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Abstract

Wireless mesh networks enlarge the wireless coverage area by interconnecting relatively
stationary wireless routers (mesh routers). As wireless mesh networks are envisioned to
provide high-bandwidth broadband Internet service to a large community of users, the Internet
gateway, which acts as a central point of Internet attachment for the mesh networks, is likely to
suffer heavily from the scramble for shared wireless resources because of aggregated traffic
toward the Internet. It causes performance decrement on end-to-end transmissions. We
propose a scheme to balance the load in a mesh network based on link quality variation to
different Internet gateways. Moreover, under the mesh coverage, mobile nodes can move
around and connect to nearby mesh routers while still keeping the connections to the Internet
through the best gateway in terms of link quality. In this structure, gateways perform the
balancing procedure through wired links. Information about gateways and mobile node’s
location is distributed appropriately so that every mesh router can quickly recognize the best
gateway as well as the positions of mobile nodes. This distributed information assists mobile
nodes to perform fast handoff. Significant benefits are shown by the performance analysis.
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1. Introduction

Wireless mesh networks (WMNSs) [1] are considered as a solution to extend the coverage of

wireless access networks in which mesh routers (MRs) are responsible for routing,
maintaining network topology, and providing connections for a large number of mobile nodes
(MNs). Some of the MRs play the role of gateways. Gateways function as portal devices that
provide access to the wired Internet. Among various potential application scenarios provided
by WMNSs, broadband Internet access using WMNSs is one of the most promising directions for
applying this technology [2]. There are great advantages when the WMN is connected to the
global Internet via multiple Internet gateways (IGWs), referred to as multi-homed, in terms of
achieving both reliability and load balancing. When multi-homed, an end-user can still enjoy a
network connection if at least one gateway is working. Furthermore, the traffic load inside the
mesh network can be kept balanced among different paths to gateways to avoid congestion of
certain heavily loaded paths. Furthermore, when an MN changes its associated MR, multiple
multi-hop paths are available, linking to different IGWs. Among these paths, the best one will
be chosen. The path selection for handoff decisions guarantees transparency to applications
during and after the handoff. To ensure transparency, mobility management solutions should
be designed and implemented especially for WMNs, considering the differences between
WMNs and conventional wireless networks. One prominent difference is that messages,
including data and signaling, have to traverse a multi-hop wireless path to reach the
destination.

A comprehensive survey of mobility management in hybrid WMNSs is given in [3]. In sum,
existing work on mobility management in WMNSs is classified according to address
management for mobility support, multi-hop routing to facilitate handoffs (e.g. iMesh [4], M?
[5]), or integrated routing and mobility management. The authors mentioned some issues to
address handoff management. Among them, the gateway selection issue needs to be solved.
Our proposal is concerned with this issue.

For load balancing purposes, the authors of [6] proposed a method to achieve load
balancing in WMNs based on the average queue length in IGWSs. Furthermore, Thomas et al
[7] implemented the cross-layer metric to provide an improved load-balanced wireless mesh
network with multi-homing. They showed that balancing the traffic variation to gateways can
improve the throughput in wireless mesh networks. However, these papers do not focus on
how to keep the ongoing transmissions continuous.

The authors of [8] showed the problems in multi-homed ad hoc networks where gateways
may use different technologies, e.g. NAT-based and MIP-FA based gateways, to connect ad
hoc networks to the Internet, as well as security problems such as ingress filtering. They
proposed applying explicit tunneling, mobile IP with NAT-traversal, and reverse tunneling to
solve these problems. As a result, the source node (MN) will add more necessary information
in the sending of packets to ensure that the session is continuous while moving and to avoid the
packets’ ingress filtering. Our proposal is to design an architecture such that MNs are exempt
from participating in mobility management. IP-in-IP encapsulation is also used but between
MRs and IGWs and between IGWs.

The authors of [9] designed an architecture with multiple MANET border gateways
(MBGS), but the number of MBGs working as IGWs was kept minimized, usually at one. In
this environment, MNSs keep IP addresses intact while moving in the MANET coverage. Data
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packets of the MANET are tunneled between an MN and its associated access router and
between an access router and its gateway. This paper tried to shift the overhead for suppressing
route reconstruction from within MANET to within the Internet. The basic architecture of my
proposal is similar to that of [9]. However, [9] used a global IP address and tunneling between
an MN and its associated access router. In my proposal, local IP address space is used and
MRs perform tunneling on behalf of MNs. In addition, IGWs control the load balancing and
choose path from MRs to GWs. By using distributed information, our proposal reduces
frequent queries to IGWs where the wireless resource is scarce because of aggregated traffic
toward the Internet.

