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Abstract—Link quality estimation (LQE) in wireless sensor (iii.) minimizing the route re-selection operation triggered by
networks (WSNs) is a fundamental building block for an efficient  |inks failure, which infers on the stability. The accuracy of
cross-layer design of higher layer wireless network protocols. Sev- the link quality estimate will impact the goodness-of-decision
eral link quality estimators have been reported in the literature; : . .
however, none of the proposed estimators have been the subject ofmade by routing protocpls in selecting stable routes. 'The more
a thorough evaluation. Further, there is a need for a comparative accurate the estimate is, the more stable routes will be, and
study of these estimators as well as the assessment of the impacthis improves delivery rates. Therefore, accurate link quality
of each on higher layer protocols. In this work, we perform estimate is a prerequisite for efficient routing mechanisms that

an extensive comparative simulation study among the well- ; ; il
; ; ; , . , manage to overcome problems imposed by link unreliability.
known link quality estimators using TOSSIM simulator. We first 9 b P y Y

analyze the statistical properties of the link quality estimators [N Wireless Sensor Networks (WSNs), link quality estima-
independently of higher-layer protocols, then we investigate their tion is more challenging than in the other traditional wireless
impact of the Collection Tree Routing protocol (CTP). We believe mesh and ad-hoc networks, because sensor nodes are densely
that this \_/vork provi_des a fundamental step _in understanding deployed and basically use low-power radios. It has been
ghe statistical behavior of LQE techniques, which helps nework o o iimantally shown that low-power radios are more prone to
esigners to choose the most appropriate one for their higher- ) . . . .
layer protocols. noise, interference, and multipath distortion [5]. As a result,
communication links in WSNs exhibit more unreliability as
. INTRODUCTION compared to those of traditional mesh and ad-hoc networks
Wireless communication links are known to be unreliablg]-[11].
as their behavior unpredictably varies over time and spacelink quality estimation in WSNs is still an open research
Links unreliability poses a major handicap for self-organizinghallenge, although there have been several recent works that
wireless networks, such as sensor, ad-hoc and mesh networissie introduced new LQE metrics for sensor networks [6],
for maintaining their correct behavior, unless it is taken inffa2]-[15] and others have assessed the convenience of tradi-
account by higher layer communication protocols. Particulariyonal estimation metrics for sensor networks [16]. However,
sophisticated routing protocols aim to overcome link unreligrone of the proposed link quality estimators have been the
bility in order to efficiently maintain network connectivity. Tosubject of a thorough evaluation.
achieve this goal, they rely on link quality estimation (LQE) |n this paper, we conduct a comparative simulation study of
as a support mechanism to select the most stable routes|jigk quality estimators. We particularly present an extensive
data delivery [1]-[4]. Stable routes are built by selecting linkserformance evaluation of five existing link quality estimators

with the hlgheSt qua“ty and discarding those of bad qualitfbr wireless sensor networkgRR WMEWMA RNR ETXand
Building such routes will definitely improve the networkgoyr-Bit.

throughput and maximize its lifetime. In fact, data delivery

over stable routes has the advantagei.pfiffcreasing the end- I
to-end probability of delivery rate, which infer on the accuracy

(ii.) avoiding excessive re-transmissions over low quality links In this section, we briefly review the literature related to
and thus to considerably reduce energy consumption at edink quality estimators in WSNs, as well as their performance
node performing its routing task, which infers on the cosgvaluation.

. RELATED WORK



A. Link Quality Estimators Average (MA) and Time-Weighted Moving Average (TWMA).

Link quality estimators in wireless sensor networks cahh® comparative study conducted in [12] has the advan-
roughly be classified in two categories: hardware-based &age that it takes into account various performance criteria.
timators and software-based estimators. However, it is restricted to filter-based LQEs. Further, the

Hardware-based estimators include Link Quality Indicatéi®mparison is based on a simple generated trace, which does
(LQI) Received Signal Strength Indicator (RSSI) and Signal©t take into account accurately the characteristics of channel
to-Noise Ratio (SNR). These estimators are directly obtainé@mmunication. The trace generator is based on the assump-
from the hardware, namely CC2420 radio transceiver [17{0n that packets transmission corresponds to independent
Their advantage is that they do not require any computati rnoulli trials. Performance comparison between filter-based
overhead as they are built-in directly on the hardware. HoWQES is performed in terms of accuracy, agility, stability,
ever, as it was observed and reported in pervious experimertgfory, and resource utilization. Accuracy is quantified by
studies, hardware-based estimators do not provide accuf@@gParing the measured link quality, and the estimated link
estimate [13], [18], [19], mainly for the following reasonsduality, using the Mean Square Error. Agility is the ability
First, these metrics are measured based on 8 Symbo|stq)1qwckly react to persistent changes in link quality. It has
a received packet and not the whole packet. Second, thBs&n measured by the settle time, which is defined as the time
metrics are only measured for successfully received packdtgeded by the estimator to reach the measured value, within
Therefore, when a radio link suffers from excessive packdf error bound of e. Stability is the ability to resist to transient
loss, they could overestimate the transmission performance(§90rt'term) variations, also called fluctuations, in link quality.
not considering the information of lost packets. It Is has been measured by the coefficient of variation, which

On the other hand, Software-based estimators enableiglefined as the ratio of the standard deviation to the mean.

