MAC-Aware Routing in Wireless Mesh Networks

Vivek P. Mhatre, Henrik Lundgren, Christophe Diot

THOMSON - Paris Research Lab,
46 Quai A. Le Gallo, 92648 Boulogne, FRANCE
Email: {vivek.mhatre, henrik.lundgren, christophe.gdi@thomson.net

Abstract—We propose Expected Throughput, ETP, a new rates of the contending links in the neighborhood of a given
and improved routing metric for wireless mesh networks. In  |ink, and thus explicitly accounts for the fact that slowktn
contrast to pr9V|0U3|y prOpOSEd routlng metrics, ETP takes into lower the throughput of neighboring fast links. This a.SpeCt

account the bandwidth sharing mechanism of 802.11 DCF. In this . . . .
mechanism, contending links with lower nominal bit rate degrade of 802.11 bandwidth sharing is not captured by previously

the throughput of faster links. It is evident that this MAC layer ~ Proposed metrics such as ETX [2], ETT [3], and EDR [4]. We
interaction impacts the link quality, and subsequently, the route are currently developing a mesh network testbed over which

quality. We develop an analytical model to capture the above we will prototype the proposed ETP routing metric.
interaction, and use it to define ETP. ETP is therefore expected 1o \yie ai50 discuss the interdependence between the following
yield more accurate throughput estimations than existing routing . . - - o .
metrics. Furthermore, ETP is suitable as a routing metric in mportant issues in wireless mesh networks: (i) deternginin
multi-rate as well as multi-channel mesh networks. high throughput routes by accounting for MAC interaction
between the active links, and (ii) evaluating the qualityaof
wireless link by taking into account MAC contention froat
Wireless Mesh Networks provide a cost-efficient avenue the active links in the network. We argue that e@oss-layer
extend the coverage of WiFi networks by using multi-hoppproach is necessary to determine optimum routes, since
communication. While significant advances have been magAC and routing directly impact each other in a wireless
on routing in wired networks, the metrics used for routingnesh network.
in wired networks, such as link capacity, cannot be directly The rest of the paper is organized as follows. In Section
extended to wireless networks due to the following reasons.we motivate the need for a MAC-aware routing metric and
First, unlike the wired links, wireless links often have yer discuss the related work. The analytical model for ETP asd it
high packet error rates [1]. Second, the wireless medium iiaplementation details are discussed in Section IlI. Intiac
broadcast in nature. Hence, a wireless link has to contend we discuss the generic problem of cross-layer intecensti
with other wireless links in its neighborhood for transnuss between MAC and routing in mesh networks. Finally, we
opportunities. Such contention can lead to poor throughptinclude in Section V.
performance as observed in [2]. Several recent proposals on
routing in mesh networks therefore attempt to capture the Il. MOTIVATION AND RELATED WORK
above distinctive features of wireless networks. A fundamental difference between wired and wireless net-
In [2], [3], and [4], routing metrics have been proposedorks is that the wireless links share a common wireless-chan
by taking into account (i) the link quality in terms of thenel. Hence, in order to avoid packet collisions, the trassion
nominal bit rate, (ii) the packet loss rate, and (iii) the MAGf packets on neighboring links need to be co-ordinated via a
layer contention experienced by a link. However, none of ti¢AC protocol. The manner in which the MAC protocol oper-
above approaches accurately captures the bandwidth ghagrtes has a significant impact on the throughput of all theslink
mechanism of 802.11 DCF. When wireless links contend férast work [6], [7] has shown that the presence of slow links
channel access, the 802.11 DCF mechanism tries to provideers the throughput of all the links in the neighborhoodt F
fair bandwidth sharing to all the contending links. The ooti example, consider two contending co-channel wirelesss)ink
of fairness as per 802.11 DCF is to allocate equal numberidaf., links such that a transmission on one link precludes a
transmission opportunities to all the contending link®Wus transmission on the other link due to carrier sensing. Agsum
studies [6], [7] has shown that this results in the slow linkthat there are no other co-channel links, and that the links
(low nominal bit rate) occupying the wireless channel forgo always have packets to send. Let the nominal bit rates of the
duration, and thereby leading to throughput reduction ef thinks ber,, r2, and assume that the links have zero packet error
neighboring fast links (high nominal bit rate). rate. The 802.11 DCF mechanism ensures that on an average,
In this work, we use an analytical model of the bandwidthoth the links get equal number of transmission opportesiiti
sharing mechanism of 802.11 DCF to determine the expecteet m be the number of transmission opportunities that each
throughput of a link. Based on this analytical model, wef the links gets over a duration @f seconds. Assume that
propose a new MAC-aware routing metric call&tpected both links use a fixed and common packet size Thus, the
Throughput, ETP. ETP takes into account the nominal bithroughput of each of the links i, = b, = b = mTL The
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respective durations for which the links occupy the wirsleseferred to asExpected Data Rate, EDR is then defined as:
channel are= and £, Thus,

