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Abstract— Congestion leads to transmission delay, packet loss, short and more links are needed in any given route. This is
and wastes time and energy for congestion recovery. Routing an advantage in that we have higher data rates while the pack-
protocol adaptive to mobile ad hoc networks congestion status gtg are jn transmission along these links. However, more links

can greatly improve network performance. This paper proposes in a route also means more access contention, potentially in
a congestion-aware routing protocol for mobile ad hoc networks P y

(CARM) which uses a metric incorporating data-rate, channel de- Creasing congestion. Then in [3], the use of channel access
lay, buffer delay, and retransmission count to combat congestion delay was proposed as an enhancement to the MTM, providing
and improve network utilization. This metric is used, together awareness of congestion to help avoid routing through bottle-
with the avoidance of mismatchec_i link data-ratg routes, to make neck regions. When applied in a reactive routing protocol, [3]
ad hoc networks robust and adaptive to congestion. . . . ; .

is equivalent to the shortest-delay routing metric used in Dy-

Index Terms—ad hoc netWOfk, I’outing, Congestion-aware. namic Source Routing (DSR) [4] However' accurate|y mea-
surement of the link congestion level should combine channel
occupation, packet drop rate, and buffer load [5]. Literatures of
) . o congestion measurement can be found in [5], [6].

Congestion occurs in ad hoc networks with limited resources.yrther, in multi-rate ad hoc networks, different data-rates
In such a network, packet transmission frequently suffers frof| qimost certainly lead to some routes having different links
collision, interference, and fading, due to shared radio and dyi, quite different data-rates. If lower data-rate links follow
namic topology. Transmission errors burden the network logggher data-rate links, packets will build up at the node heading
Recently, there is an increasing demand on supporting multimga |ower data-rate link, leading to long queueing delays. A

dia communications in ad hoc networks. The massive real-tiMgiher cause of congestion is link reliability. If links break,
traffics are in bursts, bandwidth intensive, and congestion BOngestion is increased due to packet salvage.

able. Congestion in ad hoc networks leads to packet loss, bandy, this paper, we first propose a congestion-aware routing

width degradation, and wastes time and energy for congestipRyric which employs the retransmission count weighted chan-
recovery. Congestion-aware routing protocol can preemptive{y| gelay and buffer queuing delay, with preference of less con-
settle a congestion through bypassing the congested links. gested high throughput links to improve channel utilization.
Wireless standards, such as IEEE 802.11a/b, support adgRan, we propose the Congestion Aware Routing protocol for
tive transmission in ad hoc networks to accommodate timgygpile ad hoc networks (CARM). CARM applies a link data-
varying radios. However in [1], the authors point out that, whegte categorization approach to prevent routes with mismatched
operating under heavy traffic conditions (every node alwaygy data-rates. In this paper, CARM is only discussed and sim-
has packets to transmit), 802.11 DCF provides long term Rghted in relation IEEE 802.11b networks, however, it can be
packet fairness in single-hop networks, which incurs netvvogbp”ed to any multi-rate ad hoc network.
performance anomaly: in an one-hop network, the active lowpe layout of this paper is as follows. In Section Il we de-
data-rate nodes decrease the throughput of other high data-gigpe issues with congestion in multi-rate ad hoc networks. In
nodes. One of the solutions to the throughput decrease in MWisction 111 and Section IV we describe the proposed metric and
rate networks is to use multiple channels. However, another $gmgestion-aware routing protocol. Simulation results are pre-

lution, which is feasible in multi-hop ad hoc networks, is to eMsented in Section V and in Section VI we draw our conclusions.
ploy routing protocol to make the low data-rate nodes "asleep”

as much as possible. The routing protocol selects higher datal-I
rate links to build a route, to reduce the usage of the low data- " .
rate nodes, or not use them as intermediate nodes at all. Becisdismatched Link Data-Rate Routes

low data-rate nodes have a lower probability to attend a packetn multi-rate ad hoc networks, throughput via a given route
relay, each one-hop network operates with high data-rate nogefmited by the minimum data-rate over all of its constituent
mostly, to improve the whole network throughput. links. Consider a route with significantly different data-rates

Choosing higher data-rate links, as the medium time meiver each of its links (¢ g.A - B - D — F — H
ric (MTM) suggested in [2], will generally mean that they arén Fig. 1). Let us call such a route rmismatched data-rate
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route (MDRR). When large-scale traffics, such as multimediBy Thiacmin + Taata from (1) and (3). When medium access
contention or packet retransmissions are includggh ¢, IS
replaced withl\acan Which is variable and can become rela-