the average number of packet transmissions/re-transmissidhdarger history yields a more stable, but less agile estimator
required before its successful reception. [12]. Finally, resource utilization refers to the computation and
The Packet Reception Rate (PRR) and the Acquitted ReceptiRéarage overhead. Based on the above performance criteria,
Rate (ARR) count the reception rate. The first is performed oo €t al. have shown thaWMEWMAperforms better than
the receiver side and the second at the sender side. These lifother filter-based '—QES- _

quality estimators are simple, yet they have been widely usedOn the other hand, in [6]the main goal was to study the
in routing protocols (e.g. in [20]). temporal characteristics of low-power links, using a real de-
The Required Number of Packet transmissions (RNP) cou@yment of a WSN. Meanwhile, the authors of [6] compared
the average number of packet transmissions/re-transmissidh8R and RNP in order to select the suitable metric for
required before its successful reception. It is introduced Wk characterization. Cerpa et al. argued tRMP is better
Cerpa et.al. In [6], the authors argue tHRINP is better than thanPRRfor estimating link quality. To justify their finding
PRRfor characterizing the link quality becauB&Rprovides a the authors observed different links during several hours, by
coarse-grain estimation of the link quality since it does not takeeasuringPRR and RNP each one minute. They found that
into account the underlying distribution of losses, in contrafr bad-quality and good-quality links, i.e. links having high
to RNP (>90%) and low reception rates<b0%) respectivelyPRR
The Window Mean with Exponentially Weighted Movingfollows the same behaviour &NP. However, for medium-
Average (WMEWMA) [12], the Kalman filter based linkquality links, PRR overestimates the link quality because it
quality estimator [15]and the packet success probability (PS#9es not take into account the underlying distribution of packet
[10], approximate the packet reception rate. losses: when the link exhibits short periods during which
Furthermore, the link inefficiency metric (LI) [13], expectedP@ckets are not received, tlRRR can still have high value
transmission count (ETX) [21], anfbur-Bit [14]approximate but theRNPis high so that it indicates the usefulness of the
the average number of packet transmissions/re-transmissidiis. As a matter of fact, a packet that cannot be delivered

required before a successful reception. is retransmitted many times before being abandoned. The
A through presentation of LQEs under evaluation will bauthors of [6] also studied the relationship betw&aP and
presented in Section 3. the inverse ofPRR(1/PRR statistically by {.) measuring the

) ) ) ) cumulative distribution function (CDF) d&®NPas a function of

B. Performance Evaluation of Link Quality Estimators 1/PRRand i.) measuring the Consistency level betwdxP

To the best of our knowledge, there is no previous compatad 1PRR They found thatRNP and PRR are not directly
ative study of link quality estimators in WSNs other than [12proportional.
and [6].

In [12], the authors introduced the Window Mean with Ex- I1l. STUDIED LINK QUALITY ESTIMATORS
ponentially Weighted Moving Average (WMEWMA), a filter-
based link quality estimator. The performanceVéMEWMA In what follows, we present the different estimators under
was compared against other filter-based link quality estimatoesaluation. TABLE | presents the most important characteris-
Exponentially Weighted Moving Average (EWMA), Movingtics of these estimators.



TABLE |

STUDIED LINK QUALITY ESTIMATORS CHARACTERISTICS

from the sender to the receiver, denoted RRR:rward
as well as the downlink quality from the receiver to the

Monitoring | Location | Metric Direction sender, denoted aBRR,..warq- The combination of both
type PRRestimates provides an estimation of the bidirectional link
PRR Passive Receiver | Reception rate| Unidirectional  quality, expressed as:
WMEWMA|| Passive Receiver | Reception rate| Unidirectional 1
RNP Passive Sender | Number Unidirectional ETX= 4)
of packet PRRforward X PRRpackward
transmissions ) ) .
ETX Active Receiver | Number Bidirectional Note that PRR orward .|S simply the PRR of the uplink
of packet determined at the receiver, for eastreceived probe packets.
transmissions On the other hand?RR,,ckwara 1S the PRRof the downlink
four-bit Hybrid Sender Nfumbef et Bidirectional | computed at the sender and sent to the receiver in the last
o) packe
transmissions probe packet.

The fifth estimator isfour-bit [14], which is a hybrid
estimator as it uses passive and active monitoring and initiated

The first estimator is thePRR metric, which measures at the sender. During active monitoring, nodes periodically

the average of successfully received packets. This metricofoadcast probe packets. Basedwpnreceived probe packets,
computed at the receiver for each window wf received the sender computes tWMEWMAestimate and derives an

packets, as follows: approximation of th&kNP, denoted asstETX,.,.., as follows:
1
WMEWMA ©)

This metric estimates the quality of the unidirectional link

: . SCAUCHGE, the receiver to the sender based on active monitoring.
number of packets. ThBRRis based on passive momtormg,During passive monitoring, the sender compuRNP based

which means that useful statistical data is collected frog), w,, transmitted/re-transmitted data packets to the receiver.
received/sent data packets over that link.

