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Abstract Routing is one of the critical functions in a Mobile Ad Hoc Network (MANET). It enables unreachable
mobile nodes to communicate via intermediate nodes. The lack of fixed coordination in MANET compels mobiles
to cooperate in order to implement routing, and this cooperation needs simple and robust metrics to indicate which
routes are best. The challenge of MANET routing is that node mobility creates rapidly varying links in terms of
bandwidth and interference. This paper introduces radio link stability and shows how cross-layer cooperation leads

to higher throughput and lower delays by avoidance of unstable links.
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1 Introduction

Routing is the function of finding a path for a Protocol
Data Unit (PDU) to go from a source to a destination.
For wired networks, this function is performed at Layer
3 (Network Layer) by routers whose job is to find the
best path for the PDU to travel along. Here, the met-
ric that characterizes the selection of the best path is
the geographic distance between the nodes, or the num-
ber of intermediate nodes (hops) that necessary for the
packet to reach its destination. This approach works
well and much of the research activity in wired routers
focuses on higher speeds at lower costs. In mobile (wire-
less) networks, the situation is different. If the mobile
network is cellular, the router function remains in the
core network and the mobile devices are not expected
to route any packets.

In a MANET, the mobile nodes are the routers.
They must cooperate in order to pass packets around
and they must work efficiently, with lowest delay and
smallest possible energy consumption. The routing al-
gorithms used in a MANET are therefore very differ-
ent to wired networks. To begin with, in a MANET
routers move. The meaning of geographic distance in
mobile networks as it pertains to routing algorithms be-
comes questionable. The routing algorithms conceived
for wired networks never considered the possibility that
the boxes would be free to move randomly and fit into
the teenager palms. Also, MANET routers can organize
themselves as they wish, with no centralized coordina-
tion between them. MANETSs may operate in a stand
alone fashion, as in military or in emergency situations,
or several amongst them may be connected to the Inter-
net, providing web access for the rest.
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Surveys of routing algorithms for MANET [1] re-
port that three categories have emerged: on-demand
(such as AODV [2] and DSR [3])), proactive such as
DSDV [1], and hybrid methods (also covered in [1]).
These algorithms share common features. When a
source has a packet to send, it first checks to see if
itself knows of a path. If so, then it goes ahead and
sends out the packet hoping a neighbor would pick it
up and forward it. If the source does not know of a
route, it sends out a route request . The intermediate
nodes help out by forwarding the packets until the re-
quest eventually reaches its intended destination. (if it
does not, then the source sends another request, and yet
another until the packet lifetime expires in which case
it is dropped). Once the intended destination receives
a request, it answers with a reply packet. Again the
intermediate nodes cooperate to this time, deliver the
reply to the source. Along the way, all nodes keep track
of where reply messages came along and tag the packet
with their own identification (ID) numbers so that the
source can know how to route the actual data-bearing
packet (the PDU). As simple and as sensible this algo-
rithm sounds, when it comes to MANETS, it is deeply
flawed. The problem is that by the time a reply comes
back to the source, the path that was suggested as the
best may no longer be so. This turns MANET routing
into a formidable challenge. Independent studies like [4]
and [5] report that MANETS barely work. If they do
work, it is because a path was found. Take it or leave
it. And most sources do the sensible thing and take it.

This paper describes an algorithm that helps
MANET routing in two ways. First, it provides a met-
ric that by its nature warns of the possibility that links
can break. This metric, which can be considered a link
stability index, accumulates at each node to form a path
stability index. Therefore, the algorithm enables inter-



mediate nodes to balance stability of the route with end-
to-end delay. Its principle is simple: intermediate nodes
must wait before they re-broadcast a request they just
picked up from a neighbor. This waiting mechanism
has, in turn, two advantages. First, in case a better link
comes along, there is no need for re-broadcast. This
reduces overhead of redundant broadcasts. Second, by
using a simple waiting mechanism that depends on link
stability, end-to-end delay reduces.