Q tively large if congestion is incurred and not controlled.
5 &&"% an % MAC overhead can dramatically decrease the capacity of the
2 s & % congested link. For example in Fig. 2, if only the physical bit

C%O%CD . i rate is applied, the link in scenario 1l (11Mbps) would be said
@ SOy e 5 to have a higher capacity than the link in scenario | (5.5Mbps).

s, g‘ & o However, when the MAC delay is included, the links in the
7 P e o two scenarios turn out to have identical overall channel delays,
b G giving them the sameeal channel capacities. Therefore, in

the design of a congestion aware metric for multi-rate ad hoc
networks, the data-rate and the MAC delay should be jointly

] ) ) considered to more accurately indicate channel capacity.
streams, are transmitted in such a route, the benefits of hav-

ing multi-rate links can be compromised. There is potential for Q @
congestion at any node which heads a link with a slower data- e i
rate than previous links, in a MDRR route, (e.g., ndden

Fig. 1. An example of an 802.11b multi-rate ad hoc network.

e | J

the example path), due to earlier high data-rate nodes forward- Srendiieiyscenaiia i SemirsterSSSapgnotcongssian ~
ing more traffic into low data-rate nodes than they can handle. 9 ot _ Y
Long queuing delays may occur on such paths, dominating the ) |

end-to-end delay. Clearly, avoiding, or at least lessening the

mismatch in, MDRRs is important in combatting congestion.
Fig. 2. Two scenarios with the same overall delay but different MAC and
transmission delays due to different data-rates and congestion levels.

End-to-end delay scenario II: data rate = 11 Mbps, with congestion

B. MAC Overhead in Congestion

In this paper, we consider the network with 802.11 [7] MAC
with the distributed coordination function (DCF). In such net: Channel Reliability
works, the standard packet sequence is: request-to-send (RTS),
clear-to-send (CTS), data, acknowledge (ACK). The amount ofPacket transmission in ad hoc networks is affected by the
time between the receipt of one packet and the transmissiorf@fability of the radio due to factors such as interference and
the next is called a short interframe space (SIFS). So, the mif@iding. Not only will congestion deteriorate performance with

mum channel occupation due to MAC overhead is respect to packet losses, but increased packet losses will lead
to more congestion due to higher packet retransmission. Thus,
Tyiacmin = Trrs + Ters + 3Tsirs (1) packet loss indicates channel congestion and reliability. Again

_ using the example in Fig. 2, it can be seen thatin scenario
whereTrrs and7ors are the time consumed on RTS and CTS) has a longetTyac.i than; ;, in scenario I. This indicates

respectively, andsirs is the SIFS period. Here we have nothate; , may have higher channel utilization or severer conges-
included the ACK, for the purpose of using the overhead latgjon. Now, if we used just the channel delay for link selection,
If we include the time taken due to contention for the chaanIi,JC and/; ; would be equally likely to be selected. However,
the channel occupation due to MAC overhead is the higher congestion levels i, mean that it has greater po-
tential for performance degradation, in terms of higher levels of
corruption or retransmission. So, if we include some measure
packet loss into link selection, we reduce the chances of se-
NAV waiting and back-off intervals) and retransmissions. cting a conge_sted node._ In.the 80.2'11 DCF, packetis dropped
Let the channel delay for the linky(;) between nodesand; after sevgra! failed transmission reties. So, we can use the MAC
be defined as the interval between the start of the RTS transmhfa: ansmission count to represent the channel reliability.
sion at node and the time the data packet is correctly received

atnodej. The channel delay is given by IIl. CONGESTIONAWARE ROUTING METRIC

Tmacanl = TMacmin + Tegs 2

whereT, is the time taken due to access contention (includi

7ij = Taiacan + Thata (3) Congestion-aware routing metric for multi-rate ad hoc net-
works should incorporate transmission capability and conges-
whereTyata = Laata/ R ; i the data transmission tim&g,., tion around a link. In the previous section we saw that conges-
is the length of the data, anfg;, ; is the data-rate of the link.  tion in ad hoc networks is related to access contention, channel
The amount of MAC overheadacan, IS dependent upon occupation, and channel reliability. Channel delay from (3) is
the access contention for the shared medium, and the numdgood measurement of congestion with combination of access
of packet collisions. That isT\iacan IS strongly related to contention, channel occupation, and data-rate, and it is easy to
the congestion around a given node. With little or no accessplement with low overhead. In addition to channel delay,
contention, the end-to-end delay is effectively a constant, givgoneuing delay in interface queue is also an useful measure of



congestion. Another factor affecting congestion is channel retiede only forwards a RREQ if the ELDC type of the link pre-
ability, which can be measured by retransmission count. ceding the current node is higher than or equal to that of the