In this paper, we consider a wireless mesh network with three sets of nodes: mobile nodes,
mesh routers, and multiple Internet gateways. Each MN connects to the nearest MR with the
strongest signal. The load of an MR is the load of all MNs connecting to this MR. The metric
of a complete path does not consider the link quality from MNSs to the associated MR. When an
MR performs switching to another IGW, the aggregated load will be routed through the new
IGW.

To achieve load balancing in our solution, the path selection from a mesh router to an IGW
needs to rely on a specific metric. In this study, Optimized Link State Routing (OLSR) [10]
with the minimum loss (ML) metric, i.e. OLSR-ML [11], has been selected as the routing
protocol inside the WMN. Traffic is directed via links with the highest probability of
successful transmission.

This paper presents an architecture in which IGWs negotiate with each other via wired links
to decide which MRs they will serve; the decision is made relying on the link quality from
MRs to IGWSs. Information about the set of MRs served by a certain IGW along with the MNs’
location, i.e. where the MR MNs reside, will be held by some of MRs instead of being stored
only in IGWs. These MRs are chosen based on multipoint relay selection in the OLSR
protocol so that any given MR can acquire the necessary information from them with an
allowable time cost. To send packets toward the Internet, MRs access these selected MRs to
determine which IGWs are the most appropriate. When the handoff happens, the time for the
serving MRs to obtain the information about the former MR of the handoff MN is small; this
leads to faster handoff. In addition, MNs can route packets via the best IGW after the handoff.
When an MR has a better path to a new IGW, load balancing occurs. The balancing process
makes the network performance increase. The balancing process, as well as the handoff
procedure, does not require the participation of MNSs in signaling. MRs and IGWs control the
balancing and mobility management on behalf of MNSs; therefore, the signaling workload in
MNs is eliminated.

The remainder of this paper is organized as follows. First, the proposed solution is
presented. Then, the performance analysis is carried out in section 3. Finally, concluding
remarks are given.

2. Protocol Design

2.1 Architecture

OLSR-ML is an OLSR link quality extension using the minimum loss probability as a metric
[11]. Multipoint-relays (MPRs) selection in OLSR-ML is based on link quality information: a
neighbor is selected as an MPR if it has the best route to any 2-hop neighbor. Initially, MPR
selection in OLSR-ML is the same as the MPR selection of RFC OLSR because of its lack of
traffic.
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The probability of the successful transmission of a link is calculated using forward and
reverse link delivery ratios. The delivery ratio is the probability that a data packet successfully
arrives at the next hop. The expected probability that a transmission is successfully received
and acknowledged is the product of the forward delivery ratio (d¢) and the reverse delivery
ratio (d,) of a link:

Piink = ds x d;

In a multi-hop path, the probability of successful transmission over the complete path
should be the product of the probabilities of each path. The best route from one source to a
specific destination is the one with the highest probability of successful transmission, i.e. the
one with the minimum loss probability.

The delivery ratios are measured using modified OLSR HELLO packets sent every t
seconds. Each node calculates the number of HELLOs received in a w second period and
divides it by the number of HELLOs that should have been received in the same period. Each
modified HELLO packet contains information about the number of HELLOs received by the
neighbor during the last w seconds to allow each neighbor to calculate the reverse delivery
ratio.

In the proposed solution, IGWSs join a multicast group in which they exchange information
with each other via wired backbone links. Initially, IGWs are assigned priorities and advertise
the priority information into the multicast group to elect a primary IGW. The IGW with the
highest priority will play the role of the primary IGW; the others are secondary. The primary
IGW is responsible for providing IP addresses for MNs.

From the point of view of the primary IGW, the set of MPRs of rank 0 acts as the IGW itself
and the set of MPRs of rank 1 acts as the MPR itself. Let us define the set of MPRs of rank k+1,
for the k integer, as the union of the MPRs set of all MR elements of the MPR set of rank k.
The MPRs ranked with even numbers, 2, 4, and so on, are selected as the delegated mesh
routers (DRs) [10]. These DRs are kept unchanged even if the MPR set changes later (Fig. 1).

