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Abstract. Routing in Wireless Mesh Networks is challenging due to the unreliable
characteristics of the wireless medium. Traditional routing paradigms are not able
to proposean e�cien t solution to this problem. Further, Gupta et al. demonstrated
that the average throughput capacity per node of a wireless multi-hop network
decreasesas 1=n, where n is the number of nodes in the network. Recent studies
have shown that a cross-layer approach is a promising solution to get closer to
the theoretic throughput capacity bound. Cross-layer solutions have been already
proposed either for speci�c TDMA/CDMA networks or for power-e�cien t routing
proto cols. These proposals are strongly MA C dependent, or su�er from targeting a
steady state o�ering the best trade-o� performance. In this paper, the problem we
tackle in a more general context, disregarding the speci�c MA C and Physical layers
technologies,can be formulated as follows: How to design a routing algorithm able to
increase the average throughput capacity experienced by Wir elessMesh Networks?

Starting from a theoretic result, we analyze the gain that a cross-layer approach
can deliver, the metrics suitable to improve throughput capacity, and the power
control policy that reduces interference. We take a MA C independent approach,
focusing on the general characteristics of wireless links, targeting the improvement
of throughput capacity in Wireless Mesh Networks. Our proposal performs path se-
lection and power optimization basedon three metrics, namely physical transmission
rate, interference, and packet error rate. Performancesare thoroughly analyzed and
evaluated by extensive simulations, with both TCP and UDP tra�c, and compared
to other multi-hop routing proto cols. For both kind of tra�c, the simple heuristic we
proposehere allows to double the averagethroughput the network is able to route.

Keyw ords: Mesh Networks, Cross-Layer, Routing, Throughput Capacity.

Abbreviations: WMN { Wireless Mesh Network; WMR { Wireless Mesh Router.

1. In tro duction

The emergingWireless Mesh Networks (WMNs) technology, basedon
multi-hop transmissions,aims at o�ering connectivity to end-usersand
forming a self-organizedwirelessback-haul. The two-tier architecture
of WMNs is composed of: a) Wireless Mesh Routers (WMRs) that
interconnect themselves in order to form a meshedwirelessback-haul;
b) end-userterminals that communicate by meansof the WMRs' back-
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haul. Sinceeach WMR covers a region where it o�ers connectivity by
acting asan AccessPoint, end-usersdo not needto embed any routing
feature; routing is performed exclusively between WMRs. The WMN
back-haul can be a self-standing network, simply o�ering inter-user
connectivity, or a local wirelessextensionof the Internet, if a connection
is available. In such architecture, the throughput capacity of the WMRs
back-haul becomesa key factor, which limits the scalability in terms of
usersable to e�ectiv ely take advantage of the network. Increasing the
e�ectiv e throughput capacity, pushing it toward the theoretic bound
would let WMNs becomea very cost/e�ectiv e solution for wirelessISP.
In [1], D. Beyer describes the bene�ts provided by mesh networks,
namely: easy and fast network deployment, low cost of installation
and maintenance,
exibilit y, scalability in both sizeand density. In [2],
Akyildiz et al. give a good overview of WMNs, highlighting solutions
and open issues.

Routing in WirelessMesh Networks is challenging due to the unreli-
ablecharacteristicsof the wirelessmedium, which have to beconsidered
and integrated in the routing protocols.Traditional routing paradigms
arenot able to proposean e�cien t solution to this issue.In this context,
the problem we tackle in this paper can be formulated as follows: How
to design a routing algorithm able to increase the average throughput
capacity experienced by Wir elessMesh Networks?

We answer this question by describing and thoroughly analyzing
a cross-layer routing strategy able to optimize, by power control, the
communication toward each neighbor in terms of rate, interference,
and Packet Error Rate (PER). Aiming to increaseof the throughput
capacity, the transmission power toward each neighbor is optimized by
�nding best trade-o� between interference and PER, preserving the
maximum transmissionrate available. When a packet is sent, the trans-
missionpower is dynamically changedto the optimal level calculatedfor
the intended next-hop. Extensive simulations are performed,with both
UDP and TCP tra�c, in order to evaluate the improvement of cross-
layering. The proposedrouting strategy is compared to several other
multi-hop routing protocols. The results show that cross-layer routing
is able to double the throughput capacity of mesh networks, while
halving the average transmitting power. Furthermore, in the caseof
TCP, cross-layer approach is able to increasethe aggregatethroughput
of the network when it scalesto a large number of nodes.

The paper is organizedasfollows. Section2 explains the motivations
that lead to a cross-layer approach and how routing and network capac-
it y bound are related. Section 3 details the useful metrics to improve
throughput capacity. In Section4 we proof that the cross-layer routing
problem, basedon the metrics we propose,is NP-Complete. Section 5
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describes the heuristics used to addressthis problem and in section 6
presents the main results obtained.

2. Cross-La yer, Capacit y Law and Routing

In the following subsections,we show why cross-layer is needed in
order to improve routing performance.Then we discusshow capacity
law, physical layer parameters and routing are tightly coupled in the
framework of cross-layering.

2.1. Cr oss-La yer motiv ations

Routing in WMNs meansto �nd paths between WMRs. This task is
oneof the most challenging ones,as the wirelessmedium raisesseveral
issues.Routing in multi-hop wireless networks using the traditional
Shortest-Path metric is not a su�cien t condition to construct good
paths, as showed by De Couto et al. in [3]. By good paths, we mean
paths that are able to e�ectiv ely transport data with reasonabledelay,
throughput, and reliabilit y. The wireless link has a variable behav-
ior characteristic which is not captured by the shortest-path metric.
This continuously changingcondition hasunpredictable bottom-up side
e�ects through the whole protocol stack.

