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Karol Kowalik, Brian Keegan and Mark Davis
Communications Network Research Institute,
Dublin Institute of Technology
IRELAND
Email: karol.kowalik@cnri.dit.ie, brian@cnri.dit.ie, ark.davis@dit.ie

Abstract— An important element of any routing protocol used appropriate link cost function. Also because of the dynaroic
for Wireless Mesh Networks (WMNSs) is the link cost function  the wireless network, the nodes need to be capable of telerat

used to represent the radio link characteristic. The majority of ing imprecise state information. To deal with the dvnamied a
the routing protocols for WMNs attempt to accurately charac- gimp ) y

terise the radio link quality by constructing the link cost function hence inaccuracy cf the routm.g information, routing poatis
from the measurements obtained using active probing techniques adapt to changes in a proactive (OLSR [2] or HLSL [3]) or
which introduces overhead. In this paper we present a modified reactive (DSR [4] or AODV [5]) manner.

version of the Optimized Link State Routing (OLSR) protocol In this paper we focus on one proactive routing protocol
which uses_the link cost function values prc_JV|ded the Resou_rce — Optimized Link State Routing (OLSR) protocol which
Aware Routing for mEsh (RARE) module which employs passive . . L2 ) .
monitoring to gather radio link information. This results in a a_\llows for t_he efficient d'sse_mmat'pn of link state 'nforma
smaller overhead than the other methods that require active tion. Especially when combined with RARE module which
network probing and furthermore is load independent since is responsible for mapping of the radio link characteristic
it does not require an access to the medium. We demonstrate jnto the link cost function, it can fully exploit informatio

the necessary modifications to OLSR required to make it work ; ; ;
with RARE. The results of our ns-2 simulations show that such about the underlying medium. The RARE module uses passive

a combination (OLSR + RARE) performs well over various monitoring of the wireless medium. We show that by using
wireless topologies. passive monitoring we can create a sufficiently accurate lin
representation that will allow OLSR to select high throughp
I. INTRODUCTION and high quality paths. Another important benefit of our
. ._approach is that RARE eliminates the overhead associated
Wirel Mesh Networks (WMNSs) [1] ar f radio- " . .
eless Mesh Netwo S.( s). (1] are a type ° ad .OWIth probing the network used by such metrics as Expected

0‘Pransmis:sion Count (ETX) [6], Expected Transmission Time
pensive deployment of wireless local area networks (WLAN ETT) [7], or Weighted Cumulative Expected Transmission

The typical wired LAN is configured using static routes. ime (WCETT) [8]

However, the dynamics of the radio environment require the II. RARE

use of routlng_ protocols which can dynamically ad_apt their An accurate representation of the quality of the wireless

routes according to changes in the network environment. . : . C

WMNSs can change in the following ways: lInk using a link cos§ function has a major |anuence on the

o o o performance of the wireless network. The wireless linksaluhi

« their link character|st|cs change —.thIS is because of exteyhipit bad quality should not be used. Only symmetric links
nal sources of interference; moving nodes and obstaclggin high data rate allow for selection of high throughputtsa
and interference from other nodes. and stable network operation.

« their topology changes — this is because changes in therpe Resource Aware Routing for mEsh (RARE) is a routing
link characteristic may result in the loss of connectivityy,gdule which aims to make a routing protocol aware of the
changing the whole topology of the network. wireless medium. It obtains the information about the veissl

The choice of radio technology for WMNs influencesesources through passive monitoring. It measures thee thre

the performance of the network. Consequently, the routirjements which have been recognised as significantly influ-
protocol needs to be aware of this and cannot operate éncing the performance of wireless mesh networks namely the
the same way as wired networks which are often agnostignal strength, the contention, and the available barttiwid
about the underlying communication medium. ResearchersSgnal strength — By selecting paths with strong signal we
have proposed a variety of new routing protocols developedim to select paths which can support high-data rates with
specifically for ad-hoc wireless mesh networks which areroft small error rates. However, the correlation between dslive
tailored to meet the requirements of the radio or the apfitina probability and signal strength may depend on the particula
for the mesh technology. receiver used (as demonstrated by the diagrams in [9]).€Fher