Fig. 1. Delegated router selection example in the proposal

In our multi-homed WMN, IGWSs exchange routing information with each other via wired
links and decide which MRs they will take care of. The decision is made based on the best
routes from MRs to IGWs, i.e. those with the minimum loss probability. Fig. 2 shows that
MR1 and MR2 use IGW1 to access the Internet; while MR3 and MR4 forward traffic toward
the Internet via IGW2. This mapping is depicted in the form of IGW: [MR1-MRn]. The
information about the mapping between MRs and IGWSs is kept in all IGWSs and distributed to



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 5, NO. 5, May 2011 963

DRs by the primary IGW. MRs will query DRs to acquire which IGW they will use to route
traffic toward the Internet.

To maintain the locations of MNs inside mesh networks, IGWs store the mappings between
MNSs and MRs in the form of tuples [MN_MAC, Mesh_ID, MN_IP]. As a result, IGWs and
DRs store MN mapping information and IGW/MR combination information. However, only
the primary IGW is responsible for allocating IP addresses for MNs. Upon receipt of address
allocation requests, the other IGWs forward them to the primary IGW via wired links.

A distribution tree with the primary IGW as the root is created in order for information
delivery to the DRs to work efficiently. First, the primary IGW sends messages to all the
MPRs at rank 1. Then the MPRs at rank k (k>=1) are responsible for disseminating the
messages to the MPRs at rank k+1 and so on. It runs like a multicast technique.

IGW 1

(Primary)

Fig. 2. Model of multi-homed WMNs

2.2 Initial Joining Procedure

Suppose that IGW1 is the primary IGW; the others are secondary. When an MN joins an MR
(serving MR), this router queries the DR with the best link quality (Fig. 3).

e The DR replies a negative result; i.e. this MN has not joined the network yet and
indicates the best IGW (IGWn) for this MR (steps 2 and 3). This IGW information is
stored in the serving MR to forward traffic later.

e The serving MR sends a request to the IGWn to require a new IP address for the MN
(step 4).

¢ IGWn forwards the request to IGW1 via a wired link (step 5).

¢ IGW1 allocates a new IP address, updates its database with the new MN, and sends a
reply to IGWn. Then, IGWn sends back the new IP address to the serving MR (step 6).

e Upon receipt of the reply, the serving MR advertises the new IP address to the MN (step
7).

e The serving MR announces the new MN’s mapping to DRs in the vicinity (step 8). The
vicinity is defined as a set of DRs such that the distance to the current MR is equal to or
fewer than 4 hops.

¢ Note that, as an MN leaves the network, the serving MR announces the MN’s leaving to
the primary IGW, which, in turn, updates its database and distributes this information to
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all DRs via the distribution tree and to IGWs in its multicast group. DRs remove the
MN’s mapping if it exists.

[MN] [ServingMR| [DRs| [IGwn]| [IGW1 |
MN 1 N
attachment 2 >
P 3
4 >
- ® ,|Update
P 7 ) 6 for MN
configuration 8 .
Update DRs
in vicinity

Fig. 3. Initial joining procedure

2.3 Network Address Translation (NAT) Operation and Tunneling Technique

&[Src:MN, Dst:CN]

MN

IP-in-IP Tunnel

Fig. 4. lllustration of packet transmission

Upon joining the network, an MN begins to send data. Packets from the MN are encapsulated
with the MN’s private source IP address and a public destination IP address and sent to its
associated MR (Fig. 4). This MR will perform IP-in-IP packet encapsulation, in which the
outer header has the associated MR’s source IP address and the respective IGW’s destination
IP address. When the packet arrives at the IGW specified in the outer header, depending on the
initial IGW of the MN, the packet may be forwarded to another IGW or NATed in the current
IGW after decapsulation. If the packet belongs to another IGW, i.e. the initial IGW, it will be
encapsulated and dispatched to the initial IGW. When the packet arrives at this IGW, its outer
header is decapsulated. The IGW then will translate the MN’s source IP address to the IGW’s
public IP address before sending the packet to the Internet. For the reverse direction from the
Internet to the MN, the receiving IGW finds out what IGW is currently responsible for the
associated MR of the MN. If the current IGW takes care of it, this IGW performs NAT,
encapsulation with the respective MR’s destination IP address based on the MN mapping, the
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IGW mapping, and the NAT rule table, and then it sends the encapsulated packet toward the
MN. If the MN’s associated MR is served by another IGW, the current IGW encapsulates the
packet with the respective IGW’s outer destination IP address and transmits it to the specified
IGW. Upon receipt of the packet, the destination IGW will NAT, encapsulate, and forward it
to the MN as described above.