The second estimator WMEWMA[12], which is a filter- Then, it uses EWMA filter to smootRNP into estETX,,

; ) . expressed as follows:
based estimator that approximates BRRRestimator as shown P
in the following equation:

Number of received packets
Number of sent packets

PRR= eStET&oum =

estETX, = a x estETXoyn + (1 —a) x RNP  (6)

In Eqg. (6), the metricestETX,, estimates the quality of the

. . . unidirectional link from the sender to the receiver based on
wherea ¢ [0,1] is the history control factor, which controls the assive monitoring.

effe_:ct of the previously estlr_nated va_llug on the new one. T us, thefour-bit estimator combines both estETXup and
estimator is based on passive monitoring and is computed_a

the receiver side for eaal received packets. es{ET)_(down metrics_ v_ia th_e EWMA filter, in order to obtain
The third estimator iRNP [6], which counts the averagean estimate of the bidirectional link expressed as follows:

number of packet transmissions/re-transmissions required be- )

fore a successful reception. Based on passive monitoring, this

metric is evaluated at the sender side for eactransmitted WhereestETXcorresponds testETX,, or eStETXown : At W,

and re-transmitted packets, as follows: received probe packets, the sender drivesidiue-bit estimate

according to Eq. (7) by replacingstETXby eStETX,.,,, - At

w, transmitted/re-transmitted data packets, the sender drives

the four-bit estimate according to Eq. (7) by replaciegtETX

Note that the number of successfully received packets b|¥ eStETXp-
determined by the sender as the number of acknowledged
packets. ) . )
The aforementioned estimators are not aware of the lilk Simulation environment
asymmetry in the sense that they provide an estimate ofin our simulation study, we have used TOSSIM 2.x [22],
the quality of the unidirectional link from the sender to thevhich is an event-driven simulation environment for sensor
receiver. networks. TOSSIM is used to simulate the code of real
The fourth estimator iSETX [21], which is a receiver- sensor nodes that are implemented using the second release of
initiated estimator that approximatd®NP. It uses active TinyOS (TinyOS 2.x) [23]. TinyOS 2.x is an operating system
monitoring, which means that each node explicitly broadcasied a programming framework developed at UC Berkeley
probe packets for collecting statistical informati®1T X takes and was specifically designed for sensor networks with small
into account link asymmetry by estimating the uplink qualityesource capacities. It is written in NesC [24], a C-based

WMEWMA=axWMEWMA+ (1—-a)x PRR (2)

four-bit = a x four-bit+ (1 — o) x estETX

Number of transmitted and retransmitted packet

RNP= .
number of successfully received packets

IV. THE SIMULATION MODEL



language that provides a support for the TinyOS component

and concurrency model. 2 o "
One of the main reasons behind the use of TOSSIM 2 is N N

that it provides an accurate wireless channel model [25], [26], /) ‘,0. 0 .0‘

without which it will not be possible to consider the simulation Sl gt 5"”"' oA

results as valid. In the following, we give a short overview on 1T ‘ \e &t ] '. S

this model. ' 8 Jimea® i
In TOSSIM 2, the wireless channel model includé$ &

radio propagation modelnd {i.) a link layer model The -..‘ e

radio propagation model serves as input block for the link  Timeter '

quality model. As for radio propagation model, TOSSIM 2
relies on thelog-normal shadowingpath loss model [27].
On the other hand, the link layer model is given by an

analytical expression of theacket reception probabilifPRP) In order to properly configure the simulation models (refer

as a function of thesignal-to-noise ratio(SNR) [26]. This ) ) : . .
model takes into account various parameters that affect ttlg?es_ectlon 4.3), it was necessary to identify the three recepiion

packet delivery performance of low-power links [8], includin egions in the simulated sensor network. In fact, the general

S X ethodology that we adopt for LQEs performance comparison
hardware calibration, the distance between nodes, the path los ') 10 inject to each LOE a number of links, with different

model, etc. Therefore, based on these parameters, TOSSII% Cacteristi . links of th nnected region. others of
generates a link layer model (iBRPas a function of th&NR characteristics, 1.e. S Of the connected region, others o
the transitional region and others of the disconnected region,

for each particular link in the sensor network. It also defines ", . o . 4
the "gain” of that link, which is the signal attenuation due tgnd {i-) comparing the ability of LQEs to estimate the quality
: Bthese links efficiently. Therefore, it is necessary to know

the path loss. In addition, TOSSIM 2 uses a closest-fit patte ) ! . )
matching (CPM) model [25] to generate a distribution q e boundaries of the three reception regions in order to set

environment noise samples that captures temporal variatiorﬂiﬁ Z'i\s/t;:]ﬁﬁlf et:)vvg:t?n:gteeselr?d:(; d?t?gnthzsr?/\(/fI\é((a);gi?jf;n::\/t:)ng
S ’ '

the environment. Whenever a simulated sensor node receiv

. . . . environment types:i) an indoor environment (aisle of a
a packet, it samples a noise readihy) (ising the CPM model [ . " . i . .
and gathers the link gair§(to determine th&NR(SNRSN). building) [28], and {i.) an outdoor environment (football field)

From the simulatedSNR value, the node determines th 28], itis also mandatory to analyze the three reception regions

corresponding®RP using its link layer model. Based on the or each of these environments.
PRP, a node can decide whether a packet has been successfuly®" that purpose, we placed 60 sensor nodes around one
received or not. The interested reader can refer to [25], [28]1< N0de, as illustrated in Fig. 1. These sensor nodes were

for more details about the wireless channel model of TOSSIfivided in 10 sets, where each set contain 6 nodes, all placed
2 in a circle around the sink node. The distance between two

consecutive circles is equal to 1 meter. The first circle, i.e. the
nearest to the sink, is placed at a distance to the sink node,
equal tox meters. Each sensor node has an exclusive time