r
EDR(k) = —————, (2)
: mL  mL mL mL mL ETX(k) - I(k)
TN o b 0n ro wherel is the nominal bit rate of the link. In the above equa-
S bbby = 1 (1) tion, ET X (k) is used to account for throughput reduction due
(L i) to packet losses, whilé(k) is used to account for throughput
oo reduction due to time-sharing with the contending links. In

essence, the above model assumes that all the contendisg lin
If 71 = 54Mbps andr, = 1Mbps links, each link gets a get the equal time-share, and hence the fadtan appears
throughput of 0.98Mbps. Thus, a slow link leads to throudhpin the denominator. The EDR of a path is then defined as
reduction of a faster neighboring link. This shows that whilthe minimum of the EDRs of all the links of the path. The
the nominal bit rate and packet error rate of a link argssumption that all thé (k) links get an equal time-share
important indicators of its quality, the nominal bit ratef oof the channel holds true when all the links have the same
the contending links also have significant impact on the linknominal bit rate. However, as Eq. (1) shows, when links have
quality. As we discuss in the rest of this section, the pagifferent nominal bit rates, they receive the same average
work does not take the above dependence into account whierbughput, but different time-share of the channel. This,
defining a routing metric. above model of time-sharing throudlfk) fails to capture the

In [2], the authors define the routing metric for a link to béandwidth-sharing mechanism of 802.11 DCF.

the Expected Transmission count, ETX, which is the expected In the following section, we propose an improved routing
number of transmissions required for delivering a packerrovmetric that incorporates the MAC-layer interaction betwee
that link. The routing metric for a path is then defined asontending wireless links.
the sum of ETX of all the links on that path. The metric
is designed to avoid paths with lossy links. As the authors ||| A MAC- AWARE ROUTING METRIC: EXPECTED
themselves point out, by summing up the transmission counts THROUGHPUT, ETP
of all the links for determining the transmission count o th
entire path, they implicitly assume that all the links of the Consider the problem of determining the best route between
path contend with each other. While this assumption is true ftwo nodes in a mesh network. Lét be a candidate path. Let
paths of 3-4 hops, it is not applicable for longer paths. l@nglink & belong to pathP. Define the contention domain of this
paths have multiple links that can transmit concurrenilycs  link, i.e., S; as the set of all the links in the network that
they are not in each others’ contention domain. When thiseclude a transmission on link Then,S; N P is the set of
spatial reuse is taken into account, the actual transnmigsiet links on pathP that contend with links. Letr; be the nominal
of a path islower than the sum of the transmission counts dbit rate of link &. When all the links of pathP are saturated,
all the links of the path. Thus, adding the ETX of all the linkshen as per 802.11 DCF, all the links get equal number of
of a path, unfairly increases the cost of a long path. transmission opportunities. Hence, as in Eq. (1), the drpec