This limitation is emphasizedby traditional route discovery mecha-
nisms, which are not able to discover the characteristics of the wireless
links, especially the multi-rate capabilities of modern radio devices.The
usual approach consists in HELLOpackets broadcastedon the wireless
medium. In order to reach the largest number of neighbors, broadcasts
are always sent at the lowest transmission rate. This becauseof the
di�eren t transmission range of di�eren t transmission rate: the higher
the transmission rate, the smaller the transmission range. Lundgren et
al. in [4] have demonstrated that this approach has a severe drawback
that they call gray-zones. A node in a gray-zone can be sensedby
broadcastHELLOpackets, but it cannot relay tra�c at rates higher than
the rate of the broadcast. Since nodes in gray-zonesare the farthest,
they are the onesa routing protocol would select to form the shortest
path. The result is a strong reduction in throughput performance.

Another factor that strongly reducesrouting performanceis the in-
terferencethat each packet transmission generateson the other nodes.
Gupta et al. have tackled this issue in [5]. The utilization of high
transmission power creates links that are more reliable, longer, and
that allow the use of high transmission rates. Nevertheless, interfer-
ence is increased,spectral e�ciency and spatial reuse reduced, with
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the global result of lower throughput capacity. Network performance
can be increased by allowing each node to choose its transmission
power independently, in contrast with the widely usedcommon-range
approach. Gomezet al. in [6], show that this approach may double the
overall throughput of the network.

The above discussionleads to deducethat enhancing the protocol
stack, in particular the routing layer, with the awarenessof the na-
ture and capabilities of the lower layers, may improve performance.
The routing layer, which has a global view of the network, is a good
candidate as a place to set the transmitting parameters and compute
paths that limit the level of interferenceproducedeach time the packet
is forwarded. Breaking the layering concept and introducing a cross-
layer approach o�ers the possibility for the routing level to reduce
detrimental side e�ects while improving performance.

2.2. Capacity Law

In the emergingwirelessmulti-hop technology, theoretical issueshave
beentackled, in order to derive the bounds and laws of thesesystems.
Onemajor result is the formalization of the throughput capacity bound
in a network of n nodes, with n sendersand n receivers, �rst derived
by Gupta et al., in [5]. They proved that the average tra�c carrying
capacity � , which can be supported by this kind of networks, is given
by:

� (r ) �
16AR

� � 2nLr
: (1)

Where A is the total area of the network, L is the average distance
betweensource-destinationpairs, n is the number of nodesin the net-
work, and the transmission can be up to a maximum of R bits/second.
The common transmission range, for all nodes, is represented by r .
The positive quantit y � models the notion of allowing only weak in-
terference,meaning that for successfulcommunication there can be no
other transmissionwithin a distance(1 + �) r from the receiving node.
Equation (1) can be interpreted in an intuitiv e way: to achieve high
throughput capacity, data transmission rates should be maximized,
while the interferencegeneratedby sent packets should be minimized.
A routing strategy like the one we describe in this paper, aiming to
increasethe throughput capacity of wireless networks, should be de-
signedby consideringequation (1). Hereafter we describe the relation
betweenthis equation, cross-layering, and physical modeling.
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2.3. Capacity Law and Cr oss-La yer Appr oach

Since throughput in WMN is limited by PHY layer characteristics,
it is a straightforward choice to base the routing metrics on some
primitiv e parameters from lower layers. This can be consideredas a
bottom-up cross-layer design. Based on lower layer primitiv e param-
eters, the Routing Layer can also decide some of the settings of the
wirelesstransmission, which are typically managedat MAC and PHY
Layers. This can be consideredas a top-down approach for cross-layer.
Selecting the primitiv e parameters to monitor at routing level, we fo-
cused on the PHY Layer, not considering those of the MAC Layer.
SinceMAC monitoring is basedon explicit neighbors' feedback, which
is bandwidth consuming,this choiceguaranteeslow overheadand, even
more important, a MAC independent solution.

In the bottom-up cross-layer perspective, we brought to the routing
level an estimation of the Interference produced and the Packet Er-
ror Rate (PER) experienced,based on a local Signal-to-Noise-Ratio
(SN R) sampling. Interferencegivesa measureof the perturbation pro-
duced when transmitting a packet with a certain power, while PER
gives an indication of the quality of the link in terms of reliabilit y.
Furthermore, routing layer is aware of the available transmission rates
of the physical layer. In the top-down cross-layer perspective, we gave
to the routing layer the abilit y to decidethe data rate and power level
at which each packet should be transmitted.

By cross-layering, our solution impacts all key performancefactors.
Indeed, it tries to selecthigh rate links, while minimizing the interfer-
ence by shrinking the transmission range. We will show in section 6
that this results in an increasein the averagethroughput of the tra�c
the network is able to route.

2.4. Capacity Law and Physical Layer Modeling

Next we describe the relationship betweenthe proposedmetrics, which
can be consideredasa physical layer abstraction asseenby the routing
level, and the capacity law in equation (1).

2.4.1. Transmission Rate
Increasingthe transmissionrate R would increasethe network capacity.
This leads to the natural choice of raw physical transmission rate as
a routing metric. High data rates needs a higher minimal SN R to
be correctly decoded, thus power level cannot be shrunk without any
constraint. Nevertheless, transmitting with high data rates, holding
the channel for a shorter time, increasesthe throughput, since more
transmissionsare possibleper unit of time.
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2.4.2. Interference
Increasing the transmission range r , by increasing the transmission
power, has a detrimental e�ect on throughput. All neighbors that are
not the intended receiver see the transmission as interference. The
higher the transmission power, the higher the number of nodesunable
to take any action during the transmission time. Transmissionpower
needsto be reducedin order to disturb as lessnodesaspossible,avoid-
ing interference and increasing the throughput capacity bound. The
direct computation of the transmission range is impractical, since we
needa preciseknowledgeof the environment where WMRs are placed.
Therefore we developed a model -named interference trend index es-
timator - to forecast the interference generated while transmitting a
packet and basedsolely on local parameters.

