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Abstract—The total cost of an Earthquake Early Warning
System(EEWS) can be substantially decreasedby using Wir eless
Mesh Networks (WMNs), which are inexpensive computer net-
works whosenodescommunicate wir elesslyusing a license-free
spectrum in a self-organizedmanner. The Early Warning System
triggers on the small-amplitude, but fast P-wave in order to
shutdown critical infrastructur esbefore the destructive, but slow
S-waves arri ve only a few secondslater. It demandslow-latency
communications of high robustness.We conducted shakeboard-
based measurements using IEEE 802.11a/b. Innovatively, our
tests show that already for the slight shaking related to P-
wavesrepresentative for strong (M w > 6) and nearby (epicentral
distance< 40 km) earthquakes,the performance of the wir eless
communicationscan be considerablyaffected at the very moment
when the Early Warning system is supposed to be used. We
observed swift link quality oscillations of up to 10 dB within
only half a second. The more an envir onment is vulnerable
to multi-path interfer ence and shadow fading, e.g. no line of
sight (NLOS), the more erratic are the wir elesslinks between
nodes. However, for clear line of sight (LOS) the in�uence of
the vibrations is negligible. We recommend several measures
that should be applied in order to make the unique use case
of Earthquake Early Warning, nonetheless,well-functioning on
top of a Wir elessMesh Network. A higher fade margin, in our
setup at least an additional 5 dB, should be included to cope
with sudden link fading. Mor eover, antenna diversity should be
enabled as it strongly mitigates the adverse effects of shaking.

Index Terms—Wir eless Mesh Networks, Earthquake Early
Warning Systems,Measurements

I . INTRODUCTION

Earthquakesbelongto themostdevastatingnaturalhazards.
They do not only causedamageto economicinfrastructures,
but alsocausethe lossof humanlife. Several megacitieslike
SanFrancisco,Tokyo or Istanbul areat risk. Suchcitiesdo not
only inhabita largenumberof people,but they alsoconstitute
the economicheartof the region.

At present,several countries have an Earthquake Early
WarningSystem(EEWS)in operationto protectits peopleand
economies[1], [6], [10]. The currentsystemsconsistof only
a few but expensive seismologicalstations,whereall signals
are sent to a central data managementcenter before being
processed.Eachstationalonecancostfrom 1,000's to 10,000's
Euro.However, they arenot only expensive at purchasetime,
but alsocostly in termsof maintenance.Therefore,EEWSsof
suf�cient quality areoften beyond the �nancial capabilitiesof
many high-risk countries.

Thenovel telecommunicationstechnologyof WirelessMesh
Networks(WMNs) mightmakeEEWSsaffordableandubiqui-
tous.WMNs are self-organizedand automaticallycon�gured

computernetworks. Thus, hardly any humanintervention is
required.Their deployment is simpleandinexpensive asthey
use commercial off-the-shelf hardware and operate in the
license-freeIndustrial, Scienti�c and Medical (ISM) radio
spectrum. In contrast to traditional seismologicalstations,
wirelessnodescost only a small fraction – about 100 Euro
at the time of writing.

In recentyears,WMNs have beenprimarily usedto build
ad-hoctelecommunication infrastructuresfrom scratchor as
low-costalternativesto traditionalnetworks.SinceJune2006,
WMNs have been evaluated for their use as part of the
“Seismic eArly warningFor EuRope”(SAFER) project [12].
Anotherprojectcalled“Earthquake DisasterInformationSys-
temfor theMarmaraRegion,Turkey” (EDIM) startedin April
2007 [5].

An Earthquake Early Warning Systemis feasiblebecause
earthquakescausetwo basickinds of seismicwaves:P-waves
(from Latin prima unda, i.e. primary waves) and S-waves
(secundaunda, i.e. secondarywaves).The harmlessP-waves
are almost twice as fast as the S-waves, which causemost
of the destructive shaking[18]. Therefore,the time interval
betweenthe detectionof the fast P-waves and the arrival of
the slow S-waves,commonlytermed`warning time', depends
on the distanceof a target area,usuallya city to be protected,
from thehypocenter. Typical valuesof thewarningtime range
betweena few seconds,e.g.it might beaslow as4 secondsfor
Istanbul, to several tensof secondsfor Mexico City. Although
for the worst casescenariothis short warning time is not
enough for people to leave their houses,this can still be
suf�cient to mitigate secondarydamageslike �re outbreaks.
For instance,critical systemslike nuclear reactorsor the gas
andpower suppliescanbe safelyshutdown.

The low-cost aspectsigni�cantly favors theuseof WMN.
Moreover, sincecommercialoff-the-shelfhardwareis inexpen-
sive, this also allows for more sensornodesandhencemuch
densersensornetworks. These can provide more detailed,
higherresolutioninformationthantraditionalseismicnetworks
with only a few powerful seismologicalstationsspreadon a
large area.The useof low cost equipmentalso allows every
householdto becomepartof thenetwork. Eachhouseholdthat
purchasessuchequipmentcould also receive alarmsand not
only governmentagenciesandcompanies.