We now introduce the weighted channel delay (WCD) whictoute. That is, for two ELDCs, if the route ELDC is | then all
assigns a cost to each link in the network using the aforemgraths are possible. However, if the route ELDC is Il, only links
tioned physical layer and MAC layer information. The WCDwith ELDC Il may be chosen, eliminating low data-rate links
utilizes the channel delay; ; from (3), as well as the queuingand lessening the chances of congestion. This lessens the oc-
delay in the interface queue of an intermediate node, to seleatrence of very slow initial links being teamed with very fast
maximum throughput paths, avoiding the most congested linksks in the same route.

For an intermediate nodavith established data packet trans- While using the ELDC scheme helps to alleviate the MDRR
mission with several of its neighbours, the WCD for the linroblem, in extreme cases, the limiting of choice of links in a
from nodei to a particular neighbouring nodeis given by, route could lead to route discovery failure. To counter this sit-

uation, we include a field, ELDCF, in the RREQ packet to flag
WCD; ; =a Z Tik Qi + Tij (1 4 i 50) whether or not the ELDC scheme is in operation. It is utilised
ked; in the following way. On an initial route discovery attempt, the
=Qi+7;(1+n;;b)=Q;+D;;+7,; (4 ELDCEFfieldis setto 1, indicating that the ELDC scheme is in
i . . i use, such that nodes should only forward the RREQ under the
whered; is the set of all nodes neighbouring nade);  isthe  £| pc rules given above. If this route discovery process is un-
number of packets buffered in the nadgueue bound for node gy ccessful, another is initiated, this time with the ELDCF field

k, ni ; is the retransmission count fdy; andQ; is the total get 10 0. In this way, all RREQs are forwarded as in DSR.
queuing delay for nodé The constanta andb are network-

specific parameters with values between 0 and 1. The WD pq e Discovery

seeks to capture as many effects and indicators of congestion . . .
as possible, so that the network is aware of local congestion. ANow we describe the route discovery process in CARM.

smaller WCD for a link is more favourable, meaning that thg %) tRREQiVIn:':“OE;] At\i src:unrcz node;, ‘:V'tSh'ng tRoRflrEansvTrﬁ hit
link is more likely to be selected in any given route. ata to a given destination node, generates a Q c

transmits to the neighbours. The RREQ packet to neighbour
j contains the following fields<source ID, source sequence
number, destination ID, transmission start-time,a®);, n; ;,
CARM is an on-demand routing protocol that aims to create DC, ELDCF, record of route hop sequence The ELDC
congestion-free routes by making use of information gathergeld is assigned appropriately at the first intermediate node. For
from the MAC and physical layer. The CARM route discoveryhe first route search cycle the ELDCF field is set to 1, indicat-
packet is similar to that in DSR [4] where every packet calng that the ELDC scheme is in use. If this route discovery is
ries the entire route node sequence. CARM employ$¥i&  ynsuccessful, ELDCF is set to 0 and a second cycle is initiated.
metric in (4) to account for the congestion level. In addition, 2) Processing a RREQEach intermediate node maintains a
CARM adopts a route effective data-rate category scheme|deal forwarding list of the triplescsource ID, source sequence
combat the MDRR problem discussed in Section II-A. Thgumber, ELDG> to record and keep track of the RREQs that it
combination of these two mechanisms enables CARM to amess received. Upon receiving a RREQ packet, an intermediate
liorate the effects of Congestion in multi-rate networks. CARMode compares the appropriate fields in the RREQ and its local
uses the same route maintenance approach as that in DSR.|ist to avoid propagating duplicate RREQs. The ELDCF field is
also checked. If ELDCF = 1, the ELDC of the preceding link
A. Addressing Mismatched Data-Rate Routes is determined and compared with that in the RREQ. If the link

Because the effective bandwidth of a link can be dramaticafg-DC is lower than the route ELDC, the RREQ is discarded.
degraded by congestion, regardless of its specified physical bitNote that in DSR intermediate nodes drop any RREQ with

IV. CONGESTIONAWARE ROUTING PROTOCOL

rate, we introduce the effective link data-rate for as the same source ID and lower or identical source sequence
number to those in any RREQs they have already seen. So,