2.4.3. PER
In the analysis performed by Gupta et al. the e�ects of packet losses
are not considered.Nevertheless,packet losseshave a strong impact
on the throughput. This issueis addressedby using as third metric an
estimation of PER, basedon SN R sampling. Using links with a low
PER allows the selection of paths o�ering a certain level of reliabil-
it y and enabling e�ectiv e transport of data. Moreover, links with low
PER generatea low number of retransmissions.Retransmitted packets
can be consideredas more interferenceinjected in the network. Thus,
reducing retransmissionsis a mechanism reducing interferencethereby
increasing the throughput. Details about PER are presented in the
next section, where it is also shown how this metric is complementary
to the interferencetrend index metric.

2.5. Capacity Law and Routing: Assumptions and Limits

Throughput capacity bound (1) is derivedassumingshortest-path rout-
ing, common transmission range, error free transmissions, and ideal
MAC layer. A cross-layer routing approach, with power control, in a real
network, doesnot comply with any of theseassumptions.Nevertheless,
someapproximation can be done in order to compute the capacity of a
real network. The result is not the samecapacity de�ned by Gupta et
al., but an index that can give good insight about the overall network
performance.

In equation (1), L is de�ned as the geographicaldistance between
pairs, assumingthat geographicaldistance and multi-hop path length
are approximately the samein a densetopology. This approximation
may hold in the caseof shortest-path routing, but in our cross-layer
context, paths are chosenwith a di�eren t policy, thus this assumption
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doesnot hold anymore. The distance di�erence betweenshortest-path
routing and our solution can be estimated by the stretch factor � .
Where � is de�ned as: the ratio between the number of hops used
by cross-layer routing and the number of hops used by shortest-path
routing. This quantit y is always greater than one, sinceour approach,
as observed in simulations, usesshorter links which globally increase
the distance traveled by packets. Thus the increaseddistanceL can be
calculated as follows L = L � � .

Our proposal also breaks the assumption of common transmission
range r , in two ways: �rst each node decidessolely its transmission
power; secondthe transmission power is decidedon a per-packet basis,
depending on the intended next-hop. Nevertheless,in order to perform
comparisons,the transmission power can be averaged, a correspond-
ing averagetransmission range r can be calculated, and then used to
estimate throughput capacity.

In the same way, the transmission rate R of equation (1), is the
samefor all nodes and for all transmitted packets. Again an average
transmission rate R can be computed by looking at the transmission
rate of all successfullytransmitted packets.

At this point it is possible to calculate what we call the capacity
index as:

� =
16AR

� � 2nLr
: (2)

The above de�ned capacity index give us the mean to make a fair
comparisonbetween our approach and other routing protocols, which
for exampledo not perform power control. Furthermore, it allows esti-
mating the gap betweenthe theoretic bound and what is achievable in
reality. This index, as will be shown in the following, is far lower than
the theoretic bound. This is becausethe parametersof equation (2) are
shaped by factors like contention, collisions,and transmission errors of
the real MAC layer.

3. Ph ysical Layer Mo deling

Sincerouting metrics are basedon physical layer primitiv e parameters,
we can consider them as the model of the physical layer seenby the
routing layer. This allows the routing algorithm and the whole network
to adapt its behavior to the environment. We provide below details on
the parametersof this model, while in the next section we prove that
routing basedon this model is an NP-Complete problem.
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3.1. Transmission Rate

The raw transmission rate that the wirelesscard may support is con-
sideredasa routing metric. In 802.11b,for example,the possiblevalues
of this metric are 11Mbps, 5.5Mbps, 2Mbps, and 1Mbps. In 802.11a,
the possible values are 54Mbps, 48Mbps, 36Mbps, 24Mbps, 18Mbps,
12Mbps, 9Mbps, and 6Mbps. Independently from the particular hard-
ware used,which just changesthe set of possiblevalues, the principle
of using the raw transmission rate as a metric can always be applied.

In contrast to other protocols that search links with high available
bandwidth asperceived at network layer, our metric looks for links that
o�er high raw data transmission rate. The cost in terms of data rate R
of a path can be de�ned as

R (Path) = min
8(i;j )2 P ath

[Ri;j ]; (3)

where Ri;j is the raw data transmission rate on link from i to j and
Path is the set of all links from the source to the destination. The
composition rule of the rate metric is designedto avoid paths having
bottleneck links, i.e. links that o�er low data rate. Links with low data
rate increasecongestion,interference,and delay.

3.2. Interference Trend Index Estima tor

The interferencegeneratedin the whole neighborhood, when transmit-
ting a packet, can beestimated taking into account the power perceived
by each of the neighbors. This is expressedby the following equation:1

i (P; N ) =
X

8k2 N

gkP = P

 
X

8k2 N

gk

!

[mW ]: (4)

Where N is the set of neighbors of the transmitting node, and P is
the transmission power level. The parameter gk is the channel power
gain between the transmitting node and neighbor k, i.e. the signal
attenuation factor, as de�ned in [7]. Such computation is time wasting
and expensive in terms of resources.Indeed, to compute all factors
gk , there is the needof a feedback from each neighbor. Further, since
polling a large neighborhood may take time, the risk is to collect stale
information.

