Wi-Fi.
Step 3. The UE sends the registration request to OFS1 through
the LTE eNB. The destination IP and the port of the request
packet are conﬁgured by control_IP and control_port, and thus
the request packet can be forwarded from OFS1 to the OFC. This
packet includes the IPs of the UE (e.g., IP_LTE and IP_Wi-Fi) and
the connected Wi-Fi AP’s BSSID.
Step 4. The registration request packet matches the preset ﬂow
entry in OFS1. The preset ﬂow entry has the following rule: If the
destination IP and the destination port of the packet are control_IP
and control_port respectively, send the packet to the OFC through
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Fig. 4. The registration procedure.

the OFPT_PACKET_IN message. Therefore, the registration request is
sent to the ACB in the OFC (Open Networking Foundation, 2014).
Step 5. The ACB stores the IP information of the UE through the
UMF, selects the aggregation point (e.g., OFS1) and assigns an IP
(i.e., IP_UE) for the virtual network interface of the UE.
Step 6. The ACB sends the registration response through the
OFPT_PACKET_OUT message to OFS1. This message includes
IP_UE and the registration result (e.g., success).
Step 7. OFS1 receives the OFPT_PACKET_OUT message, retrieves
the registration response and forwards it to the UE.
Step 8. Upon receipt of the registration response packet, the UE
conﬁgures IP_UE as the virtual network interface IP. The registration procedure is ﬁnished.
After the registration procedure, the ACB retrieves the required
UE interface information, which includes IP_LTE, IP_Wi-Fi, and the
connected Wi-Fi AP's BSSID. When the ﬁrst data packet is sent to
OFS1, an OFPT_PACKET_IN message will be sent to the ACB, and
the ACB can check the source IP ﬁled to distinguish which UE is the
packet owner, and then set corresponding routing rules through
the OFC to OFS1 for delivering this packet.
3.2. Flow-based bandwidth aggregation procedure
Fig. 5 shows the message ﬂow of the ﬂow-based bandwidth
aggregation. This procedure is triggered when the ﬁrst packets
from LTE and Wi-Fi arrive at an OFS. At this point, the OFS does not
know how to forward the packet. The ﬂow-based bandwidth
aggregation procedure is triggered, and after this procedure is
complete, the UE can transmit the data of different applications
through both LTE and Wi-Fi networks at the same time. Assume
that the source ports of the established data ﬂows on LTE and Wi-

Fi are port_1 and port_2, respectively. The ﬂow-based bandwidth
aggregation procedure is described as follows.
Step 1. The UE establishes the network access to LTE.
Step 2. The data packets are sent to OFS1 through the LTE eNB.
Step 3. The ﬁrst arriving data packet triggers a table-miss event
in OFS1 (Open Networking Foundation, 2014). OFS1 then forwards the packet through the OFPT_PACKET_IN message to the
ACB in the OFC.
Step 4. The ACB analyzes the packet by comparing the source IP
and the UE information recorded in the UMF, and the FCF calculates the routing path and generates the ﬂow entries.
Step 5. The ACB adds the ﬂow entries in OFS1 by sending
OFPT_FLOW_MOD to OFS1. The ﬂow entries are set as follows: If
the source IP and source port of the packet are IP_LTE and port_1,
modify the source IP of the packet to IP_UE and send it to the
next OFS (e.g., OFS2). If the destination IP and the destination
port of the packet are IP_UE and port_1 respectively, modify the
destination IP of the packet to IP_LTE and send it to the LTE eNB.
Step 6. The ACB adds the forwarding ﬂow entries in OFS2 by
sending OFPT_FLOW_MOD to OFS2. The ﬂow entries are set as
follows: If the packet comes from OFS1, send it to the application
server in the Internet. If the destination IP of the packet is IP_UE,
send it to OFS1.
Step 7. The data packet matches the ﬂow entry in OFS1, and is
sent to the application server through OFS2.
After ﬁnishing the steps above, the bi-directional ﬂow entries
(i.e., uplink and downlink ﬂows) are added in OFS1 and OFS2, and
the subsequent data packets can be transmitted between the UE
and the application server in the Internet through the LTE network. Steps 8–14 illustrate how the UE transmits the data through
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OFC
LTE
eNB