There have been several empirical studies that perform@@t during which it sends 200 data packets to the sink node.
extensive measurements of low-power links quality, in ord&ote that sensor nodes send their data in non overleaping time
to analyze their characteristics. Particularly, in [5], [7], [8]slots in order to avoid collisions between sent packets. Further,
[10], link quality measurements have been carried out tBAcket retransmission mechanism has been activated.
observing thePRRbetween a pair of nodes placed at different For the outdoor environment, we simulated several scenarios
distances. The goal was to observe the evolution oPlRRas While varyingx in the set 1, 1.25, 1.5, 1.75 meter, whereas
a function of the distance. Based on these measurements, thrd®@s been varied in the set 1, 10, 20, 30 meter for the
different reception regions have been distinguisloednected indoor environment. Simulation parameters are presented in
transitional and disconnectedThe connected region is theTABLE II.
closest to the receiver. It is characterized by consistently highFig. 2 presents th®RRas a function of the distance for
reception rates, i.e. greater than 90%, for most of the linksoth indoor and outdoor environments, where it is possible to
In contrast, the disconnected region, which is the farthest dbserve the bounds of the three reception regions: connected,
the receiver, is identified by consistently low reception ratesansitional and disconnected.
which do not exceed 10%. In between, the transitional regidihjs important to note that the Fig. 2 proves the accuracy of the
also referred to gray ared, is often quite large in width wireless channel model of TOSSIM. In fact, the majority of
as compared to both other regions. In this region, receptioatwork simulators use an ideal link layer model [29] accord-
rates are moderate, i.e. between 10% and 90%, and with high which there are only two reception regions: connected and
variance, which implies the existence ofoderate quality disconnected. On the other hand, TOSSIM uses a realistic link
instable andasymmetridinks. quality model because it leads to the three reception regions,

Fig. 1. Network Configuration for Reception Regions Evaluation

B. Reception region analysis



0; R | of the pre-cited link quality estimators. The first simulation
08 | ’ . 3 scenario aims at analyzing and understanding the statistical
07 | . . = 1 properties of the link quality estimators independently of
06 5 : o § any external factor, such as collisions in MAC layer and
E 0S| ’ Tansitonal D ieconnected routing in network layer. We only consider the impact of
%1 | * . ; x the physical layer and the re-transmission mechanism of
Zz ' * x o the data link layer. On the other hand, the purpose of the
0:1, : . S j second simulation scenario is to evaluate the impact of these
P R o estimators on higher layer protocols, namely the Collection
13 s 7 9o m o115 o1ou 2325 7 2w u31n 3k Tree Protocol (CTP), which is a routing protocol already
Distance supported by TOSSIM 2. In the rest of this section, we give
(a) Indoor environment: aisle of building a detailed overview of both scenarios.
TXXXXXXXXXXKXXKXKXXX |
09 | T e E * 1) First simulation study: Performance Evaluation of LQES:
08 | [ . ; In the first simulation study, we consider the following sce-
07 i nario: a single-hop network of 10 sensor nodés,(N=. . .N1g)
06 3 : * * placed in a linear topology. We set nodle as a sink that
£ o5 receives data packets sent from each node. (Nig). In
o4 Comeded Transitional j Disconnected addition, nodeN; sends a data flow of packets to each of these
03 | ! : ’ 3 nodes, thus enabling asymmetry-aware estimators,EiT&X
02 . . and four-bit, to estimate the bidirectional link quality (refer
01 A . to Fig. 3). Sensor nodes send their data in non overleaping
0 — e d et time slots in order to avoid collisions between sent packets.

Further, packet retransmission mechanism has been activated.

As depicted in Fig. 3, we used two different traffics: Trafic

1 and Traffic 2. Traffic 1 is relatively a small traffic (each of

nodes Ns...Njg) send 2400 packets). However, it is close
TABLE Il to real world traffics as a node receives a first bunch of

SIMULATION PARAMETERS FOR THE RECEPTION REGION EVALUATION packets then sends another bunch of packets. Traffic 1 is

used for showing the temporal behavior of LQEs. On the

Distance

(b) Outdoor environment: football field

Fig. 2. Network Configuration for Reception Regions Evaluation

Environment poymeny High other hand, Traffic 2 involves much more packets (each of
Type of the | Indoor: Aisle of building nodes Ns...Njg) sen(_j SOOQO packets)_, in order to rea!ch the
Environment steady state of the simulation. Especially, this traffic is used

Outdoor: Football field for statistical analysis of LQEs.

Number of sensor nodes| 61 We placed nodedl,...N;y as described in TABLE lll, such

Number of data sources | 60 that each one belongs to thennectedtransitional or discon-

Total sent packets / node| 200 nectedregion of N;.

Traffic type CBR rate: 61/8 packet/s In this study, we propose to estimate the quality of the

Simulation time 1700 ticks/s unidirectional links (+—i.), fori. € [2, 10] for both indoor and

outdoor environments. To achieve this purpose, we simulated
the scenario described above, with each of the five link quality
whose existence have been proven with experimental studgsémators, i.ePRR WMEWMA RNP, ETX and four-bit, in
on actual sensor networks. addition to a filteredRNP, that we denote aB-RNP. F-RNP
In addition, Fig. 2 shows that the width of the transitionalses the EWMA filter with the same parametersf@sr-bit
region is larger in the indoor environment as compared &dWMEWMA
the width in the outdoor environments, in contrast to what All link quality estimators are implemented at the appli-
might be expected due to multipath fading, dispersion, gation level of nodes. On the one harRNP and F-RNP
indoor environments. This phenomenon is due to the fact thégre implemented at sender nodé,...Nyo, as they rely
in the football field grass foliage creates a lot of multipatAn outgoing traffic to estimate link quality, wheréBRRand
and dispersion which leads to a narrow transitional regio!MEWMAwere implemented at the receiver node, M,
Therefore, for these particular environments, link qualities ince they rely on incoming traffic. On the other haid,X
the football field will be worse than in the aisle of building. was implemented at nod¢; andfour-bit at nodesN,...Ng.
. ) i ETX and four-bit use both incoming and outgoing traffics to