Deff _ Ladata 5) in DSR each node only forwards a RREQ, during a given route

“J Ti,j discovery process, once. In CARM, as the ELDC is also taken

: ' : . . ._into account, any node may forward a RREQ during a route dis-
wherer; ; is defined in (3). We next introduce the effective lin overy up to the number of ELDC types. This means that more

data-rate category (ELDC) scheme, where each link is marlﬁ%%ting information is required to establish feasible routes be-

by its ELDC type which is determined by its effective link data%ause more copies of the same RREQ are propagated around

rate range. Fo_r example, in an IEEE 802.11b n(_atwork W'E e network. This causes a slight increase in overhead during

data-rate; ranging from .1Mbps to 11Mbps, we might chools.r§e route discovery phase of CARM over DSR.

the following two categories: 3) Prioritizing RREQ with WCD: In the interface queue
ELBCI: D < 6Mbps; ELBCII: D > 6Mbps. routing packets have higher priority over data packets, such that

" i they are forwarded immediately, without queueing. Because of

For a given route, the route ELDC is taken as that for the lirtkis, the congestion level information inherent in queueing de-

directly connected to the source and is included in the route tays is lost in DSR. This is addressed in CARM via the WCD

qguest (RREQ) packet. During route discovery, an intermediatescribed in Section III.



Having determined to keep a RREQ from nadeode; cal- TABLE |

CUlatES(Q,‘ + Di,j) from theWCD,‘J in (4) according to the SIMULATION PARAMETER FOR MULTI-RATE
information recorded in the RREQ. Then, noglelelays for- datarate | receiving threshold transmission rangé
warding of the RREQ by this amount, so that the total time[ carrier sense -101dB 1071m

that a RREQ is delayed, from the time it is sent by node 1IMbps 91dB 597m

the time that nodg is ready to forward it is equal to WGD. 2Mbps -89dB 532m

This ensures that each node forwards RREQs on a priority ba= 5.5Mbps -87dB 475m

sis related to congestion level as encompassed by the WCD. So; 11Mbps -820B 356m

RREQs for routes with higher throughput and lower congestion
will reach the destination first and, because the intermediate
nodes will drop later arriving duplicate RREQs, congested links

are much less likely to be included in any established routes SOUTce to the destination; (8Jormalized routing control

4) Route Reply: As part of CARM, intermediate nodes arePverhead the ratio of the ngmber of contrpl p.ackets to the
prohibited from generating route reply (RREP) packets. Thaymber of data packets received at the destinations.
is, only the destination node may generate and send RREPs,
to avoid stale information at intermediate nodes. The destin&- End-to-End Delay versus Packet Arrival Rate
tion responds to RREQs by sending a RREP packet back to the
source along the route via which it came. The first RREP -
reach the source establishes the route. Routes indicated in 1
subsequent RREPs are cached at the source in case of failur 0.9l
the established route.

o
©
:

V. SIMULATIONS 0.77

In the simulations, we compare performance of DSR wit
two slightly different version of CARM protocol. In the first,
only the WCD metric is taken into account in DSR, which w
call CARMdelay. In the second, both the WCD and the ELDt
scheme are taken into account, which we call CARM. The sir
ulations were carried out using the network simulator, ns-2..
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Average end-to—end delay (seconds)
o
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[8] with adaptive auto-rate feedback [9] multi-rate extensiol 014 _:_gigwem |
DSR works by building routes based on the shortest end- : : : : —&— CARM

end delay, lessening control overhead by allowing intermedie % 20 30 40 50 60 70 80
nodes to issue RREPs using cached routing information. Packet arrival rate (packet/second)

The simulations assumed an IEEE802.11b network, confilg- s )  end-to-end del i ) et arrival rat
. . . . 1g. o. omparison of ena-to-en elay with increasing packet arrival rates
ured with 80 nodes uniformly distributed over a 1500M 170 10 80 per second for CARM, CARMdelay and DSR.

1500m area, moving according to a random waypoint model

[10] with @ maximum speed of 5m/s and a pause time of 10Fiq. 3 jllustrates the average end-to-end delay for CARM,
seconds. Ten nodes were randomly chosen to be constan@pMdemy and DSR with an increase in the packet arrival
rate (CBR) sources, generating 512 byte data packets to be $§ |t can be seen that both CARM and CARMdelay outper-
to randomly chosen destinations. The network traffic was ifsym DSR with respect to the effect of traffic level on end-to-
creased from 10 to 80 packets per second, with each simulatigy gelay. In DSR, if a route becomes disconnected, the source
running for 300s. The MAC layer was based on IEEE 802.}hen attempts to make use of cached routes in either the source
DCF with a control packet transmission rate of 1Mbps. The ifjde itself or intermediate nodes before initiating another route
terface queue at the MAC layer had a length of 50 packets whijfcovery. However, the DSR link error notification mechanism
the routing buffer at the network layer had a length of 64 dafgeans that not all nodes necessarily find out about a break-
packets. The transmission power was fixed at 13dBm. THge yntil they next use that link, so many cached routes may
simulation receiving threshold powers for various data-ratgg stgje. Unwittingly attempting to forward data through such
and their respective transmission ranges (based on the two+@ytes uses up transmission time. The use of the WCD in ef-
ground propagation model) are shown in Table 1. Note that fetctjvely delaying RREQs which have come through congested
calculating the WCD component in CARMdelay and CARMjinks means that such links are unlikely to be included in estab-
from (4), we chose = 0.25, b = 0.75, based on an compari-|ished routes in CARMdelay and CARM. The additional use of