UE

1. UE establishes
the network
access to LTE.

Wi-Fi
AP1

OFS1

2. Data

OFS2

ACB

Application
Server in the
Internet

3. OFPT_ PACKET_IN (Data)
4. ACB analyzes the
packet, calculates the
routing path.
5. OFPT_FLOW_MOD
(bi-directional flow entries)
6. OFPT_FLOW_MOD
(forwarding flow entries)
7. Data
Data Flow 1

8. UE establishes
the network
access to Wi-Fi.
9. Data

10. OFPT_ PACKET_IN (Data)
11. ACB analyzes the
packet, calculates the
routing path.
12. OFPT_FLOW_MOD
(bi-directional flow entries)
13. OFPT_FLOW_MOD
(forwarding flow entries)
14. Data
Data Flow 2

Fig. 5. The ﬂow-based bandwidth aggregation procedure.

OFC
LTE
eNB

UE

Wi-Fi
AP1

OFS1

OFS2

ACB

Data Flow
1. UE detects the
congestion on
Wi-Fi.
2. Flow Switching Request

3. OFPT_ PACKET_IN
(Flow Switching Request)
4. ACB analyzes the
request, calculates
new flow entries.
5. OFPT_FLOW_MOD
(new bi-directional flow entries)

7. Flow Switching Response

6. OFPT_ PACKET_OUT
(Flow Switching Response)

8. UE redirects the
data flow to LTE.
Data Flow

Fig. 6. The ﬂow switching procedure.
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OFC
LTE
eNB

UE

Wi-Fi
AP1

Wi-Fi
AP2

OFS1

OFS2

ACB

Application
Server in the
Internet

Data Flow
1. UE moves toward
Wi-Fi AP2 and
detects that the signal
strength of Wi-Fi
AP1 is low.
2. Flow Switching Procedure (switch the flows from Wi-Fi to LTE)
Data Flow
3. UE
connects to
Wi-Fi AP2.
4. Network Status Update Request
5. OFPT_ PACKET_IN
(Network Status Update Request)
6. ACB updates the
information of UE and
chooses OFS2 as the new
aggregation point of the UE.

8. Network Status Update Response

7. OFPT_PACKET_OUT
(Network Status Update Response)

9. UE transmits the
data flow on Wi-Fi
thorough Wi-Fi AP2.
10. Flow Switching Procedure (switch the flows from LTE to Wi-Fi)
Data Flow

Fig. 7. The Wi-Fi mobility procedure.

the Wi-Fi network, which are similar to Steps 1–7, and the details
are omitted.
Note that in a ﬂow entry, the source port of the data packet is
used to distinguish different ﬂows. Hence, the UE can have different service ﬂows on different radio access interfaces at the same
time. Furthermore, whether the service ﬂow is delivered through
LTE or Wi-Fi, the source IP of packets sent to the application server
in the Internet is IP_UE. That is, the connection needs not to be
reestablished when the service ﬂow is switched between LTE and
Wi-Fi. The procedures for handling ﬂow switching and UE mobility
issues are described in the next section.

4. Flow switching and Wi-Fi mobility procedures
The MRBA ﬂow switching and the mobility procedures are
described in this section.
4.1. Flow switching procedure
When the UE detects the congestion on one radio access network, the ﬂow switching procedure transfers the service ﬂow from
the congested radio network to the less-congested network. Fig. 6
shows the details of the ﬂow switching procedure.
In Fig. 6, the UE initially delivers packets to the application
server through Wi-Fi. After the ﬂow switching procedure, the data
ﬂow is switched to the LTE network. We assume that the source
port of the data ﬂow is port_1, and the procedure is described as
follows.