Any routing protocol which aims to find stable and higHore, researchers often prefer to actively measure theetgli

throughput paths for demanding users must be aware of tiage of the link instead of its signal strength [6], [8], [10h
underlying radio and needs to accurately represent it using practice such an approach requires each node to broaddast li

and infrastructure. This technology allows for quick andxn



probe packets, calculate how many of these probe packetthi signal strength. This allows RARE to detect how stromg th
has received, and feedback the results of such calculationgadio signal is in both directions and consequently to deites
other nodes. However, this generates measurement overhdaithe link can be used for data transmissions.

Our approach is to use the received signal strength indicato The RARE link cost function involves three parts compris-
(RSSI), which the IEEE 802.11 proposes to report the RRg bandwidth, contention, and signal strength measuré&mnen
energy level. Even though it does not reflect the deliveifhe form of the link cost function formula is as follows:

probability as well as the actively measured values there is C — BW, RSSI,,00 — RSSI

still a good correlation between delivery probability anghal Link-Cost = a oW B RSST + 7% N

strength [11]. “ (1)
Interference — Interference has been identified as a keyhere:

cause of performance degradation in WMNSs [12], [13]. Thus, BW, is the available bandwidth

researchers have proposed to actively measure it by chgeckin C is the link capacity

how transmission activity on one link influences the through RSSIT is the signal strength (RSSI) value

put on other links [13]. However, this procedure for a netior RSSI,q: s the maximum signal strength

with n nodes requires the testing of pairs of nodes (on? (RSSI) value

when a simplified procedure is employed) while other nodes N, is the average contention

need to remain idle. Such procedure is time consuming and a8y are the weights associated with the

difficult to realise on a live network. Therefore, we prop@se bandwidth, RSSI and contention

simpler method which estimates the average contentioaadst components

of interference. Here the average contention is defined s th In a wireless environment the values of available bandwidth
number of nodes on average competing for each transmissfignal strength, and contention tend to exhibit significant
opportunity (as determined by the MAC layer mechanism). Teariations. Therefore, instead of using their current galwe
measure this we put the wireless card into the RFMON (Radinooth the data using an exponential weighted moving aver-
Frequency Monitoring) mode and monitor when multipl@ge filter which reduces the probability of traffic osciltats,
stations are contending for access and as such we can obiaiproves reliability, and leads to the selection of morebketa
the average level of contention. paths.

Bandwidth — The amount of bandwidth available for the The details description of the meaning of the formula can
data transfers is also an important factor. Draves et ahg®p be found in [17].
proposed measuring it using the technique described in [14]
This is based on sending both small and large probe packets
whereby the bandwidth is estimated by dividing the size ef th The Optimized Link State Routing (OLSR) [2] protocol is
large probe by the time difference between the receipt of thdink state routing protocol which uses an efficient methbd o
small and the large probe packets. Bicket et al. [7] simplifiedissemination of the link state information. This is aclkeidv
this procedure which reduces the measurement overheadblyythe use of "multipoint relays” (MPR) which are the only
using broadcast packets instead. We propose to estimate nibdes responsible for forwarding control traffic. Thus OLSR
available bandwidth by passively monitoring the actigtf can be used to compute high quality wireless path by the
the nodes, the rates used for data transmission, and thetpadke of link cost information which reflects the quality of
sizes used. the wireless links. However, by default OLSR computes only