2 Basics of Cross-Layer Design

The algorithm proposed here uses cross-layer design con-
cepts. This approach, in its general form, is depicted in
Figure 1 and enables protocol layers to work together.
The purpose of cross-layer cooperation is adaptation to
channel conditions. Layer 1, the physical layer or PHY,
measures the quality of a radio link and forms the metric
CQI, the Channel Quality Indicator. Many methods to
measure CQI are available, mostly based on measuring
the signal-to-noise ratio in a link. The CQI, once used
within PHY, enables adaptive modulation (and coding).
It helps the transmitter and the receiver to decide which
modulation and coding scheme works best for the link
within a particular time-frame. Layer 2, the media ac-
cess control (or MAC) layer is in charge of scheduling
access to the channel by the users. MAC can benefit
from CQI measurements to figure out which users are
best scheduled now (if their channels are good) or later.
Layer 3, or the network layer, is responsible for routing.
The concept of using PHY metrics for adaptive routing
is not new. In fact, significant results based on physical
layer constraints have been reported in [8] and [9]. What
is new, and the intention of this paper, is a simple and
effective method for mapping physical layer measure-
ments to link stability (or rather instability) and then
including link stability in routing algorithms.

Adaptive Modulation

Adaptive Scheduling Adaptive Routing

Figure 1: Outline of Cross-Layer Design

3 CLMRA: A Cross-Layer
MANET Routing Algorithm

A Cross-Layer MANET Routing algorithm (CLMRA) is
now described. Similar to AODV and DSR, CLMRA is
an on-demand routing protocol. When a source wants

to send a data packet PDU to a destination, it first
checks its own routing table to see if it has a valid path,
in which case the source uses the valid path to setup
the path for the . If not, the source emits a Route
Request (RREQ) packet. Any node along the way to
the destination who hears this RREQ must act accord-
ing to the rules of CLMRA described below. Central
to the operation of CLMRA is the requirement for any
node to update a path metric field in the RREQ that
it emits. This metric is a measure of the cumulative
stability of the path as far as a given intermediate node
is concerned. In addition, CLMRA features a waiting
mechanism that permits a degree of self-control for each
intermediate node. In the essence, a node does not sim-
ply re-broadcast an RREQ just because it has a valid
node to send it to. Instead it waits for a period in case
better links show up. The duration of this waiting time
depends on the stability of the link where RREQ came
from.

3.1 Radio Link Stability

CLMRA uses two metrics to achieve efficient routing
First is denoted ¢ by and is a measure of how instable
the link is. It can be called a Link Instability Index.
The second is denoted as ¥, and is an accumulation of
1 for an entire path, so it can be considered as a Path
Instability Index.

1 is calculated from physical layer measurements as
follows. The channel decoder must be a soft-decision
decoder, such as a Viterbi or turbo decoder. For ev-
ery decoded bit b,,, the soft channel decoder outputs
a corresponding Bit Error Probability p,,. An efficient
method to map output of a soft channel decoder to the
bit error probability is described in [7]. In effect, p,, is
a time series and its variation over an entire packet is
used as an indicator of link instability.

Three levels of link instability were used to mea-
sure link stability, characterized by three thresholds
Thl = 0.125, Th2 = 0.25 and Th3 = 0.375. Observe
that p,, must be significantly less than 0.5, otherwise
there is a high probability that an erroneous bit would
be present and the entire packet could not be correctly
decoded. In other words, the fact that a packet is re-
ceived indicates that all p,, << 0.5. The three limits
on p,, help to determine the degree of link instability,
as shown in Table 1.