Step 1. The UE detects the congestion on Wi-Fi by checking the
network status periodically.
Step 2. The UE decides to switch the data ﬂow to LTE by sending
the ﬂow switching request to OFS1 through the LTE eNB.
Step 3. The ﬂow switching request packet matches the preset
ﬂow entry in OFS1. The rule of the preset ﬂow entry is the same
as that in Step 4 of Section 3.1. Therefore, OFS1 forwards the
ﬂow switching request through the OFPT_PACKET_IN message
to the ACB in the OFC.
Step 4. The ACB analyzes the request, and the FCF calculates new
ﬂow entries. In this procedure, we need to modify the forwarding ﬂow entries of the data ﬂow in OFS1.
Step 5. The ACB modiﬁes the ﬂow entries in OFS1 by sending the
OFPT_FLOW_MOD message to OFS1. The ﬂow entries are set as
follows: If the source IP and port of the packet are IP_LTE and
port_1 respectively, modify the source IP of the packet to IP_UE,
and send it to the next OFS (e.g., OFS2). If the destination IP and
the destination port of the packet are IP_UE and port_1 respectively, modify the destination IP of the packet to IP_LTE and send
it to the LTE eNB. (Originally, the match ﬁelds of the ﬂow entries
are IP_Wi-Fi and port_1, respectively.)
Step 6. The ACB sends the ﬂow switching response through the
OFPT_PACKET_OUT message to OFS1.
Step 7. OFS1 receives the OFPT_PACKET_OUT message, retrieves
the ﬂow switching response and forwards it to the UE.
Step 8. The UE receives the ﬂow switching response, redirects
the data ﬂow to the LTE network.
After Step 8 is executed, the ﬂow is transferred from Wi-Fi
to LTE.
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Fig. 8. The SDN-based MRBA network architecture.

4.2. Wi-Fi mobility procedure
In the ﬂow switching procedure above, the data ﬂows are
effectively transferred between different radio access networks.
This function can be extended for Wi-Fi mobility. In Fig. 1, when
the UE is moving from Wi-Fi AP1 to AP2, the Wi-Fi link of the UE
should be switched from AP1 to AP2. We assume that the coverage
of the LTE network is continuous and the coverages of Wi-Fi APs
and LTE eNBs are overlapped. For example, in Fig. 1, AP1 and AP2
are not overlapped, and the eNB covers both AP1 and AP2. In our
mechanism, the UE can switch the service ﬂow on the Wi-Fi
network to the LTE network before it moves out of Wi-Fi AP1’s
coverage. Since the service ﬂow can be easily migrated from Wi-Fi
to LTE in MRBA with little overhead, the network connection will
not be broken when the UE re-establishes the Wi-Fi link to AP2.
After reconnection, the UE can switch the service ﬂow back to the
Wi-Fi network. Because LTE automatically supports mobility
management better than Wi-Fi does, the moving UE can always
connect to LTE through its handover mechanism (3GPP TS 36.300,
2015). Thus our mechanism can use the LTE network for keeping
the network connection when the Wi-Fi network is unavailable.
The detailed steps are presented in Fig. 7.
In Fig. 7, the UE initially delivers packets to the application
server through Wi-Fi AP1. During the Wi-Fi mobility procedure,
the data ﬂow is temporally switched to the LTE eNB. After Step 9 is
ﬁnished, the data ﬂow can be switched back to the Wi-Fi network
(i.e., through AP2).
Step 1. The UE moves toward the radio coverage of Wi-Fi AP2
and detects that the signal strength of Wi-Fi AP1 is low.
Step 2. The UE uses the ﬂow switching procedure described in
Fig. 6 to switch the ﬂow from Wi-Fi to LTE. At this point, the UE
does not have Wi-Fi connection.
Step 3. The UE moves into the coverage of Wi-Fi AP2 and
connects to Wi-Fi AP2.
Step 4. Because the UE connects to a new Wi-Fi AP, the UE
information recorded in the ACB should be updated. The UE
then sends network status update request to OFS1.
Step 5. The network status update request packet matches the
preset ﬂow entry in OFS1. The rule of the preset ﬂow entry is the
same as that in Step 4 of Section 3.1. Therefore, OFS1 forwards
the network status update request through the OFPT_PACKET_IN message to the ACB in the OFC.
Step 6. The ACB updates the information of the UE. Due to the
change of the routing path, the aggregation point in the SDN
network needs to be re-selected. The ACB chooses OFS2 as the
new aggregation point.
Step 7. The ACB sends the OFPT_PACKET_OUT message with the
network status update response to OFS1.
Step 8. OFS1 receives the OFPT_PACKET_OUT message, retrieves
the network status update response and forwards it to the UE.