1 On a physicspoint of view equation (4) is not correct, sincethe power emitted by
one node contributes to the noise 
o or of all the nodes in the network. Nevertheless,
outside the sensingrange the contribution can be approximately neglected.
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To avoid such issues,we usean alternative approach. We introduce
a function I ( � ), which preservesthe key characteristics of real interfer-
ence,but relies only on local parametersand is able to give a forecast
of the produced interference.We call I ( � ) the interference trend index
estimator and it doesnot givean estimation of real interferencein terms
of Watts, but exhibits the samebehavior. Thus by reducing I ( � ), the
real interferenceis alsoreduced.In order for I ( � ) to behaveconsistently
with the real interference phenomena,two important properties need
to be preserved by the trend index:

� the smaller the power level, the smaller the interferenceproduced,
assuming that the number of neighbors N stays constant, i.e.,
8P1; P2 with P1 < P2 we must have i (P1; N ) < i (P2; N ). It is
easyto seethat this property holds in equation (4), sinceinterfer-
enceis proportional to transmitting power.

� the level of interference decreaseswith the number of neighbors,
assumingthat the power level stays constant, i.e., 8N 1; N2 with
N1 < N2 we must have i (P; N1) < i (P; N2). This property holds
in equation (4), sincethe higher the number of neighbors present,
the larger the sum of the channel power gains.

The �rst property is quite intuitiv e: the more power; the more inter-
ferencegenerated.The secondproperty expressesthe fact that interfer-
enceis not only a matter of uselessenergyspread in the environment,
but dependsalso on the neighborhood.

As a direct consequenceof the above observations, the local parame-
ters on which the trend index canbede�ned are the transmissionpower
level P and the number N of neighbors reachable with that particular
power level. The number of neighbors is alsoa function of the transmit-
ting power level. Indeed, increasing the power level meansto enlarge
the geographical area where signal can be correctly decoded, hence
potentially reaching more nodes. Expressing the number of neighbors
as a function of radiated power, N (P), leads to an expressionof the
interferencetrend index only in terms of power level P usedto transmit,
I (P). The trend index I (�) is de�ned as follows:

I (P) =
N (P)

N (Pmax ) + �

s
P2 + P2

max

2P2
max

; (5)

whereN (Pmax ) is the largest neighborhood, i.e. all the nodesreachable
with the maximal power level Pmax and lowest transmission rate. � is
a correction factor neededto di�eren tiate nodes that use maximum
transmissionpower but have a di�eren t number of neighbors. It can be
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easily demonstrated that the two properties mentioned above hold in
(5). The above presented index is the result of a study conducted in
order to formalize the e�ectiv enessof wirelesstransmissions,which can
be found in [8]. It is important to remark that the particular form of the
above de�nition was designedto have normalized values,while taking
into account both the size of the neighborhood and the transmission
power. Where by normalized values we mean to have the following
property: 0 � I (P) < 1.

We demonstratehereafter that the proposedindex exhibits the same
behavior than the real interference.We can seefrom equation (4), that
d i (P;N )

d P > 0, since gk are positive values and independent from P.
We can state that the real interferenceand our index trend estimator
have the samebehavior, related to power, if we are able to prove that
d I (P )

d P > 0. Let us de�ne the following functions:

� N (P) = N (P )
N (Pmax )+ �

� S(P) =
q

P 2+ P 2
max

2P 2
max

which are by de�nition positive quantities. Thus, we can re-formulate
the interferenceindex as:

d I (P)
dP

=
d

�
N (P) � S(P)

�

dP
=

dN (P)
dP

� S(P) + N (P) �
dS(P)

dP
: (6)

At this point, it is su�cien t to have d S(P )
d P > 0 and d N (P )

d P � 0 and we
will proof the equivalence.Concerning S(P) it easyto derive that:

dS(P)
dP

=
d

� q
P 2+ P 2

max
2P 2

max

�

dP
=

P
p

2Pmax
p

P2 + P2
max

; (7)

which is strictly positive for P > 0. Further, concerning N (P) we
can observe that increasingthe power enlargesthe transmission range,
which meansthat d N (P )

d P � 0, thus:2

dN (P)
dP

=
1

N (Pmax ) + �
�

dN (P)
dP

� 0 (8)

Therefore, we can conclude that the index estimator has the same
behavior as the real interference.

2 For a more formal demonstration about d N ( P )
d P � 0, pleaserefer to [7].
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The cost of a path in terms of interferenceasexpressedby the trend
index is given by:

I (Path) =
X

8(i;j )2 P ath

I i;j (Pi;j ); (9)

whereI i;j (Pi;j ) is the trend index of the interferenceproducedto senda
packet from node i to node j with power Pi;j and Path is the set of all
links from the sourceto the destination. The above cost just estimates
the amount of interferenceproduce in the whole network to deliver a
packet from source,which calculatesthis cost, to destination.

The trend estimation function de�ned in equation (5) has the ad-
vantage that it does not require any special feedback from neighbors,
who are readily known by each node without adding any overhead.
Moreover, it is stable, i.e. do not su�er from environment 
uctuations,
and tra�c independent. The o�ered forecastchangesonly if a topology
changearises.

3.3. Packet Err or Rate

The PER parameter gives an indication of the physical channel con-
dition and leads to reduce the number of retransmissions.Moreover,
the PER estimation is a tra�c dependent metric. Indeed, the SN R on
which the estimation is basedis strongly sensitive to tra�c conditions.
If the tra�c load increases,the noise
o or doesthe same,reducing the
SN R. This degradation of the link quality is captured by the PER
metric, which can trigger a route update in order to useless-congested
paths. The tra�c sensitivity of PER nicely complements the interfer-
encemetric, enabling the routing protocols to adapt to changing tra�c
load conditions.

In the present work we useda Packet Error Rate (PER) estimation,
basedon SN R, which takesinto account the distribution of B ER (Bit
Error Rate) at the output of the physical layer. The widely useduniform
error distribution assumption, leadsto an overestimation of PER. The
PER index we usewas proposedby Khalili et al. in [9], whereauthors
addressthe analysis of the distribution of error events at the output
of Viterbi decoders, which are widely used on radio interfaces, like in
UMTS and 802.11.The model proposedin [9] o�ers a tighter estimates
of the PER at the output of the physical layer, which well suits our
needs.