2.4 Balancing Process

From Fig. 2, suppose that, at the beginning, MR1-MR2 use IGW1 to access the Internet; while
MR3-MR4 uses IGW?2. Fig. 5 shows that, initially, traffic from the serving routers belonging
to IGW1 arrives at IGW1,; here, its source IP address is translated to IGW1’s public IP address
before it is forwarded to the correspondent node (CN). For the reverse direction from CN to
MN, NAT also takes place in IGW1; i.e., the destination IP address is translated to the MN’s
IP address at IGW1. At time t1, IGWSs update their routing tables and exchange routing
information with each other through wired links and then decide that one active source MR (a
source with traffic), say MR2, and the inactive MRs belonging to IGW1, which have link
quality from MRs to IGW2 that is better than those to IGW1, will route packets through IGW?2.
Itis likely that more than one active MR will have better routes to IGW2. Among these MRs,
only the MR with the highest metric, i.e. the one with the highest probability of successful
transmission, is switched to the new IGW. This is because, when an MR changes to another
IGW, traffic distribution in the network will change. This probably leads to the metric update
and route change. The next negotiation between IGWSs will decide whether or not there is more
active MR switching. In this way, the ping-pong effect can be avoided.

|IV:N| ISewirl\gMR| |D|Rs| |IG\IN2| |IG\|/V1|

Before switching

[
| NAT to IGW1 |

A -
> >

<~

Y

A
A

After switching

I
NAT to IGW1 |

Y

Y

A
A
A

i
<

Fig. 5. Traffic flow before and after balancing

At this time, IGW1 requires IGW2 to add MR2 to its supervision set. Upon receiving an
acknowledgment from IGW2, IGW1 eliminates MR2 from its supervision and sends a request
to instruct MR2 to begin using IGW2. At the same time, it also updates the DRs via the
distribution tree. At this moment, the traffic travels between CN and the MN residing in the
serving router, as shown in Fig. 5:

e Uplink:  MN->Serving MR->IGW2->IGW1 (NAT source to IGW1)->CN or
MN->Serving MR->IGW1 (NAT source to IGW1)->CN if the serving MR has not
received the update yet)

e Downlink: CN->IGW1->IGW2->Serving MR->MN
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2.5 Handoff Procedure

When an MN moves around and connects to a nearby MR (Fig. 6), this MR is either served by
the IGW of the former MR or by another IGW. Upon receiving the MN’s attachment trigger,
the new MR queries the best DR in terms of link quality and hop count to know where the MN
comes from and to get IGW information (step 1). The acquired IGW is always the best one
thanks to balancing. Then the new MR requires the former MR to establish a tunnel and
forward traffic to the new MR (steps 2-3). At the same time, it sends the MN’s mapping update
to the specified IGW; i.e., the IGW is serving the MN’s associated MR (step 4). This mapping
is also disseminated to the DRs in the vicinity for future handoff (step 6). The IGW then
updates its database regarding the new location of the MN and dispatches this information to
other IGWs in the IGW multicast group (step 5). In the case of different IGWS, upon receipt of
an update, the initial IGW will forward incoming traffic to the new IGW. The subsequent steps
happen as described in section 2.3.

[MN] [Former MR][New MR] [DRs]  [IGW2] [IGW1]  [CN]
I I I I I I [

NAT to IGW1

»
> >
<
<t

Traffic flow before handoff

A
A

MN R ]
attachment 5 T e——— A
;’ > > >
P - |Update DRs
D 6 in vicinity

Traffic flow after handoff

NAT to IGW1

]
&

1<

Y
Y

1
>

A

<
<

A

Fig. 6. Handover procedure

The traffic travels between CN and the MN before and after handoff, as shown in Fig. 6 (in
the case of different IGWSs):
Before handoff:
e Uplink: MN->former MR->IGW1 (NAT source to IGW1)>CN
e Downlink: CN->IGW1->former MR->MN
After handoff:
¢ Uplink: MN->new MR->IGW2-> IGW1 (NAT source to IGW1)>CN
e Downlink: CN->IGW1->IGW2->new MR->MN

3. Performance Analysis

3.1 Design Aspect Consideration

First, it is proven that any given MR can get the MN location information at zero, one, or two
hops’ distance from DRs.
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Reference [10] defines de(X,Y) as the minimal number of hops, provided that the
intermediate relay MRs are forwarders. It was proven that if, for two MRs X and Y, dg(X,Y) =
k+1 for the k integer, then Y is at a distance of 1 from the multipoint relay set of rank k of X.