Step 9. Now the UE can transmit packets through Wi-Fi AP2 and
OFS2 to the application server.
Step 10. The UE utilizes the ﬂow switching procedure described
in Fig. 6 to switch the data ﬂow from LTE to Wi-Fi.
Note that the aggregation point is changed from OFS1 to OFS2
after this procedure is executed.

5. Performance evaluation through measurement
Based on Fig. 1, we implement MRBA with the SDN-based
experimental environment shown in Fig. 8. The multiple radio
access networks (Fig. 8(A)) include Huawei BBU3900 TD-LTE eNB
(Fig. 8(2)) (Poole, 2015) and D-Link DIR-835 Wi-Fi AP (Fig. 8(3)).
The ng4T NG40 Evolved Packet Core (EPC) emulator serves as the
mobile core network (Fig. 8(4)). In the SDN network (Fig. 8(B)), we
use OpenDaylight OFC (Fig. 8 (6)) (Linux Foundation Collaborative
Projects, 2015), HP 3800 series OFS (Fig. 8(5)), and the ACB (Fig. 8
(7)) is implemented on OpenDaylight.
Due to the TDD subframe conﬁguration restriction (Poole, 2015),
the LTE uplink bandwidth is limited to 10 Mb/s. Hence, the LTE uplink
trafﬁc is up to 10 Mb/s in all experiments. We measure the performance of the MRBA and compare it with the performance of a traditional network environment illustrated in Fig. 9. In this ﬁgure, the UE
directly accesses the network service through LTE eNB or Wi-Fi AP.
Neither SDN nor MRBA are involved. We measure the uplink and the
downlink throughputs of LTE and Wi-Fi with and without SDN-based
MRBA mechanism. Speciﬁcally, we use iPerf tool (NLANR/DAST, 2015)
for the performance measurement. In the uplink experiments, the UE
(Fig. 8(1)) works as an iPerf client and the application server (Fig. 8(8))
in the external data network (Fig. 8(C)) works as an iPerf server. In the
downlink experiments, the roles of the UE and the application server
reverse. We measure the transmission rates range from 10 Mb/s to
100 Mb/s by sending UDP ﬂows from iPerf client to iPerf server. The
uplink transmission rates for LTE range from 1 Mb/s to 10 Mb/s.
In Fig. 10, the solid curves show the throughputs for the traditional
network (without SDN-based MRBA). The dashed curves plot the
results for MRBA. The ﬁgure shows that the uplink performances are
almost identical for both traditional and MRBA. For downlink transmission, MRBA only degrades the performance for less than 4% when
the transmission rate is higher than 80 Mb/s. These results indicate
that the multi-RAT overhead for MRBA can be ignored for uplink
transmission, and is up to 4% for high bit rate downlink transmission.
Now we show the advantage of MRBA's aggregation mode, where
both LTE and Wi-Fi transmissions are activated. The aggregated
throughput is compared with the traditional LTE and Wi-Fi throughputs without MRBA. The aggregation experiment results are presented
in Fig. 11. These experiments use two iPerf servers (Fig. 8(8)) to receive
the UDP ﬂows from both networks. In MRBA, the UE transmits both
LTE and Wi-Fi service ﬂows simultaneously. For the uplink
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Fig. 9. The traditional (Non-SDN) network architecture without MRBA.

Fig. 10. Performance comparison of single radio network transmission with and without MRBA overhead.

measurement, the LTE transmission rate is up to 10 Mb/s. For both the
uplink and downlink experiments, the aggregated transmission rates
(consist of LTE and Wi-Fi) range from 20 Mb/s to 100 Mb/s. In Fig. 11,
the worst case of the aggregation efﬁciency is 81.5%. In other words, if
the UE connects to an LTE eNB and a Wi-Fi AP simultaneously, by
using the MRBA mechanism, the aggregation data rate is at least 81.5%
of the LTE and the Wi-Fi networks' net bandwidth. Compared to the
traditional environment, the average aggregation performance is
95.85% (i.e., the throughput degradation is 4.15%), which proves that
the MRBA mechanism is feasible.