We de�ne the PER along a path, assumingfor simplicit y that the
packet loss PER (i; j ) is independent over each transmission link i , j ,
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as:
PER (Path) = 1 �

Y

8(i;j )2 P ath

(1 � PER (i; j )) ; (10)

wherePER (i; j ) is the packet error rate when transmitting from node
i to node j , with the power level decidedby node i .

4. Pro of of the NP-Completeness

Finding a path subject to multiple constraints is not an easyproblem to
solve. Knowing the complexity classin which it falls, can help in �nding
a set of algorithms able to solve it. Here we prove that the cross-layer
approach we propose leads to a NP-Complete problem. This is the
sameclassof problem as in multi-constrain t QoS routing. In order to
simplify the problem, the �rst step is to prune all links that do not
o�er maximum transmission rate. In this way the problem is reduced
to �nding path subject to only two metrics and the following theorem
holds.

THEOREM 1. Consider a source-destination pair and a set of paths
between them. The problemof �nding a path p subject to the two metrics
Interferenceand PER is NP-Complete.

Proof. Wang et al., in [10], proved that �nding a path, subject to
any two metrics with additiv e composition rule

f (ab+ bc) = f (ab) + f (bc) ; (11)

whereaband bcaretwo adjacent links, is equivalent to the PARTITION
problem. The PARTITION problem can be formalized in the following
manner: given a set of integersf a1; :::; an g, determine whether there is
a partition of the integersinto two subsetssuch the sum of the elements
in one subset is equal to the sum of the elements in the other. In [11],
Garey et al. proved that PARTITION is a NP-Complete problem.

The Interference estimation we de�ned in 3.2 follows this additiv e
property

I (ab+ bc) = I (ab) + I (bc) ; (12)

where ab and bcare any two adjacent links. For PER, the composition
rule is

PER (ab+ bc) = 1 � (1 � PER (ab)) � (1 � PER (bc)) ; (13)

which can be re-wrote in the following manner:

(1 � PER (ab+ bc)) = (1 � PER (ab)) � (1 � PER (bc)) : (14)



13

Now the following transformation function can be introduced:

PER (x) = log(1 � PER (x)) ; (15)

which changesthe composition rule of PER into

PER (ab+ bc) = PER (ab) + PER (bc) : (16)

Equations (12) and (16) show that the metrics we proposedfollow the
composition rule (11), proving that the routing problem we have for-
malized is equivalent to the PARTITION problem, thus NP-Complete.

The abovetheoremcanbeinterpreted in moregeneralterms. Using a
cross-layer approach, a routing strategy basedon sampling and control
of lower layer parameters is a NP-Complete problem if the metrics
are well de�ned. We can also state that with the proposedmetrics we
construct loop-freepaths. Indeed, using additiv e metrics leadsto avoid
loops as proved in [12] by Garcia-Luna-Aceves.

5. Routing Strategy

The cross-layer routing we designednot only discovers paths toward
each WMR in the network, but also performs power optimization on
each link. To discover paths while optimizing links' cost may have
severe side e�ects on the convergencetime of the algorithm, which is
already an issuein NP-Complete problems.Furthermore, there is a risk
of producing a 
apping e�ect on the network, wherenodescontinuously
changetransmissionpower, consequently link costsand, in turn, paths,
without �nding a stable solution. Looking for a heuristic that solvesthe
routing problem in a �nite time, we split power optimization and route
discovery in two separatetasks,each onesolved by a di�eren t heuristic.

This meansthat each node,beforestarting to advertise a link and its
cost, performs power optimization. Only after the optimization heuris-
tic hasfound an optimal power level, the link is advertised to neighbors.
If an event, at any time, triggers a changein oneor more routing metrics
of a link, the power optimization heuristic is applied beforeadvertising
the change.

Splitting the processin two sub task greatly simpli�es the com-
plexity of the solution. Moreover, it doesnot introduce any important
loss in the quality of the result. As any other NP-Complete problem,
the solution is a heuristic that tries to �nd a good trade-o� between
complexity, computation time, and optimal solution. In the next sub-
sectionswe �rst describe the generalpower optimization strategy and
the relative heuristic, then the route discovery heuristic.
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Figure 1. Relation between Interference, PE R and transmitting power.

5.1. Local Power Optimiza tion Stra tegy

The best strategy to optimize transmitting power level over a link is to
�nd a good trade-o� between interferenceand PER while preserving
the highest transmission rate available. Figure 1 shows the relation
between Interference,PER and transmission power. We observe that
increasingthe power meansto lower the PER but increasesthe inter-
ference.Vice versa reducing power reducesinterference but increases
the PER. The origin of the axis represents the ideal optimum, since
there is no interference and no packet losses.A simple strategy is to
look for the optimal tradeo� on the Interference-PER curve of each
local hop, by setting an optimal transmission power level that aims to
reducethe distance from the ideal optimum. It is worth observingthat
for each neighbor there is a di�eren t curve, sincethe signal attenuation
is di�eren t.