son of results for a range of values toandb. _ the ELDC scheme in CARM further combats congestion.
In developing the simulations, we considered the following

properties to assess the performance of routing protocols:
Packet delivery ratio (PDR): the ratio of the number of data
packets successfully received at the destinations to the numbefig. 4 illustrates the trend of the packet delivery ratio with
of data packets generated by the sourcesA(®rage end-to- increasing packet arrival rate. It can be seen that CARM and
end delay the average time taken to transfer a data packet fra@ARMdelay outperform DSR, particularly for higher traffic

1
g.) Packet Delivery Ratio versus Packet Arrival Rate



DSR. It can be seen that CARMdelay and CARM generally

% DSR outperform DSR with respect to normalised control overhead,

0.65} - ¢ -~ CARMdelay || except under light traffic where DSR outperforms than CARM.
\ —©—CARM When the traffic load is light, the route discovery packets dom-

R 0.6y il inate the control overhead. CARM requires more routing in-
8 gesl \ | formation to establish routes because of the ELDC mechanism.
g However, because CARM only allows RREQs to be broadcast
2 05/ FON . if the ELDC is appropriate, thereby somewhat lessening the im-

= RN pact of RREQ propagation. At high traffic loads, the network
E 0457 RO ] is more prone to congestion, most likely increasing the stale
04l RN | cached routes in DSR and increasing the likelihood of the need

e AN for a new route discovery. It has been noted [11], that in DSR

0.35¢ eI the routing load is dominated by RREP packets. However, in
0.3 ‘ ‘ ‘ ‘ ‘ s CARM this is not the case, due to the suppression of RREPs at

10 20 30 40 50 60 70 80 intermediate nodes. CARMdelay and CARM work to exclude

Packet arrival rate (packet/second)

congested links via the use of the WCD. In CARM, ELDCs
Fig. 4. Comparison of packet delivery ratio (PDR) with increasing packfatlso contribute to congestlon'control. _SO’ W_hlle DSR Ylelds
arrival rates from 10 to 80 per second for CARM , CARMdelay and DSR.  lower overhead due to route discovery, it requires route discov-
ery more often due to congestion. In CARMdelay and CARM,

the reduced number of heavily congested links in established

loads. At higher traffic loads, in general, links face a highgptes contribute to better performance in high traffic loads.
probability of being unusable due to node congestion and the

packet drop rate increases due to collisions or buffer overload. VI]. CONCLUSION
DSR uses cached routes to re-establish the connection whe{h . .

e have proposed a congestion-aware routing protocol for
the current route becomes unusable. The cached routes ma

. rp(%ile ad hoc networks (CARM). CARM utilizes two mech-
be stale, and no longer optimal for the current network topal- . . ; i
ogy. Higher traffic levels make the cached routes more proag|sm§ to improve .the routing protocol adaptability t(.) conges-
Hon. Firstly, the weighted channel delay (WCD) metric is used

to congestion, leading to more dropped packets. From the fe- . . .
sults, we can see that the usage of the WCD metric can increg?ﬁ erlﬁg(t::;gnrilstr?qr?#;hcpxtr\’r&u;e; V;lghsl?;’vtﬁgnagveosigggégg? r‘:’ﬁg
the number of packets delivered in DSR by up to 10%. Thn(%atched link data-rate routes vigthye use of effective link data-
employment in CARM of the WCD, combined with the avoid-

ance of mismatched link data-rate routes, aids in the selectior{.‘%tfe c.ategones (ELDCs). In sho.rt, the protocol tackles conges-
-_1ion via several approaches, taking into account causes, indica-

routes more robust FO congestion. Through these mechanlspa% and effects. The decisions made by CARM are performed

CARM s able to deliver more packets than DSR. locally. Our simulation results demonstrate that CARM outper-

_ forms DSR due to its adaptability and robustness to congestion.

C. Control Overhead versus Packet Arrival Rate
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