Table 1: Conditions for Link Instability

Instability ~Condition Index
Low All p,, < Thl =0
Medium Any p,, >Th2 ¢ =1
High Any pp, >Th3 ¢ =2

Figures 2 to 4 show how link stability works. For
example, Figure 2, all values of p,, < Thl, so the link is
indexed as having a low risk of un-stability and ¢ = 0.
On the other hand, as Figure 4 shows, for a few values of



pm > Th3. So this link has a high risk of becoming un-
stable and v = 3. Figure 3 shows a link with a medium
risk of turning un-stable.
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Figure 2: Stable Link

Risk of Link Unstability is Medium
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Figure 3: Medium Risk of Link Unstability

3.2 CLMRA Specification

Based on definitions of link instability given above, the
CLMRA can be specified as in Algorithm 3.1. Let us
consider the operation from the perspective of an inter-
mediate node v;. Assume, without any loss of generality,
that the nodes are vg, vy, ...,v;—1,v;, ..., vy, with vy as
the source, and v,, as the destination (i.e. a total of n+1
nodes. Three events can take place for v;.

3.3 Event 1: v; — PDU

In this case, if v; can reach another node (say v;y1),
then v; simply forwards the PDU it received to v;y1.
However, if v; cannot reach any nodes, then it must
take custody of PDU and become the source itself. So
v; buffers the just received PDU and initiates a new
RREQ.
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Figure 4: High Risk of Link Unstability

3.4 Event 2: v; — RREP

The operation of v; in this event is also simple. It up-
dates its routing table (assuming that v; is not the des-
tination node) and then follows a similar procedures to
Event 1 to either forward the RREP or initiate a new
RREQ.

3.5 Event 3: v; — RREQ

The heart of CLMRA is here. First we label the node
that sent out the RREQ as v;—1 (again no generality
is lost here). Instead of simply following similar pro-
cedures to Events 1 or 2, v; must check several con-
ditions first before forwarding the RRE(Q). The most
obvious is to see if v;_; has a better (in terms of path
stability) than v;. This can be checked by the condition
Woi-1 < Yi—1,4. If so, why add instability to the path
of v;_17 In fact, v; should drop RREQ here, in case an-
other node can hear v;_; and possibly cause less insta-
bility. Otherwise, v; puts CLMRA to work some more.
The link instability index is computed as described in
3.1. Specifically, v; can use information from its PHY
to calculate the index ;1 4, and also use this index to
update the path instability index ¥;_; ;.

Vo =Woi-1+ Vi1, (1)

Recall that v; must get Up;_; as a field within the
RREQ packet. Equation ?7 also shows how v; prepares
its very own Path Instability Index ¥q ; in case it decides
to forward RREQ.

Before forwarding RREQ), v; waits to see if nodes
other than v;_; can do better. Suppose during this wait-
ing time, another node v; sends out an RREQ that v;
can overhear. If the condition ¥(; < W¥g;) then the
node v; has a better path to v, and therefore v; had
better drop the packet. (v; should not interfere with
other nodes along the path from v; to v, who can pos-
sible do a better job). Also, during the waiting time, if
the accumulated path from any node, say v, turns out



to have higher stability than the path through (v;—1,v;),
then RREQ should be dropped.

If none of the conditions above hold true, then v;
can safely add v;_; to its routing table and reset the

waiting timer. Algorithm 3.1 Cross-Layer MANET Routing Opera-
tions at Node v;
3.6 Reducing Overheads: Why Wait? L: vp: Origination (Source) Node
2: v,,: Destination Node
In CLMRA, like other routing algorithms, RREQ pack- 3: v;: Intermediate Node
ets create overhead traffic for the network and ought to 4: RREQ: Route Request Packet
be avoided. By including the waiting mechanism above, 5: RREP: Route Reply Packet
CLMRA provides a degree of self-control that helps to 6: PDU: Data Packet
reduce overhead. The idea behind waiting before for- 7:
warding an RREQ is simple. If the node from which 8: EVENT 1: v; «— PDU {If a next hop is available,