C. Simulation studies estimate the link quality.

In this section, we describe both simulation scenarios thatWe choose a history control factar= 0.9, as suggested in
we have designed to evaluate and compare the performaficl and an averaging window =5 for evaluating short-term



TABLE Il TABLE IV

SIMULATION PARAMETERS FOR THE FIRST SIMULATION STUDY SIMULATION SETS OF THE SECOND SIMULATION STUDY
Environment Asymmetry level of links| High Environment | Grid Number| Number| Traffic
Type of the Environment| Indoor: type topology | of of data | type
Aisle of building type nodes | sources
outdoor: First set of | {Indoor, Non- 81 10 Poisson
Football field simulations | Outdoo# uniform
Number of 10 Second Outdoor {Uniform,| 81 10 Poisson
sensor nodes set i of NO_?'
Traffic type CBR \ rate:1024/720 packet/s smu ations uniformy -
Toool T 0 Third set of | Outdoor Non- {16, =number Poisson
opology ype Inear simulations uniform | 25, 36, | of
Nodes Indoor (1,0), (5,0), (10,0), 49, 64, | nodes
location (12,0), (14,0), (18,0), 81}
(gg'g)' (22,0), (25,0), Fourth Outdoor Non- 81 {10, Poisson
(28.0) set of uniform 20, 40,
Outdoor (1,0, (20, (30), simulations 80}
E‘;'gg’ g'gg' Eg'gg' Fifth set of | Outdoor Non- 81 10 (Poissoh,
A h e simulations uniform CBR}
(10,0)
Simulation time | 26700 ticks/s TABLE V
SIMULATION PARAMETERS FOR THE SECOND SIMULATION STUDY
For index = 2 to 10 {
For counter = 1 to 6 { Environment Asymmetry level | High
N, sends 100 packets to Nj,gex of links
3 Ningex Sends 400 packets to N, Type of the Envi-| Indoor: Aisle of building
} ronment
; Outdoor: Football field
(a) Traffic 1 Traffic type CBR rate: 1/8 packet/s
Poisson mean rate: 1/8 packet/s|

For index = 2 to 10 { - . -
N, sends 10000 packets tO Njjgex Simulation time | 600 ticks/s
Ningex S€nds 50000 packets to N;

(b) Traffic 2 tion, number of nodes, number of data sources and traffic type.
Fig. 3. Traffic pattern of the first simulation study The five simulation sets in this study are presented in TA-
BLE IV and TABLE V. For every set of simulations, we vary
only one parameter in order to investigate its impact on the
performance of the link quality estimators under evaluation.
) ] ) Nodes begin their transmission after a delay of 300s, i.e. after
2) Second simulation study: Impact on CTP routing prone topology establishment. Each simulation is repeated 30
tocol: In the second simulation study, we consider a multlies o reach a steady state with 95% of confidence interval.
hop network where nodes compete to deliver their data to thegensor nodes were deployed in a grid topology with two

sink_ node using Carrier Sense _Multiple Access with Collisiogiferent layouts: uniform grid topology and non-uniform grid
Avoidance (CSMA/CA) as medium access protocol, and CTfno10gy. Fig. 4 shows the distribution patterns of 80 sensor
[30] as routing protocol. The CTP is a routing and dalgsges and a single sink node, in the uniform grid topology
coIIecupn protocol thatlbunds a tre_e toward the sink nod_gnd the non-uniform grid topology, for indoor and outdoor
according to the qualities of the links. It has three basiG,ronments. The sink node is the one located in the corner
components [30]: of the topology at coordinates (0,0).

« The link quality estimatowhich enables each node to The choice of the different grid units (in meters) is carried
estimate the quality of the links to its neighbors usingut based on the previous receptions region analysis. In the
four-bit estimator [14] by default. uniform grid topology, the grid unit is constant. We choose

« The routing enginewhich enables nodes to select thg value of the grid unit such that links are of moderate or
best parent among its neighbors based on the link qualgd qualities (see Fig. 4). This means that each two neighbor
estimation result. nodes are far-away by a distance in the range of the transitional

« The forwarding enginewhich is responsible of storing or the disconnected regions. By this way, we make sure that
waiting packets and the scheduling of their transmissigifik quality estimators operate in extreme conditions. In the
to next hops. non-uniform grid topology, we aim at building a topology

We aim at evaluating the impact of link quality estimator owith a mixture of links qualities: good, moderate and bad.
the CTP routing protocol, while varying different simulatior~or that purpose, we used a variable grid unit so that two
parameters including environment type, topology configuraeighboring nodes can be far-away by a distance in the range

estimation andv =100 for evaluating long-term estimation.



Uniform grid Non-uniform grid

(Grid unit =14 m) 60 (Grid unit {4 m 14 m}) In what follows, we present the main lessons learnt from the

120 4

S R o] 7T first simulation study.