The \optimum" point is consideredto be the one that minimizes
the following distance:

D j (Popt) = min
p 2 �

R ( p) = max f r 2 � j g
P E R ( p) < P E R max

d� (I (p); PER(p)) : (17)

Where, the subscript j indicateson which link (i.e. toward which neigh-
bor) the optimization is done. � j is the set of transmission rate that
are available on that link, since di�eren t rates have di�eren t ranges
not all of them are available on every link. � is the set of transmission
power that are available on the radio interface;usually they are limited
to 5 or 6 levels and do not depend from the consideredlink but from
the particular radio device. PERmax is the maximum PER allowed
by the system. Equation (17) synthetically expressesthe optimization
strategy and conditions. The tradeo� between I (p) and PER(p) is
the result of minimizing d� , maintaining maximum transmission rate
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and maintaining the PER under a certain threshold. The distance d�

expressesthe distance,dependingon transmissionpower, from the ideal
optimum on the I-PER curve and is de�ned as:

d� (I ; PER) = I + PER : (18)

Though I and PER expressdi�eren t quantities, the functions weare
adding are dimensionlessratios, thus equation (18) is formally correct.
Furthermore, the equation is a simple instance of the general Multi
Constrained Path (MCP) problem, whose general solution is based
on adding di�eren t constrained cost functions [13]. The real relation
betweeninterferenceand PER is far morecomplexthan d� and using it
would lead to a far too computational demandingalgorithm. Analytical
expressionfor PER can be found in [9], while R(p) and N (p) can be
easily computed by a power-aware neighbor discovery protocol, whose
description is out of the scope of this paper.

The proposeddistance has beenderived by analyzing the behavior
of the interferencetrend index estimator and the PER(p) asfunction of
power and depicted in �gure 2. We took the caseof 802.11basexample,
thus, since for each transmission rate there is a di�eren t modulation
and coding scheme, in the plot there are four PER(p) curves,one for
each transmission rate.3 The �gure clearly shows how reducing the
transmission power limits the interference(as estimated by the trend
index) while increasingthe PER.

As mentioned, to �nd the best trade-o� between interference and
PER, it is not worth to calculate the real relation between these two
quantities. A possiblesolution would be to calculate the intersection of
the curves. However, this will give values of PER up to almost 40%,
which is not acceptable,since this means that half of the tra�c will
get lost. It is possibleto take an even simpler approach just de�ning a
distance d� as the sum of the curves:d� = I + PER. The optimization
task will try to minimize this function. In �gure 2 we plot d� , for
11 Mbps rate, which shows how minimizing d� gives a useful trade-
o�. Interference is reduced, while yet if PER is increased this does
not compromisethe performanceof the systemin terms of packet loss.
Indeed, the minimum of d� is given for valuesof PER that are smaller
than 3%. Note that, in �gure 2, PER11(P) is not plotted for low values
of P sincein that casethe mathematical model usedfor the plot is not

3 Actually , the PE R(p) is function of the received SN R, thus the plot is done
assuming two nodes at a �xed distance and using the simple Free Spacemodel to
calculate the signal attenuation. Moreover, in the sake of clarit y and simplicit y a
uniform distribution of neighbors � has beenassumed,thus N (p) = �� r 2, where the
transmission range r is computed by inversing the Free Spacemodel.
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valid. Nevertheless,this is not a limit since for low levels of power the
devicewould switch to a lower transmission rate.

The power optimization heuristic is formally de�ned in table I, where
M i (r; p) denotesthe set of neighbors reachable with transmissionpower
p at rate r and M i (r ) all neighbors reachable with transmission rate
r . When the power optimization task is performed, after initialization
(step 1-2), the starting point is always at maximum transmissionpower.
Thus the initial value of the distance d�

j of a node j has a high com-
ponent of interference and a low component of PER. At each step,
the algorithm tries to reduce the interference,by reducing the power,
while monitoring the PER in order to avoid a large increaseof it. Since
the number of available power levels is limited, the optimization task
does not �nd the power level that gives the absolute minimum of the
d� function but the power level that gives the value of d� closer to its
minimum. The algorithm stopswhen the power level it is checking gives
a high value of PER or d� is increasedcomparedto the previous step.
Thus the algorithm always returns a point positioned on the right-side
(see�gure 2) of the absolute minimum. Such a choice assumesthat it
is better to transmit once with slightly more power, than using less
power at a risk of retransmitting the samepacket several times. While
performing the optimization, we only consider the power levels that
preserve the maximum transmissionrate for that link. Beforeexploring
lower transmission rates, neighbors at higher rate are deleted from the
exploring neighbor set (step 9).
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Table I. Local Power Optimization Sub-Algorithm

1: Set N = Ni

2: 8j 2 N Set [D j = 2; P opt
j = Pmax ; R j = Rmax ]

3: For r = Rmax to Rmin

4: For p = Pmax to Pmin

5: 8j 2 M i (r ; p); j 2 N

6: if (( d� (I j (p); PE R j (p)) < D j ) and (PE R j (p) < PE Rmax ))

7: Set [D j = d� (I j (p); PE R j (p))] ; [P opt
j = p] ; [R j = r ]

8: end For p

9: N = (N n M i (r ))

10: end For r

The result of the power optimization algorithm is a setof parameters
Sj for each neighbor j that characterizesthe transmission:

Sj = < Ropt; Popt ; I opt ; PERopt >; (19)

i.e. rate, optimal power, interference, and PER. The set Sj contains
both the costof the link < rate, interference,PER> and the parameters
< rate, optimal transmission power> that control the future transmis-
sions.

5.2. Path Cost and Route Comput ation

Computing path cost is hard when more than onemetric is involved. In
order to simplify the problem, a �rst step is to prune all links that do
not o�er the highest transmission rate. If connectivity is jeopardized,
this constraint can be relaxed. After the pruning step, the remaining
primitiv e parameters are the interference trend index and the PER.
We already de�ned a function (d� ) that aggregatesthe two metrics
and that can be used as a path cost. Assuming three nodes i , j and
k in a row, the following additiv e, composition rule can be used to
compute the total path cost:

d�
i;k = d�

i;j + d�
j;k : (20)

From a formal mathematical point of view, de�nition (20) is not rig-
orous; however, it correctly increaseswhen higher PER are present
or the interference is higher. Note that, since the aggregatedmetrics
have the same range of values, there is no risk of compromising the
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Table I I. Route Discovery Sub-Algorithm

1: 8i 6= 1 : h = 0, d� (0)
1;i = 2, R (0)

i = Rmax , PE R (0)
i = 0

2: 8i 6= 1 and R ( h )
i = Rmax , find

K =
n

kjd�
1;i (1; :::; k; i ) = min1� j � N

h
d� ( h )

1;j + d�
j;i

io

3: 8i 6= 1, if jK j > 1, find k 2 K where PE R = min k [PE Rk ;i ]

4: PE R ( h +1)
i = max

h
PE R ( h )

1;i ; PE Rk ;i

i

5: R ( h +1)
i = min

h
R ( h )

1;i ; Rk ;i

i

6: d� ( h +1)
1;i = d� ( h )

1;k + d�
k ;i

7: If h � Max Number of Hops, the algorithm is complete.