Another key limitation of the ETX metric is that it does notoandwidth received by link: (denoted byby) is given by:
take into account multi-rate links. In [3], the authors gatiee

the definition of ETX toExpected Transmission Time, ETT, so by = ot 3
as to account for multi-rate links. The routing metric of dipa 1
is then defined as the sum of the ETTs of all the links of that jesinp

path. Similar to ETX, the ETT metric assumes that all the co-

channel links on a path contend with each other. Both thelete that when a routing path is busy forwarding traffd,
metrics therefore make conservative estimates for patigelo the links of the path have packets to send. Since we are only
than 3-4 hops. interested in evaluating the quality of a path when the psith i

In [4], the authors attempt to overcome the above limitatigdctually in use, the assumption that all the links of the path
by incorporating time-sharing effects of MAC in the routing?® saturated, is justified. Also note that in (3), we have not
metric. They define a quantity called tAeansmission Con- taken into account the cpntention fr(_)m thqse links thgt do no
tention Degree, TC'D(k) of link k as the average fraction of belong to pathP. As we d|_scuss Igter in Section IV, takmg into
the time for which the outgoing queue of the transmitter giccount inter-path MAC interactions increases the conifylex
link & is non-empty. Whenever the outgoing queue of a Iin_Rf the_ problem, and hence we use the above gpproximataion
is non-empty, it contends with other links in its neighbaytio in Which we only account for intra-path contention.
for channel access. For a given path on which linkes, the Although the link receives this bandwidth, the actual
authors define a quantit(k) which is the sum of tha’C'Ds  throughput of the link is lowered by packet losses pff’
of all the links on that path, that contend with likk Note and p,(f) be the packesuccess probabilities of link% in the
that 7(k) also includesI’C'D(k). A routing metric for linkk, forward and reverse directions respectively, thenExpected



Throughput, ETP of link % is given by: 2) The analytical model used in ETP captures the band-

o) @ yvidth sharing mechanism of 802.11 DCF. This model

ETP(k) = b Pk (4) is more accurate than the models used in EDR, ETT,
L and ETX, since the latter do not take into account the

(jesmp u) throughput reduction of fast links due to contention from

slow links. ETP is therefore expected to predict better
Thus, ETP directly computes the primary quantity of interes routes in mesh networks with heterogeneous link rates.

which is the expected throughput of a link. As compared to 3) Furthermore, ETP is expected to predict better routes
ETX, ETT and EDR, ETP has a more accurate model for  than ETX and ETT in mesh networks with long paths,

the impact of contention in 802.11 MAC. The routing metric since the latter do not account for spatial reuse, and
of the path, f(P), is then defined as the throughput of the therefore unfairly penalize long paths.

bottleneck link of the path, i.e., 4) ETP is suitable for multi-rate multi-radio mesh net-
. works.
f(P) = min ETP(k), ) 5) ETP can be easily implemented in the IBSS mode with

and the routing policy is to choose the path with the highest mlno.r additions to the beacon message contents. _
routing metric £ (.). Comparing the performance of ETP with other routing

Note that in deriving Eq. (4), we do not make any assumgjetrics is part of our future work. However, it should be clea
tion about the operating channel of the links. We only retquiFhat for mesh networks with heterogeneous link rates ang lon
that each link be aware of the nominal bit rates of the c®aths, ETP should perform well, since it uses a more accurate
channel links on the routing path under consideration. Benmodel of the 802.11 DCF bandwidth sharing.
some of the links of the path opt_arate over different channelp, | NTERDEPENDENCE OFROUTING AND MAC IN MESH
Fhe analytl_cal r_nodel _for computing the expected thrqughput NETWORKS
in Eq. (4) is still applicable. We can therefore determine th _ _ . . .

In Section 11, we discussed various routing metrics for mes

link quality (expected throughput) using Eq. (4), and theteo . L
quality (expected throughput of the bottleneck link) usin etworks, and proposed a new routing scheme. Wh|le It 1s
Eq. (5). ETP can thus be used as a routing metric in mul I_eII—understood that the MAC layer has a strong impact on

radio multi-channel mesh networks routing, we emphasize that routing too, affects the peréoroe
' of a link at MAC layer. Hence, in this section, we motivate a
A. Implementation of ETP need for a more holistic approach to routing.