B R R R R S 1) Over-estimation: In Fig. 6, it can be observed that

o, . ... Wae  ee ee ee WMEWMA PRR and ETX are the most optimistic estima-

P N w0 ee e e e tors andRNP, F-RNP and four-bits are the least optimistic

o] TN wle oo Lo estimators. This means that tR&RRbased estimators tend to

S PP I I over-estimate the link quality. The main reason is thaRR®

0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80 based estimators are not aware of the number of retransmitted

(&) Indoor environment: aisle of building packets, since they are implemented at the receiver side.
Uniform grid Non-uniform grid A packet that is lost after one retransmission or after

o R o U AN retransmissions will produce the sarR®Rbased estimate,

P Bl v e e e in contrast to count-based estimates, which are quite sensitive

g IR i SO to retransmissions, hidden to the receiver.

s 0 This finding is clearly illustrated in Fig. 5b for the link

2 15
15 10

£Xs £Xs PXs
£xs £xs £xs
£xs £xs £xs

(7). In fact, PRR WMEWMAand ETX estimate the link
e as continuously being at the best quality (100% of success),
0 — 0 B whereadour-bit, RNP and F-RNP shows that the link quality
0 10 20 30 40 50 0 5 10 15 20 25 30 - - .
. , fluctuates between 0 and 7 retransmissions, which demonstrate
(b) Outdoor environment: football field . . . .
that the link is not as good as inferred B\RRbased metrics.
Fig. 4. Distribution pattern of 80 sensor nodes and a single sink node, in 2) Stability' Fig 7 shows the average CV for each LQE
uniform and non-uniform grid topologies ) . . .
from all nodes for different widow sizesw = 100 (long-term
estimation) andv = 5 (short-term estimation), and different

Note thatfour-bit is the native estimator for CTP, thus, we havéimulation.

additionally implemented the other four link quality estimators First, according to Fig. 7, we observe thaMEWMAandF-
in TOSSIM. We choose a history control facter= 0.9 and RNPare the most stable in general. This can also be observed

s e o o
s 0 o o

averaging windoww to 5 [14]. through the temporal behavior in Fig. 5. The main reason is
that these estimators are based on filtering technique, which
V. PERFORMANCEANALYSIS smoothes the variation of the link quality and turn them

In this section, we analyze the complexity and resoureaore robust to quality fluctuations than other estimators. In
usage of the estimators, and we evaluate their performanpesticular, the use of a history control facter= 0.9 increases
based on the results of both simulation scenarios, describedria stability of those filter-based estimators. In fact, the history
the previous section. factor has an impact on the stability of filter-based estimators,

) . . as shown in Fig. 9a. It is easily observed that the coefficient of
A. First simulation study: performance of LQEs variation of the filter-based estimators linearly decreases as the

In the first scenario, we study.) the temporal behaviour of history control factora increases, which turns their behavior
LQEs, as illustrated in Fig. 5, and { the statistical properties more stable. In practice, it is important to adequately tune the
of LQEs, shown in Fig. 7, Fig. 6, Fig. 8. In the statisticahistory control factor to make a balance between stability and
analysis of LQEs, we measured the following metrics: responsiveness to link quality changes. Fig. 9aalso confirms

o The empirical cumulative distribution function (CDF)thatWMEWMAremains almost the most stable estimators for

which assesses the level of over-estimation of each LQ&hy value of the factor .

presented in Fig. 6. The over-estimation level is defined Second four-bit is the least stable LQE, although it relies
as "how much the estimator deviate from reality byn two filter-based estimators. The reason is tfmatr-bit
estimating the link at a certain level of goodness whendéombines two different estimators that have different range
is not good as it has been estimated”. We have presentddvalues (refer to Eq. (7)), as it is based on the inverse of
the results by considering all nodes of the indoor enWMEWMA in the upstream direction and d&RNP in the
ronment simulation. These results are similar to those déwnstream direction. Four-bit can, however, be more stable if
the outdoor environment. we only consider Eq. (6) as the actual output of the estimator

« The coefficient of variation (CV) , which is defined as theand Eqg. (5) as a corrective estimate when the downstream

ratio of the standard deviation to the mean. It comparésffic is low. This can be observed in the temporal behavior in
the performance of the LQESs in terms of stability. Resulsig. 5, where thdour-bit estimates sharply decrease whenever
related to LQEs stability are presented in Fig. 7. WMEWMAIs used for each incoming packet.

« The absolute value of the coefficient of correlation (CC), Third, the study also reveals that all estimators are more

which expresses the degree of linear dependency betwstable in long-term estimation (i.e.= 100) than in short-term
a pair of Link quality estimators. Results are presentagstimation (i.ew = 5), as shown in Fig. 7 and Fig. 9a. This is
in Fig. 8. a reasonable result since the average estimation in long-term