Otherwise, h = h + 1 and go to step 2.

importance of oneof the two original metrics over the other. Now that
the aggregatedmetric and its composition rule are de�ned, the route
discovery algorithm can be derived.

Supposenode 1 is the source and h is the number of edgesaway
from this node. Let d� (h)

i be the distance from node 1 to node i within

h hops,PER(h)
i the maximum PER of the path and R (h)

i the rate of the

bottleneck link along the path. By convention, d� (0) = 2, R(0)
i = Rmax ,

and PER(0)
i = 0 at initialization. The algorithm is composedof seven

stepsdescribed in table I I.
Step 1 of the algorithm is just the initialization step. Step 2 �nds

the minimum distance d� paths from node 1 to node i within h hops,
pruning the links that do not o�er maximum transmission rate. The
notation d�

1;i (1; :::; k; i ) simply states a path from node 1 to i passing
through k. If multiple paths to the samenode are found, step 3 selects
the most reliable (i.e. minimum PER) path. Note that there is no
control if the value of the PER is smaller than a threshold PERmax ,
expressingthe maximum admitted PER, since this check is already
done in the power optimization algorithm. Steps 4 through 7 update
the distancecost of the path from node 1 to node i. The algorithm ends
when all paths towards all nodesare found.

Note that the proposedroute discovery algorithm doesnot introduce
any particular overhead compared to other distance vector routing
protocols. Moreover, it has a simple distributed version. Each node
periodically receives distance vector updates from its neighbors and
choosesthe best route available toward each destination. Consequently
a meshedset of paths is built in a totally distributed fashion.
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Table I I I. Cisco Aironet 350 Wireless Card characteristics

Available Power Levels Rate and corresponding Sensitivit y

100mW
50mW
30mW
20mW
5mW
1mW

11Mbps -83dBm
5.5Mbps -89dBm
2Mbps -91dBm
1Mbps -94dBm

6. Sim ulation Implemen tation and Results

The Network Simulator NS-2 [14], version 2.26, has been used to im-
plement the cross-layer heuristic we described in the previous sections.
NS-2 is a widely used,open sourcesimulator that o�ers built-in 802.11
MAC layer and the implementation of the most common multi-hop
routing protocols, to which the proposedsolution has beencompared.

6.1. NS-2 Enhancements

In order to run correct simulations, some limitations present in the
modeling of the physical channel and MAC layer of NS-2 have been
removed. In order to have a physical layer closerto reality, we adapted
and installed a package, initially developed by the CMU group [15],
which allows the simulation of Ricean and Rayleigh fading. Unfor-
tunately, yet with this package NS-2 is still not able to simulate in-
terference generated by each node to the others. This limits in turn
the simulations, since a more realistic channel model with cross-node
interference certainly has an impact on the simulation results. The
major drawback is that simulations do not properly capture the real
behavior of the PER metric. In NS-2 version 2.26, the radio interface
model is still based on old WaveLAN cards, with a lack of correct
support for rates higher than 2Mbps. We enhancedboth physical layer
and MAC to correctly support multi-rate transmissionsas de�ned in
802.11bstandard [16]. We set the interface parameters to model the
Cisco Aironet 350 Wireless Card features, which are summarized in
table I I I, thus introducing also multi-p ower level capabilities. We also
addedall the mechanismsnecessaryto perform cross-layer, i.e. to bring
low levelsparametersat routing layer and to allow the latter to control
somesettings of the radio interface. The routing agent implementing
our protocol takes full advantage of thesefeatures.

In order to have a fair comparisonbetweenour proposal,which sets
the transmissionrate on a per-packet basis,and other routing protocols,
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we implemented the Auto Rate Fallback Algorithm in the MAC layer.
NS-2 doesnot support natively any rate adaptation algorithm.

6.2. Simula tion Setup

All simulations are donein a �xed areaA of 2000x2000meters,varying
the number of nodes, from 20 up to 100. Several di�eren t random sce-
narios have beensimulated for each density and the results averaged.
We did not choose less than 20 nodes becausein the area de�ned,
with only few nodes there is a lack of connectivity. We performed
all measurements using both TCP and UDP tra�c. In both caseswe
always simulated saturation condition, i.e. each sourcenode hasalways
a packet to send.UDP tra�c is sent at constant bit rate (CBR), and
packet size at MAC layer of 1500bytes, with a sending rate su�cien t
to have the bu�er at Link Layer never empty. TCP tra�c is generated
using FTP application, which always sends packets if possible. The
number of source/destination pairs is set to half the number of nodes
in each simulation. Finally, the RTS/CTS handshake of the MAC layer
was disabled.

6.3. Resul ts Anal ysis

All simulations were carried out to comparewhat we call CLR (Cross-
Layer Routing) with AODV [17], DSDV [18] and DSR [19] recognized
to be benchmarks in wireless multi-hop networks. We measured the
average transmission rate, throughput, throughput per node, power
level, and the capacity index de�ned in section 2.5.