In our proposal, X is the primary Internet gateway and Y is any MR. It is shown that router
Y can access a DR at zero, one, or two hops’ distance. The number of hops from router Y to the
DR falls into the following cases:

e Zero hops: MN moves to Y and Y is the DR itself.

e One hop: in this case, k is an even number. The MPRs at rank k of the GW are the
DRs, so Y is at a distance of 1 from the DR.

e Two hops: from the above theorem, there is a path XM;M,...M,.1M\ Y where M,
is a multipoint relay of X, M., is @ multipoint relay for M;, and Y has a one-hop
distance from M. We consider k to be an odd number, so k-1 is an even number.
Therefore, M.; is a DR. Thus, to reach M,.1, Y will travel via My.

Second, it is prove that, when an MN moves to a new MR, this MR can get updated
information from DRs. As defined above, the vicinity of an MR is a set of DRs with a distance
to the current MR equal to or fewer than 4-hop. There is a circle with the current MR at the
center and a 4-hop radius. Suppose that ALA2A3A4A5A6ATA8A9 is the diameter of the
circle with A5 as the current MR, and other A’s are any MRs on the path where the MN may
move to. The MN may move to A3, A4, A6, or A7 (one- or two-hop movements). According
to the proof above, an MR can get information from DRs within a 2-hop distance; therefore,
A3, A4, A6, or A7 can get the correct MN information from DRs.

The next analysis is the number of DRs in the mesh network.

Fig. 7. lllustration of hexagonal topology

We consider the network topology as having the shape of a hexagon in which the primary
Internet gateway is allocated in the center. Each router connects to six other routers in the form
of hexagon, as shown in Fig. 7. Therefore, the total number of routers is:

N =1+ 6%,
i=0

where K is the number of ranks.
The MPR heuristic currently used in the OLSR implementation follows a “degree-greedy”
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strategy that selects neighbors with the largest remaining cover of uncovered two-hop routers.

Upon observation of one of the six parts of the big hexagon (the red triangle in the figure),
we can see that each router at the i-th rank has 2 links toward 2 routers at the (i+1)-th rank, and
the i-th rank in this part has i+1 routers. From the point of view of the IGW, to cover 3 routers
at rank 2, we need 2 routers at rank 1; to cover 4 routers at rank 3, we need 2 routers at rank 2
because each router has only 2 connections to the outside. Therefore, in general, to cover i+1

routers of the i-th rank of one part, we need round (%) routers at the (i-1)-th rank.
Thus, to cover all routers at the i-th rank, the number of MPRs at the (i-1)-th rank is:
N, , = round (%)*6 -6
As a result, the total number of MPRs selected as DRs is:
NDR5=2(%)*6—6, @
in

where i is odd and K is the number of ranks.

40
o
g 35
3
e 30
?
= 25 A
g
2 201
o]
5 15 -
2 10
=
=}
Z

37 61 91 127 169 217
Total number of routers

Fig. 8. Number of DRs over the total number of MRs

Based on formula (1), we derive the chart (Fig. 8) denoting the number of MRs used to
store mapping information over the total number of MRs. In iMesh, every MR has to store the
mapping information. On the other hand, the number of DRs in our scheme varies from 10% to
17% of the total number of routers.

Third, we examine an analytical model for calculating handoff delay. The layer 3 handoff
delay can be described as the total amount of delay to send a request and receive the
information to and from the DR, processing time at the DR (lookup time), and the delay to
send a handoff request from the new router to the former router.

D13 o =2 * (Toirs-or + Teackorr-or + TTrANSMISSION-OR + T PROPAGATION-OR)
+2* (Toirs-in + Teackorr-In + TTraNsMIssION-IN + T PROPAGATION-IN)
+ T pROCESSING_TIME
+ (Toirs-rg + TeackorrRrQ + TTRANSMISSION-RQ + T PROPAGATION-RQ)
+ (Toirsre + Teackorr-RL + TTrRANSMISSION-RL T T PROPAGATION-RL) 2

where T__ogr: delay at the originating router (new MR and DR)
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T _.n: delay at the intermediate router
T_.ro: delay at the sending request router (new MR)
T_grL: delay at the router to relay the request message to the former router

T -or is zero if new the MR is a DR itself
T_-\n is zero with a O- or 1-hop distance to the DR
T_ g is zero with a 1-hop movement

Trrocessing_ Tive 1S dominated by the lookup time. With sequence search, it is O(N), where
N is the number of mobile nodes.