6. Analytical model for MRBA gateway in hotspots
In this section, we consider a hotspot environment, where an
MRBA UE serves as an MRBA gateway to balance the workload of LTE

and Wi-Fi. We assume that the (non-MRBA) UEs reside in a public
transportation vehicle such as a bus or a train. In the traditional network (Fig. 12(a)), the UEs choose either LTE or Wi-Fi without load
balance consideration. In the MRBA gateway architecture (Fig. 12(b)),
all UEs connect to the MRBA gateway through Wi-Fi, and the gateway
uses the MRBA mechanism to dispatch the trafﬁc to LTE and Wi-Fi
networks with load balance. This section conducts analytic and
simulation experiments to investigate the performance for the hotspot
environments in Fig. 12.
In the traditional network environment (Fig. 12(a)), the LTE eNB
and the Wi-Fi AP are modeled as M/G/1 queues (Ng and Soong, 2008).
The network service request arrivals (e.g., the trafﬁc from the ﬁve UEs
in Fig. 12 (a)) are a Poisson process with the rate λ, and the service
times have a Gamma distribution with the mean value 1=μT . The
variance V ¼ 0:01  ð1=μT Þ2 and 100  ð1=μT Þ2 , respectively for a
small and a large variance scenarios. Based on the measurement study
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Fig. 11. The performance of bandwidth aggregation.

Fig. 12. Hotspot environments.

in Section 5, we choose μT ¼ 100 Mb=s for both LTE and Wi-Fi
downlink transmissions.
In the MRBA gateway architecture (Fig. 12 (b)), all UEs connect to
the MRBA gateway, where the MRBA mechanism dispatches the
trafﬁc to LTE and Wi-Fi networks. In the analytic model, the MRBA
gateway, the LTE eNB and the Wi-Fi AP together are modeled as an
M/G/1 queue. In the MRBA gateway environment, the aggregation
efﬁciency is at least 81.5% based on the experiment results in Fig. 11,
thus μM ¼ ðμT þ μT Þ  0:815 ¼ 1:63 μT . The output measure is the
average response (waiting) time. We use the arrival rate in the
range 0:1 μT r λ r 0:9 μT to compare the discrepancies between the
analytic and the simulation experiments. The results are within 1%.
It is clear that the simulation is consistent with the analytic model.
In Fig. 13, we consider λ ¼ μT and μM ¼ 1:63 μT . The probability
p that a service request goes to LTE is set in the range 0:5 r p r 0:9.
That is, in the traditional network environment, the service
request arrivals of LTE eNB are a Poisson process with the rate
p  λ, and the service request arrivals of Wi-Fi AP are a Poisson
process with the rate ð1  pÞ  λ.
In Fig. 13, the average response time of the service request
under traditional environment increases with the probability of
LTE service request. That is, when the input service requests are
unbalanced, the response time of the service request will be
affected signiﬁcantly. For MRBA, the input service requests can be
dispatched to the LTE eNB and the Wi-Fi AP according to the
network load. Hence, we can utilize the network capabilities

Fig. 13. The response times under different request arrival rates.

properly and the response times in the MRBA gateway environment are not affected under different arrival rates. The simulation
results show that when p grows to 0.9, the improvement can be up
to 89.1%.

7. Conclusion
This paper proposed a multi-RAT bandwidth aggregation (MRBA)
mechanism in SDN networks. Through the proposed mechanism, a UE
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only needs to install the multi-RAT Client software, and the applications in the UE do not need to be modiﬁed. In addition to the
aggregation functionality, the proposed mechanism supports the UE's
mobility and deals with the load balancing issues. The analytic model
for MRBA gateway shows that our mechanism can reduce the
response time up to 89.1% when the multi-RAT network trafﬁc is
unbalanced, and the throughput degradation of adapting our
mechanism is 4.15% on average.
Our future work will provide an extension to the packet-based
bandwidth aggregation (PBA). Through packet-based bandwidth
aggregation, we can use both LTE and Wi-Fi to transmit one ﬂow
simultaneously. Because the transmission delay of each network is
different, it will cause serious out-of-order packets problem in
both the UE side and the SDN network side. The packet-reordering
issue will be resolved in our future work.
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