Figures 3 and 4 shows the average throughput of AODV, DSDV,
and DSR comparedto CLR, using two di�eren t power levels.The cross-
layer approach is able to route more than 3 times the tra�c of DSR,
and more than 2 times the tra�c of DSDV, in all density scenariosand
for both UDP and TCP tra�c. Compared to AODV, instead, CLR
gains only from 50% up to 120%,depending on the nodes' density. It
is interesting to mention that TCP tra�c is able to relay more packets
compared to UDP tra�c. This is easily explained by the presenceof
the TCP congestioncontrol mechanism. Indeed, TCP sourcesreduce
their sending rate when a loss arises.This in turn reducescontention
on the channel, leading nodesto globally sendmore packets, increasing
the global throughput. Another interesting observation is that, when
density increases,CLR is able to increasethe aggregatethroughput, if
TCP tra�c is used.This is becausethe averagetransmission power is
reduced and spatial reuse becomesmore e�ectiv e. In the UDP case,
the heavy contention that arises wastes all the bene�ts of reduced
transmission power. Results on throughput are computed taking into
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Figure 3. AverageThroughput with UDP tra�c.
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Figure 4. AverageThroughput with TCP tra�c.

account only packets that are correctly received at the destination.
Sincethis is the measureof the averageoverall throughput, it represents
the transport throughput capacity as de�ned in [5]. For all protocols
we plotted the performancefor two power levels: 50mW and 100mW,
in order to have a fair comparisonwith our solution, which usespower
control. Power levels lower than 50mW have not beenplotted because
they raisepartitioning problemsof the network. This highlight another
important characteristic of having a dynamic per-packet power con-
trol policy: the guarantee of connectivity, while reducing the average
transmission power.
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Figure 5 shows the averagepower usedto sendpackets for both TCP
and UDP tra�c when CLR is used,aswell asthe two power levelsused
for the other protocolsbasedon the hop-count metric. The power levels
plotted for the latters have only referencepurpose. As can be seen,
the power is almost halved when compared to the 100mW of maxi-
mum transmission power. CLR is able to route more than two times
the throughput of hop-count protocols at 100mW, halving the used
averagepower level. Furthermore, it doubles the averagethroughput,
with almost the sameaveragepower level if comparedwith hop-count
protocols at 50mW. Since TCP tra�c has a more stable behavior,
optimal path are maintained longer compared to UDP. This explains
why TCP tra�c is lessenergyconsuming.UDP, instead,producesmore
contention that results more often in route breakage, thus new routes
with higher energycost are set up.

One of the main reasonswhy CLR is able to route more tra�c
than other solutions is shown in �gures 6 and 7, where the average
transmission rate is depicted. CLR is able to almost guarantee the ex-
clusive useof high rates links. AODV, DSDV, and DSR, instead, lower
their averagetransmission rate while density increases.Again there is
a di�erence in TCP and UDP that dependsof the more stable behavior
of TCP tra�c. The reasonwhy hop-counts protocol lower the average
transmission rate is that when the density increases,the probabilit y
of using next-hops placed in gray-zones also increases,reducing the
averagetransmission rate.

Figures 8 and 9 shows the average throughput per node for all the
protocolswe simulated. This is the simulation measurementsof what is
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Figure 6. AverageRate with UDP tra�c.
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upper boundedby equation (1). Basedon simulation results,weplotted
in �gure 10 the theoretic throughput capacity bound (equation (1)) and
the capacity index (equation (2)) for the simulated protocols.

The curves are derived by using the averagerate and transmission
ranger resulting from the simulations. The theoretic bound wasplotted
using �xed maximum transmission rate at 11Mbps and �xed transmis-
sion range, independently from the number of nodes. Regarding the
hop-count protocols, only simulation results when using 50mW have
been take into account, since in that casethey perform better. This
plot con�rms that the power control policy and route metrics used in
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our proposal increasethe averagethroughput capacity of the network,
getting closer to the theoretic capacity bound.

An important observation is the fact that the plotted curves are
higher than the averagethroughput measuredby simulation. As men-
tioned in section 2.5, there are several reasonsthat explain this gap.
First of all, the model usedto derive the throughput capacity bound in
[5] doesnot considerthe backo� time present in 802.11MAC, assuming
instead a perfect scheduling of packets contending for the medium. In
the sameway, the model does not considerphysical packet lossesand
collisions, which in turn increasesthe average backo� time. Finally,
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equation (1) uses a geographical distance L to compute the upper
bound, while, in reality, the distance traveled by packets L , from hop
to hop, is longer (L � L ). All these factors reduce the real through-
put achievable. However, the results show clearly that a cross-layer
approach is able to e�ectiv ely increasethe throughput of the network,
while reducing power, interference,and is able to route on links that
o�er a high transmission rate.

7. Conclusion

In this paper, we analyzedthe relation betweencross-layer routing and
throughput capacity of wirelessmesh networks and show the bene�ts
that this approach may bring in terms of global throughput. The capac-
it y bound for WMNs showshow averagethroughput may drop whenthe
network scalesto a large number of WMRs. Traditional routing, based
on the hop-count metric are not suitable for wirelessenvironments and
are not able to e�cien tly use the features of radio interfaces, like e.g.
the multi-rate.

Starting from a theoretic analysis,we derived a cross-layer approach
that targets the throughput capacity of WMNs. Cross-layer routing,
based on physical channel parameters and dynamic power control,
o�ers an average throughput capacity closer to the theoretic upper
bound than other protocols. Despite its inherent complexity, which we
proved to be NP-Complete, the problem can be solved by relatively
simple heuristics. The key factor is the designof an interferencetrend
index estimator, which gives correct estimates about real interference
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generated,avoiding expensive feedback from neighborhood. We show
how this index behaves consistently in presenceof real interference.
The extensive simulations doneclearly show that the global throughput
may be at least doubled. Moreover, the cross-layer approach is able to
signi�cantly reducethe cost of this doubled throughput by lowering the
transmission power.
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