The propagation delay Trropacation fOr IEEE 802.11a/b is estimated [12] to be 1ps.

The transmission delay Tiransmission at the router is modeled by an M/G/1
non-pre-emptive priority queue [13]. The routers are represented by an M/G/1 queue to take
into account the multiple queues that can have different priorities resulting from packets
originating at the router and the packets to be relayed. The packets originating from a router
may have a priority higher than that of the packets to be forwarded. For a priority queue at each
router with ‘c’ classes, class 1 as the highest priority, class 2 as the second highest, and up to
class ¢ which is the lowest class, we use the following notations:

¢ C: number of queuing classes at each router

e 1, :service rate in the k-th class of a router
o A, :arrival rate in the k-th class of a router
e p, - utilization factor for class k. p, = 4, 1,

Considering M/G/1 non-pre-emptive priority queuing at the routers and using results from
queuing theory,
R

—pr—m P )

+ Ly

TTRANSMISSION_k = (1

1 C
where R = —Zﬂk,ukz : mean residual service time

k=1

Depending on packets originating from a router or packet to be relayed, k has different
values:
o Packets to be relayed at a router: because these packets have the least priority, the
transmission delay is:
R

"'_pc—l)(l_pl _"'_pc)
o Packets originating from a router: the transmission delay for these packets depends on the
class of the packets in the router.

Trransmission = (- p - + 4,
|

3.2 Simulation

We use an ns-2 simulator to simulate our proposed scheme. The distance between MRs is set
to about 250m in this simulation, the carrier sense is approximately 550m, and the access
technology is 802.11b. Two MRs function as IGWSs that connect the wireless mesh network to
the Internet. Between two IGWSs, it is supposed that they are connected by a wired link.
OLSR-ML is running as the routing protocol supporting the link quality-based routing. Clients
under MRs: MR1, MR3, and MR4, generate traffic flow 1, flow 3, and flow 4, respectively, at
the same rate of 250 Kbps, while MR2 has a 200 Kbps flow (flow 2). Traffic from MR1, MR2,
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and MRS starts at the same time.

Initially, there is no traffic in the network. Therefore, after IGWSs negotiate and disseminate
IGW information to the DRs, the MRs will gain the IGWs with the shortest hop count. MR1,
MR2, and MR4 route traffic via IGW1, while MR3 uses IGW2 to access the Internet (Fig. 9).

Fig. 9. lllustrating balancing in multi-homed WMNs

To evaluate the handoff latency, we consider the delay in sending a request and receiving
the information to and from the DR, plus the delay in sending a handoff request from the new
router to the former router. We create two distinct movement scenarios: MN moves with 1 hop
and 2 hops away from the former router.

When an NR recognizes an MN's attachment, it will send a query to the nearest DR to get
the previous MN's location as well as an appropriate IGW. There are three possible cases: the
NR is a DR, so it gets information from itself (1); if the NR is different from the DR, the query
message will travel from the NR to a DR at a one-hop (2) or two-hop distance (3).

Fig. 10 shows that the round-trip propagation delay with background traffic is
approximately 30ms when the NR needs 2 hops to reach the required DR and less than 20ms
for a 1-hop distance. These values combined with the layer 2 handoff delay are appropriate to
keep the MNSs’ connection continuous. In fact, with an even distribution of DRs, the
probability of leading to 2-hop path to a DR is small; this only happens to the outmost MRs.

—&— 1 hop movement

—m— 2 hop movement

Ohopto DR 1hopto DR 2hopsto DR
Distance to DR

Fig. 10. Round-trip delay with background traffic
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In comparison with M?, the latency in our proposal is equal to the latency in M* when the
new router is the DR itself with a 1-hop movement of the MN and higher than that in M* when
the new router is different from the DR. This is because our proposal does not require MNs to
participate in any mobility signaling. Therefore, to achieve transparency to MNs, the new
router has to find out where MNs come from by querying the nearest DR. This results in the
higher latency in our proposal than that in M. Nevertheless, in M®, if MNs move more than 1
hop, it is impossible for intermediate MRs to forward packets to the new router.
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Fig. 11. Instant throughput without balancing