Thus the methods which we propose for obtaining th&hortest routes in terms of number of hops. Quality of Servic
signal strength, interference and bandwidth estimatesxane for Ad hoc Optimized Link State Routing Protocol (QOLSR)
intrusive and do not generate a measurement overhead. TH&83 was proposed to alleviate this problem. However, QOLSR
methods are based on passive monitoring which allows a wirgses multi-constrained path computations (which despitieeo
less node to intercept the transmission activities of othedios use of the shortest-widest path algorithm for best effaffit
within its communication range. The passive monitoring arahd heuristic based on Lagrangian relaxation [19]) intoatu
statistical analysis of available bandwidth, average eatidn computational burden on the mesh nodes. We believe that
(amongst other metrics) is performed by a WLAN Resoura@n accurate representation of the quality of a wireless link
Monitor [15] application developed at our laboratory. Thean be performed using a single link cost function which
use of all three elements signal strength, interference, acombines the information about the signal strength, badufwi
bandwidth diversifies the path selection criteria and mdteand the interference. Moreover, by the use of a single metric
of optimising just one of the performance metrics, providethe updates for individual links do not need to be triggered a
a trade-off which potentially can offer fairer access to th&gequently as for multiple metrics. Furthermore, such upda
medium. contain less information, thus overhead involved in their

These three elements are used to construct the radio-awdissemination is lower.
link cost function. RARE also employs extended HELLO mes- In this paper we propose a simplified version of the QOLSR.
sages (as suggested in [16]) to counteract the link asymmetruses only a single metric provided by RARE and employs
however we further extend them to include information abouiijkstra’s algorithm for path computations. However, t@abte

IIl. OLSR MODIFICATIONS



path computation based on a metric different than the hopTo simulate as realistic propagation conditions as possibl
count the standard OLSR methods and messages need tavbehave used the realistic channel propagation model by Wu
modified. Namely the following needed to be extended: (Kiuchao [22] and the 802.11 bug fixes by Felix Schmidt-
HELLO messages — need to be extended to carry for eachE$enlohr [23].

the neighbouring nodes information about the link costs and

the signal strength (the signal strength information isunesgl V. RESULTS

in our approach to detect symmetrical links). (ii) TC messag

— need to be extended to carry for each of the links InfornrrlatlcEhe modified version of OLSR with its default implementation

gb(:u; Lhe ll'\lnk %%St' (g) tsetz tshucf_:_ asILlnkl Sfet, thlghé)oullrhe modified version uses the RARE link cost function, thus
€l, 2-hop Neighbour Set and the Topology fntormation asi’ta’adapts to changes in available bandwidth, contention and
need to be extended to store information about the link cos

(iv) MPR Computation — for the MPR set computation Wg?gnal strength. The default implementation computes path

fith minimal number of hops. In the following section we
propose to modify the heuristic proposed in [2]. Thus aftert . S i
selection of nodes in the direct neighbourhood which are IH\”” refer to these two versions simply by RARE and MIN

only nodes to provide reachability to a node located two hOpSThe weights for the RARE link cost function were obtained

away, we propose to select the other MPRs based on the IH'é(uristically based on the experimental results and aftares
cost to fully cover the nodes located two hops away. Such a

heuristic will still limit the overhead involved in dissemition Zre_"rln'”ﬁaﬁ’ feztr:’;g i”fowe have specified them as follows:
of status information, but it will also give priority to lirsk ;] é” t;e ,simulgti;n s.cenarios we have used UDP traffic
with the smallest cost. (v) Routing table calculation — foe t . )

. : . flows with a packet size of 512 bytes. The flows were
routing table computation we propose to modify the procedur

. . . - enerated randomly with inter-arrival times and duratiomets
proposed in [2]. We have decided simply to use the D”kSta%stributed according to Pareto’s distribution. We havdyon

algorithm based on the link cost values stored in the Lin o . ) . . .
Set, Neighbour Set, 2-hop Neighbour Set and the Topolo gc:1dd|if|nedr;htzspacket inter-arrival times to obtain variousvflo
Enaing rates.