will be closer to the steady state than that in short-term, whicletwork conditions. Based on this figure, we retain the fol-
is more prone to changes. In this particular case, by applyitayving findings.
a linear regression analysis on the short-term CV with thetindingl: Impact of the estimator class
corresponding long-term CV, we found that the long-term CWh Fig. 10a to Fig. 10e, we clearly observe that fleRs of
of each estimator (withv = 100) is nearly the half of its short- the four link quality estimators are organized in the following
term CV (withw = 5). This infers a strong linear correlationdecreasing accuracy order (from the most to the less accu-
between the short-term and long-term CV vectors. rate): (1) four-bit, (2) ETX (3) RNP, (4) PRRand then (5)
Stability results described above are also confirmed BMYMEWMA This observation highlights three main outcomes.
observing the temporal behavior of LQEs in Fig. 5.
In conclusion, filter-based estimators are thus more stables First, the accuracy ofour-bit and RNP comparing to
and more robust to quality fluctuations than other estimators. PRRandWMEWMAIs justified by the fact that the firsts
3) Correlation: Correlation analysis enables to classify the integrateRNP metric whereas the seconds integraRR
estimators into different classes with similar behavior. Based metric. As we have shown in the previous simulation
on the results in Fig. 8, we can roughly draw the following  study, PRRbased LQEs overestimate the link quality
conclusions. as they provide a coarse-grain estimation of the link
First, there is strong linear correlation betweBRR and quality, in contrast toRNRbased LQEs. Nevertheless,
ETX although they are computed in completely different ETX also integrate®RRmetric, yet it is more accurate
manner. Note that these two metrics are not correlated with than RNP. Its accuracy is due to the fact that it relies
the other estimators. The reason is on active monitoring In fact, in the first simulation
Second,RNP and F-RNP are weakly correlated, similarly study, we have shown th&TX overestimate link quality
to PRRand WMEWMA The main reason is that the control  just like PRR and WMEWMA But in this study we
history factor is too high such that the filter-based estimators implementedETX with passive monitoringinstead of
are mostly related to the link quality history than to the current  active monitoring. In this studyETX relies onactive
quality. For smaller values of the correlationRNPandPRR monitoringto derive estimate. In addition, the beaconing
estimators with their filter-based versions increases, as shown rate is high (1packet/s) comparing to the data traffic rate
in Fig. 9b. Note that the behavior of the LQEs shown in Fig. 9b  (1/8 packet/s). ConsequentlgTX have frequently fresh
is similar to those for the outdoor environment and for long-  information on links states, which enable it to provide

term estimation. accurate link quality estimate. Therefore the accuracy of
Third, the correlation betweefour-bit and F-RNP on the ETX would be due to the active monitoring and not due
one hand, and betwedour-bit and WMEWMAoN the other to the metric itself.

hand is traffic-specific. It in fact heavily depends on the pro- « Second,four-bit leads to slightly better delivery perfor-
portion between the traffic being sent and that being received. mance thareETX This might be due to the fact thédur-

In fact, Fig. 8 shows a strong correlation betwefenr-bit bit integrates a metric that count the required number of
and WMEWMAwhereas the correlation betweésur-bit and packet retransmissions (RNP), it X approximates the
F-RNP is very weak. This is very much related to the use required number of packet retransmissions.

of traffic 2, i.e. a node receives a first bunch of packets thene Third, the accuracy ofour-bit comparing toRNP can be
sends another bunch of packets. In contrast, Fig. 9b shows that explained by the followingfour-bit integrates botlPRR

the use of traffic 1 where sent and received packets are more and RNP metrics. In one handRR have been shown
evenly distributed over time makes that four-bit is no longer to overestimate the links quality. On the other hand, we
much correlated with its composite estimators. In general, showed also thaRNP is pessimistic. In other words, it
four-bit would not be correlated neither &WMEWMA nor underestimates link quality. Therefore, the performance
to F-RNP, or in best case weakly correlated since in a real of four-bit comparing toRNP can be due to the fact that
deployment, the traffic between sensor nodes would be much these LQEs integrate two metrics that enable to have a

closer to traffic 1. balance between overestimating and underestimating link
, ) ) . quality.

B. Second simulation study: impact of LQEs on CTP routing , Fourth, regarding LQEs that count or approximate the

protocol packet reception rate, we found that tR&RR metric

In the second scenario, we evaluate the impact of LQEs leads to a slightly better delivery performance than does
on CTP routing protocol and we compare their performance  WMEWMA which means thafPRR is more accurate
in terms of accuracy, cost and stability, when subjected to than WMEWMA in contrast to the results in [12]. One
different network conditions, including the environment type, of the reasons is thaPRR is more reactive to qual-
the grid topology type, the network size, the number of data ity changes thanWMEWMA since the latter is filter-
sources and the traffic type. based. Furthermore, in [12], accuracy is hot measured

1) Accuracy: Fig. 10 shows a comparison between link by the PDR but by the mean square error between the
guality estimators in terms of accuracy based on the measure measured link quality and the estimated link quality
of the packet delivery rate (see Section 4.4) under different (refer to related work, section 2.2). Recall that in our



simulations, we choose = 0.9 andw=5, for filter-based of data sources has controversial roles: (1) degrading the
LQEs, as in [14]. These settings are different from thogeetwork performance by having more collisions and increased
in [12]that introducedVMEWMA However, even when congestions in at the parent node in the data collection tree, (2)
settinga = 0.6 andw = 30 as it was set in [ [12], improving the performance of the LQEs by computing better
we observed the same result, iRRR provides better estimates of links due to increased traffic. For that reason,
PDR thanWMEWAM(see Fig. 9). This might be due toFig. 10d depicts that the impact of increasing the number of
the fact that comparative results in [12]are based ondata sources is more important on data-driven link quality
simple generated trace, which doesn't take into accousdtimators (i.e. using passive monitoring) than on beacon-
accurately the characteristics of communication channdkjven link quality estimator (i.e. using active monitoring, such
the network configuration and other parameters, such a&TX).

number of sources, environment type, etc. Fig.9 showinding 6: impact of traffic type

also that the performance &fur-bit greatly depends on Fig. 10e shows that the difference in the accuracy between
the setting of its parameters, and w, since thePDR link quality estimators for CBR and Poisson traffics is not
drops from 0.76 with the old setting to 0.39 with thesignificant.

new setting ofo andw. 2) Cost: Fig. 12 shows a comparison between LQESs in
terms of cost under different network conditions. Findings
Finding 2: Impact of the environment type retained from Fig. 12 are presented in the following.