The next evaluation is the effect of load balancing on the throughput and end-to-end delay
parameter. After traffic from MR4 starts the throughput as well as the delay from MR1 and
MR2 suffers due to a scramble for wireless resources, especially MR2, it is allocated far from
IGWL. This results in a link quality change and route update. The route metric from MR2 to
IGW2 now becomes better than the one to IGW1. After negotiation, the IGWs decide that
MR2 will route packets through IGW2 while ensuring that the connection is kept continuous.
Fig. 11 and Fig. 12 show the instant throughput without and with balancing, respectively.
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Fig. 12. Instant throughput with balancing

Fig. 11 and 12 show that, as flow 4 starts, the throughput of existing flows 1 and 4 descends
immediately. With a 3-hop distance to IGW1, flow 2 suffers considerable decrement.
However, with a balancing scheme, this flow can improve its throughput and remain stable
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until the end of the session.

Fig. 13 shows that, when MR2 finds a better route and switches to IGW?2, its throughput
increases even if the hop count of the new path is greater than that of the previous one. It is
worth noting that the throughput of MR3 is almost intact regardless of the additional flow 2. In
addition, traffic flow from MR1 and MR4 gains more shared wireless resources; this leads to
higher throughput. Flow 3 is affected slightly, as shown in Fig. 13; since MR3 is located near
IGW2, it needs only two hops to reach IGW2. Hence, the appearance of flow 2 reduces the
wireless resources but does not affect flow 3 too much. Even through the throughput of flow 3
is affected by the appearance of flow 2, the overall throughput of the mesh network increases
thanks to the appropriate traffic distribution after balancing.
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Fig. 14. Average delay without and with balancing

We also observe from Fig. 14 that the average delay in the network using our proposed
scheme is smaller than a scheme in which there is no balancing. As traffic distribution is more
appropriate, the waiting time to access the shared wireless resources lessens. Even if the traffic
of MR2 has to traverse the IGW1-IGW?2 link, the delay caused by the wired link is negligible.

“Packet delivery ratio” is defined as the number of packets received at the sink node over
the number of packets sent by the source node. We can recognize that flow 2 with a balancing
scheme can get a better packet delivery ratio than a normal scheme (Fig. 15). In addition, the
delivery ratio of other flows remains almost unchanged.

Signaling overhead also causes performance decrement in the network. When route
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re-calculation occurs due to link quality variance, some MRs likely have better paths to other
IGWs. As a result, IGWs negotiate with each other and decide which MRs they will take care
of, and then the primary IGW disseminates information to the DRs via the distribution tree.
The negotiation process happens through wired links, and the distribution to DRs is based on
multicast routing; this will partially reduce overhead.
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Fig. 15. Packet delivery ratio without and with balancing

Next, we take into account the handoff aspect. This proposal ensures that every MRs can
get information at a zero-, one-, or two-hop distance from the DRs. Besides ensuring that the
number of hops is less than or equal to two, it also pays attention to link quality; i.e., the path to
the DR with the highest quality will be chosen when there are more than one nearest DRs with
equal hop counts. This increases the probability of successfully getting information from DRs
and leads to faster handoff. In addition, when an MN roams and attaches to an MR, this
scheme ensures that the MN can always route packets via the best IGW thanks to load
balancing between IGWs.

Besides the handoff latency, the convergence time is also important. The convergence time
is a period when the traffic begins traveling on a temporary path after handoff until it can go on
its optimal path. In this proposed solution, traffic can go on its optimal path when the original
IGW receives and updates the MN’s new location. For a topology with one IGW, if t is the
time for the farthest MR to send an update message to the IGW, then the necessary time in a
topology with two IGWs is approximately t/2 thanks to the wired link transmission between
two IGWs.

4. Conclusion

We design a load balancing scheme in which IGWs exchange routing information via a wired
link and make a decision about which MRs they will serve. Then, the primary IGW will
distribute the information to DRs via the distribution tree. The balancing process ensures that
ongoing transmissions are kept continuous. Moreover, thanks to load balancing, MNs can
route packets via the best IGW when a handoff occurs. The handoff time cost varies within an
acceptable range thanks to the distribution of the MN location information in the vicinity of
the current delegated MR. Finally, the convergence time, the period of time when traffic
begins traveling on a temporary path after handoff until it can go on its optimal path, is
reduced.
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