Information Base. This way optimal path in terms of smalle
cost can be computed. .
The OLSR also implements a mechanism for detection 'g‘f Overhead evaluation
link asymmetry. This is achieved by link sensing. Each node The proposed OLSR modifications alter the MPR set selec-
advertises 1-hop neighbourhood which allows other nod#gn process, thus we have expected that the size of the MPR
check if the communication between the two nodes is bidireget will increase. The more nodes that broadcast Topology
tional and if so then the link can be considered symmetric (féontrol (TC) messages the higher overhead associated with
the duration of LSYM_time). This allows OLSR to select only the dissemination of such a state information is produced.
the wireless links which can be used for data transfers. TH@wever, it can be observed in Figure 1(a) that the number of
link symmetry check is also performed by the RARE whicMAC transmissions required by the RARE version of OLSR
uses the RSSI value computed in both directions to detédtd by the default MIN-HOP implementation are almost the
whether the link is symmetrical or not. Thus the computatiocfame.
used by RARE extends the simple check performed by OLSR.Figure 1(a) presents the distribution of the OLSR messages
and how these messages are combined into single OLSR
IV. IMPLEMENTATION packets. It can be observed in Figure 1(a) that some HELLO
For the purpose of evaluation of our approach we haveessages are combined with TC messages. However, the most
used the ns-2 network simulator. We have modified the UNmportant observation here is that the ratio of the TC messag
OLSR [20] source code which is one of the available into other messages generated by OLSR has not increased after
plementations of the OLSR routing protocol for the ns-ZOLSR was modified.
The UM-OLSR is compliant with RFC 3626 and supports all Figure 1(a) also reflects the fact that in our simulationseghe
the functions of OLSR and moreover it implements the linkwere no MID messages because we have used only nodes with
layer feedback option. All the modifications described ie thsingle wireless interfaces.
previous section where applied to UM-OLSR code. Figure 1 was generated for a case when the mesh network
We have also ported the RARE routing module to ns-2. Thehich was carrying only a small amount of data. However,
RARE has been implemented in our previous work using thiégure 2 presents a scenario in which the volume of the
Click Modular Router Software [21]. In our previous worktraffic increases. Therefore, the ratio of the number of OLSR
we have deployed it over the testbed which consists of packets to the number of data packets decreases. Here iecan b
static nodes based on the Soekris net4521 board. (Thegesoliserved that the overhead associated with the disseomnati
obtained from the testbed can be found in [17]). A part aff the OLSR status information decreases with higher vokime
the RARE routing module is a Wireless Resource Monitaf traffic. Moreover, Figure 2 shows that the overhead of the
(WRM) [15] which is responsible for the computation of availmodified version of OLSR and its default implementations are
able bandwidth, contention, and other bandwidth companendlmost identical for all the traffic volumes.

In this section we compare the overhead and performance of
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RARE distribution with the average of 10 seconds. In this scenari

\ MIN-HOP the three source nodés.2 can use two alternative paths to
005 | 1 the destination. They can use the four-hop path- 13 —

‘g 14 — 15 — d or the five-hop pathk -6 -7 —8 -9 — d
004} | 1 (wheres andd stand for source and destination respectively).

} The other three source nod&s5 can also use two paths,
003l | 1 however since the shorter path— 14 — 15 — d is only

three hop long and the other path is eight hops long, thus
likely is that they will never use the long path.

\ The path selection is performed using the OLSR routing

T RN i protocol. In the case where the default MIN-HOP link cost is

used the traffic from the sources aggregates at notlasd15,

o e since these two nodes are present in both min-hop paths. Such

002F | 1

Overhead (#routing packets/#data packets)

0 20 40 60 80 100 120 140 160 a traffic distribution works fine for small data rates untieth
Flow Sending Rate [kbps] min-hop path saturates. This can be observed at the leftmost
side of Figure 3(a). However, after the data rates increase,
Fig. 2. OLSR overhead the min-hop path saturates and consequently the RARE link

cost metric forces the OLSR send a portion of the traffic from

nodes0..2 through the longer five hops path— 6 — 7 —

In summary, we have show_n that. our OLSR modificati_or}ss_) 9 — d. This produces an increase in the overall network
have altered the process of dissemination of the s;tatus;—mf&woughput and reduction of contention

mation in a limited way and therefore the RARE version o i .
. In the first example we have demonstrated a case for which

OLSR does not produce additional overhead. . ; .
RARE was able perform load balancing, and avoid aggregation
B. Performance evaluation of traffic along the min-hop path. In the second example, we