. . . One design choice common to all the routing metrics
We propose to use the following strategy for implementing. . , : . 2
? iscussed in Section 11, is to study a routing path in idolat
ETP. The mesh nodes operate in the IBSS mode, so thd . ’ .
2 .In other words, the MAC interaction between the links of a
beacon messages are enablédeacon messages are partic iven path is accounted for. However, the contention from
ularly attractive for schemes such as ETP which require t P : '

knowledge of the contention domain of a link. To evaluate thoe(?her links in the network is ignored. In the context of wired

ETP metric in Eq. (4), the associated nodes of a link requinetworks, the capacity of a given link does not depend on

information about the nominal bit rates of the contendingdi {ﬁe traffic on its nelghborlqg Im_ks. In. the case of wireless
etworks however, all the links in a given neighborhood are

For this, each node can encode the nominal bit rates of all (E:}Issel coupled. Ideallv. the routing metric for a link stdu
associated links in its beacon message, so that its neight)t%%refgre ta'IJ<e iﬁto acc)gunt the MA?C contention frahh the
can recover this information. It is possible that a link igthie A ) . . .
) . . . acFve linksin the neighborhood of a the link, not just the links
contention domain of a given link, but the beacon messages 0 .
RN the chosen routing path.

the former may not be decodable at the nodes of the lattes. T 'One approach to account for the total contention in our
typically happens because the interference range s lager ETP metric for example, is to extend the definition in Eq. (4)
the transmission range. A simple workaround for this proble ! ’

. ' . Lo . y including all the active interfering links, i.e., sumrgin
is for the nodes to include the link quality information otﬁ over S, instead of S, N P. However, the set of links

their one hop neighbors in their own beacons. Furthermorg, ) . i .
. e . . that belong toS) is determined by the routing choices of
to estimate the packet loss probabilities in Eq. (4), péciod . . - )
robe packets can be used as in [2], [3]. other nodes. Thls is bepause the routing policy determlnes
P ' the set of active links in the network. At the same time,
B. ETP: Summary the MAC layer interaction between these links determines th
The proposed routing metric ETP, has the following salier?f(p.eaed thro_ughput of the links, which in turn d_etermlmfst
features: optimum routing structure. We thus have a chicken-and-egg
L _ problem. The current proposals, such as ETT, ETX, EDR and
1) ETP is a measure of the expected throughput of a linkTp address this problem by only looking at the contention
1 . N _ between the links of a given path. However, it is clear that
To avoid the BSS patrtitioning problem, the pseudo-IBSS moed us[2],

disables beacon messages. Hence, to use pseudo-IBSS modgomained SU(?h_ an approa_ch_is sub-optimal. We a_re Curren_ﬂy working on
beacon mechanism has to be implemented for our proposed scheme.  refining the definition of ETP, and coming up with a broader



routing framework, so as to account for the above crossrlaye
interdependence.

V. CONCLUSION AND FUTURE WORK

We proposed a new MAC-aware routing metric called
Expected Throughput, ETP for wireless mesh networks. ETP
incorporates the bandwidth sharing mechanism of 802.11 DCF
to determine the expected throughput of a wireless link. ETP
is expected to outperform previously proposed routing oetr
such as ETX, ETT, and EDR in mesh networks which have
links with diverse nominal bit rates, and long paths.

In the future, we plan to compare the performance of ETP
with other routing metrics through extensive simulationge
are currently developing a mesh network testbed over which
we will prototype ETP, and compare its performance with
other routing metrics. We believe that the interdependence
between routing and MAC layer interactions, is a fundamenta
problem in wireless mesh networks. Current approach to
routing in mesh networks takes a simplistic view of the above
interdependence. Hence, we will be working on proposing
a broader framework within which this problem can be ad-
dressed.
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