RREQ came to v; has a good link, then the waiting call it v;41}
time should be short. Otherwise, it ought to be longer 9: if v;11 is available then
to give chance to other nodes with potentially better 10:  Forward PDU to v; 41
link stability. So the simplest way to set the waiting 11: else
timer w is through: 12:  Buffer PDU
13: v, = vy {v; now takes custody of PDU}
Wi X1 (2) 14:  v; sends out a new RREQ
I . . s 15: end if
n the simulations w was set to 1 millisecond (ms). 6.
17: EVENT 2: v; «— RREP
Table 2: CLMRA Simulation Parameters 18: if v; # v, then
Parameter Setting 19:  v; updates its routing table
Simulator GloMoSim [10] 20: v; sends a RREP
Network Area 1 km x 1 km 21: end if
Mobile Population 50 Nodes ;i EVENT 3: v; — RREQ
MAC Pr9t0001 802.11 24: Assume RREQ came from v;_1
Packet Size 64 Bytes 95. Comptite 1; 11
Packet Rate 10 Packets/s o6 Compute \If(; ’;S in Bq 1
Nod§ Bange 250 m , 27: Set, timer w based on Eq. 2
Mobility Model Random Waypoint [11] 9s: while w ticks do
Node Speed 0 to 72 km/h 29:  if Wi 1 < 1i_1; then
Traffic Type Constant Bit Rate (CBR) 30: Drc7)p RREQ 7
31: break
32:  end if

33: if 4 [’Uj|j #i—1A Wy ; < \Ifoyi] then

4 Simulation Results " Drop RREQ

To evaluate the performance of CKMRA, and compare 35: bre.ak )
it to AODV, system-level simulations were performed 36:  elseif I[vglk # 7 = 1A Wor +¢ri < Vo1 + i1l
based on the setup shown in Table 2. Figure 5 shows then
the delivery ratio for all the packets exchanged during 37 Drop RREQ
a simulation run. Because CLMRA tries to use stable 38: break
paths (ones which are less likely to break) the algorithm 30:  else )
can deliver more packets to the destination than AODV. 40: v; adds vy to Its path
The improvement over AODV is particularly noticeable al: vi updates routing table
in high mobility region. As the mobility decreases, we 42: Forward RBEQ
approach the static case for which AODV routine met- ii: P:;e.sfe‘t the timer w

: endi

rics catch up with CLMRA. The former simply drops
data packets whenever routes break. CLMRA also expe-
riences packet loss. Less stable paths may break due to
mobility, or can disappear during the route reply phase
as neighbors move away from each other. Collisions and
contention can also cause packet loss. End-to-end de-
lay is shown in Figure 6. The lower delays associated

45: end while




with CLMRA can be attributed to the waiting mech-
anism employed in the algorithm. This may appear
ironic, yet it stems from cooperation between nodes.
Through waiting, nodes enable others with potentially
better paths to perform the forwarding instead of for-
warding redundant packets that can cause interference
and contention. Packet overhead is shown in Figure 7.
The y-axis shows how overhead packets are on average
transmitted for every successful packet. In the case of
AODV, it takes more than 4 overhead packets to de-
liver one PDU successfully. For CLMRA, the ratio is
substantially less. Here we see how the simple waiting
mechanism pays benefits as a ratio of almost 0.5 (1 over-
head for every two successful PDUs) for high mobility
case, down to almost nil with for low mobility (pause
time of 250s).
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Figure 5: CLMRA Packet Delivery Results

End-to-End Delay: CLMRA vs. AODV
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Figure 6: CLMRA Delay Results

5 Conclusions

This paper introduced a cross-layer MANET routing al-
gorithm, CLMRA, with two features. First, a metric
for radio link stability was introduced based on physi-
cal layer measurement of bit error probability as a time
series for an entire packet. This metric included a sim-

Overhead Per Delivered Packet: CLMRA vs. AODV
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Figure 7: CLMRA Overhead Results

ple mapping to degree of instability in a link based on
how often bit error probability exceeded certain thresh-
olds. Second, the algorithm is equipped with a waiting
mechanism that depends on the magnitude link stabil-
ity. By waiting for better route request packets to arrive,
the overhead in forwarding redundant packets was low-
ered. The performance of CLMRA compared to AODV
showed noticeably better throughput, as indicated by
higher packet deliver ratio. Yet the most significant ad-
vantage of CLMRA turns out to be the reduction of
overhead packets.
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