Fig. 10a shows that the type of the environment has a mafénding 1: Overall performance in terms of cost

impact on thePDR for all link quality estimators dependingIn Figures Fig. 12a, Fig. 12b and Fig. 12e, it can be observed
on the level of multipath dispersion and interference. Ithat ETX provides the best cost (consumed energy), followed
indoor environment, the delivery performance is better thdry RNP then four-bit. Despite thatfour-bit showed the best

in outdoor environment, because links are of better qualitielivery performance, it involves higher cost as compared to
for this particular case. Remind that the outdoor environmelBT X and RNP. This involved four-bit is mainly due to the

we used is football field whose grass foliage creates a lot lmfjher length of selected routes on the path to the sink. In fact,
multipath and dispersion which leads to worse link qualitiess it is depicted in Fig. 13four-bit has mostly the highest
(see Section 4.2) as compared to the indoor environmemerage number of parent changes, which leads to longest
representing the aisle of building. paths to the sink node, as it is shown in Fig. 12 [14]. This is
Finding 3: Impact of the grid topology mainly a shortcoming in CTP as it does not take into account
Fig. 10b shows two important observations: (1) First, thihe hop count metric in route selection process during the
measuredDRsare quite similar for all LQEs and they exhibitestablishment the data collection tree.

a small mutual variation. This is because all links have thHénding 2: Impact of humber of nodes

same distance and thus the long-term quality will almost lhe a congested network, it appears thaiir-bit provides the
constant for all estimators. The difference between estimatdwesst performance in terms of cost, as it is shown in Fig. 12c
is, however, more significant in the non-uniform case singstarting from 49 nodes) and Fig. 12d (starting from 40 data
links have different distances and thus different qualities. (8purces). Indeed, whiléour-bit still selects longer routes, it
Second, it is clear that the delivery performance in nomresents the advantage of selecting routes whose links are of
uniform grid topology is better than in uniform topology forbetter quality in terms of number of packet retransmissions.
all link quality estimators. This is expected since the norrinding 3:

uniform topology contains a mixture of links including goodAs observed in Fig. 12PRR and WMEWMA compute the

bad and moderate links. However, in uniform grid topologghortest routes as compared to the other link quality estimators,
links are of bad or moderate qualities, which affect the deliveget they have the worst costs in most of network conditions due
performance. to excessive retransmissions. This observation demonstrates
Finding 4: Scalability their inappropriateness for data collection routing protocols
Fig. 10c shows that the delivery performance decreasesimdNSNs. This finding can also be justified by the fact that
the network size increases by a factor close to 30% for &RRand WMEWMAdo not count packet retransmissions in
link quality estimators. Thus, it can be concluded that alheir computation. Furthermord/ MEWMAshows again lower
LQEs have similar scalability as they react similarly to thperformance in terms of cost th&RR similarly to the results
network scale changes. Nevertheless, the accuracy of the lafkaccuracy.

quality estimators still respects the same order, listed before3) Stability: Fig. 13 shows a comparison between LQES in
for almost all network sizes, i.éour-bit, ETX RNP, PRRand terms of stability, based on the measure of the average number
WMEWMA which confirms Finding 1. of parent changes, under different network conditions. Form
Finding 5: Impact of data sources this figure, we retain the following findings.

It can be observed in Fig. 10d that varying the number &inding: accuracy versus instability

data sources, which is approximately equivalent to varyinhe indoor environment and the uniform grid topology are
the application sending rate, does not significantly impact thet suitable for performance comparison between link quality
delivery performance. The reason is that increasing the numiestimators because they do not show clear differences between



LQEs. However, in the other configurations, we find thoair-

(9]

bit is the most instable link quality estimator as it exhibit

the highest number of parent changes, followed BYX

(20]

RNP, WMEWMA and finally PRR In fact, LQEs that are

based on the number of packet retransmission are (1) more

pessimistic when estimating link qualities as they take inﬁ)l]
account the short-term loss distribution of packets, and (2)
are more sensitive to changes in link quality, thus present a
highly reactive behavior. This finding demonstrates that th

is compromise between accuracy and stability metrics. Link
quality estimators that estimate more accurately links quality

present more instability.

(13]

VI. CONCLUSION

In this paper, we proposed a comparative simulation stubh!
of a set of the well-known link quality estimators, namely
PRR, RNP, WMEWMA, ETX androur-Bit, using TOSSIM [15]
simulator. Our comparative study includes three essential
parts:

In the first part, we analyzed and compared the temporiaé]
behavior of link quality estimators, using a simple simula-
tion scenario in which we exclude the impact of MAC and
routing. In the second part, we compared the performance[of]
link quality estimators, by assessing their impact on CTP,[&]
Collection Tree Routing protocol.

It has been shown that Give some future works One of tffs]

challenges is the design of estimators that make a good balance

between stability and accuracy. Another challenge is design of
estimators that take into account several parameters (like o
ILQE proposal).

(1]

(2]

(3]

(4]

(5]

(6]

(7]
(8]
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Fig. 13. Performance comparison in terms of stability