In the first case we study the overall network throughpLW?" pr_esent how RARE is able to direct traffic around regions
of RARE and MIN-HOP versions of OLSR when used for ¥ith high contention.
network with topology show in Figure 3(b). In the Figures)3(b In the second case we study the overall network throughput
and 4(b) outlining the network topologies we draw a circlef RARE and MIN-HOP versions of OLSR when used for a
around each node to represent the connectivity range of thgtwork with topology show in Figure 4(b). We have specified
node. the traffic pattern in a way that the 3 source nodes numbered
In this scenario we have specified the traffic pattern in a waem 4 till 6 send traffic flows to the destination node 2.
that there are 6 source nodes numbered from O till 6. All thehe duration of each flow is distributed accordingly to Paret
sources initiate traffic flows to the destination nodes 1Q, 1distribution with the average of 30 seconds and the intev-flo
and 12. The duration of the flows is distributed accordingliiterval is also distributed accordingly to Pareto disttibn
to Pareto distribution with the average of 30 seconds, amdth the average of 10 seconds.
the inter-flow interval is also distributed accordingly tarBto In this scenario the three source nodes$ can use two
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alternative paths which will lead them to the destinationeyl again is able to direct the traffic around the region with high
can follow a three-hop path — 1 — 3 — 2 or a four-hop contention, while the MIN-HOP continued to use the paths
paths — 1 — 0 — 9 — 2 (wheres stands for source node,with minimum number of hops.
and the destination is always nodg In this topology we In summary, our simulation results have shown that the
have introduced also an additional traffic flow, between Bod®LSR with RARE approach can perform well in the path
7 and8 which is a high throughput data flow of 2Mbps, whictselection process, selecting high quality links and batenc
causes high contention and reduced throughput for r3ode the load when the links approach saturation. Moreover, the
OLSR modifications do not introduce additional overheadeve
Even though the propagation conditions along the mimkhough they alter the MPR selection mechanism. What is also
hop path have deteriorated, the MIN-HOP version of OLSkhportant is that the RARE module uses passive monitoring
continues to use it. This results in a lower throughput thaachnique to obtain the quality of a wireless link and this
RARE which can be observed in Figure 4(a). RARE in turgliminates the measurement overhead of such a link cost
uses a link cost function that computes link cost value basedmetrics as ETT or ETX.
signal strength available bandwidth and contention. Tioeze
this causes heavily used links to be advertised with a high co
This in turn directs a portion of the traffic over the path with In this paper we have introduced a modified version of
a higher number of hops but with a smaller cost. Thus RAR#Ee OLSR routing protocol. This version extends some of the

VI. CONCLUSIONS



OLSR messages and modifies the MPR and route selectiga)
processes. However, these modifications do not produce an
additional overhead. Moreover, they onlt alter the mectrani g,
of dissemination of the status information in a minor waysth
the proportion of each of the OLSR messages is not affected
by these modifications. The modified version of OLSR uses
novel routing module which we call Resource Aware Routing
for mEsh (RARE). This module combines passive measur S
ments of bandwidth, contention, and signal strength in th
calculation of the link cost function. This module allowseth
modified version of OLSR to become more aware of wireles
resources and perform load balancing across alternatitres pa
Moreover, in our approach we have used the RARE module
which is based on passive monitoring (unlike ETT or ETX ”nlflo]
cost metrics). It eliminates the need to introduce addition
traffic onto the network and is therefore load independedt an
can provide additional measures regarding the quality ef th
link without an associated measurements penalty. (L
We have compared the performance of the modified OLSR
version that uses RARE module with that of the default?]
OLSR implementation which is optimised for MIN-HOP
computations using the ns-2 network simulator package. Qus]
results show that the modified OLSR and RARE combination
performs better than the default OLSR implementation. Thig,,
is evident when networks approaches saturation conditions
then the contention increases, or the signal strength ideter
rates. Then if the network topology features additionahpat[15
which could be used for load balancing purposes, RARE is
able of finding these paths and in doing so increases thelbvera
network performance. [16]
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