In the aftermathof an earthquake the WMN might also
provide a �rst telecommunicationinfrastructure for rescue
activities,while at thesametime beingableto detectandissue
warningsfor aftershocks.Due to its self-organizingcharacter



andlow power consumption,thenetwork caneasily copewith
theoutageof singlestationsandstill bewell functioningafter
an earthquake. A WMN is not only easyto deploy andsetup,
but its equipmentis also easy to transportdue to its low
weightandsmall size.Thus,taskforceslike theGermanTask
Forcefor Earthquakes,could take advantageof sucha system
to install a densestrong motion WMN immediatelyafter a
catastrophicearthquake.

II . REQUIREMENTS OF AN EEWS

A. Operation

For Early Warningbasedon WMNs, the stations,or nodes,
aredeployed in the city itself. This approachis calledan On-
sitesystem– in contrastto Front-detectionsystems, wherethe
stationsare placednear to the expectedepicenter. The time
lag betweenP-wave detectionandthe beginning of the strong
shakingby S-wavesmight be only a few seconds.The lower
thedistanceof a site to thehypocenter, theshorterthe interval
becomes.Due to the shortnoti�cation time, the actionstaken
by a customerof an EEWS must be automated.Therefore,
falsepositivesareto be avoidedby all means.Shuttingdown
a nuclearpower plant, or the gas and electricity supply of a
whole city might itself causesevereproblems.

Several algorithms exist for P-wave detectionat a single
station.Oneof the simplestyet commonlyusedsingle-station
algorithmsfor detectinganevent is theShortTermAveraging
/ Long Term Averaging(STA/LTA) trigger [16]. The accel-
erationvaluesof the vertical componentare averagedover a
relatively long period of time, e.g. someseconds.This is the
LTA value. It is set in relation to the STA value, which is
calculatedfor a shorterperiod of time, e.g. only a fraction
of a second.If the accelerationvaluesremain constant,the
STA/LTA ratio equalsabout1, sinceboth STA and LTA are
aboutthe samenumber. However, if the STA valuesuddenly
risesdue to shaking,while the LTA remainsalmostconstant
due to its longer time window, then the STA/LTA quotient
exceedsa speci�c thresholdvalue.If, for instance,a threshold
level of 4 is consideredsuitablefor the detectionof an event,
then every time that the STA is 4 times higher than the LTA
an earthquake is detected.

Of course,STA/LTA just like any other single-station al-
gorithm might also misleadinglytrigger due to man-madeor
other seismicnoise.For instance,STA/LTA might copewith
natural seismic noise, which �uctuates slowly. However, it
is less effective for seismic noise of a bursting nature like
vibrations from a nearbyconstructionsite or strong winds.
This might occur more often for Earthquake Early Warning
basedon WMNs. Normally, seismometersare �x ed in the
basementor a boreholein order to minimize seismic noise
and only measurethe real ground motion. However, for
WMNs a seismometeris combinedwith a wirelessrouter. For
wirelessnetworks, it is recommendedto mount thesenodes
on top of a houseor at leastneara window becausewireless
propagation,e.g.IEEE802.11,is muchbetterwith clearline of
sightbetweenparticipatingrouters.Hence,a tradeoff between
accuracy for seismologicmeasurementandgoodpropagation
conditionsfor wirelesscommunicationsexists.

To trap false positives when using WMNs, the seismic
stations,or wirelessnodes,needto interact and repetitively
communicateits statuswith eachother. Thesestatusmessages
areof small size,but the moreoften they areexchanged,the
sooneran alarm can be con�rmed or dismissed.The EEWS
might only issueanalarmto its customers,if a certainnumber
of stationshave triggered[6]. Thus,a local vibration can be
ef�ciently ruled out.

It is worth to note that there is no strict requirementfor
communicationduringthepowerful S-wave,whentheshaking
is strongest.However, it is more neededat P-wave time for
Early Warning. Here, the wirelesscommunicationsmust be
optimized for low latency and high robustnessof its status
messages.

B. P-waveDisplacement

a) ChallengeswhenusingWMNs: Building EEWSsus-
ing WMNs basedon IEEE 802.11 is a new researchtopic.
Thus, hardly any related work is available. Most of the
time the WMN is quasi-static,so only little mobility due
to moving obstacles,e.g. walking people,exists betweenthe
nodes.Otherwise all nodes �x ed to a seismometerwould
considerevery kind of movementas the outsetof a tremor.
However, sinceseismometersrecordmovementsandtake the
strengthof shakingasameasureof anearthquake'smagnitude,
this also meansthat at the very moment that the WMN is
supposedto be usedfor Early Warning its nodesmight start
moving or at leastthe surroundingobstacleslike buildings or
trees.This kind of movementcan be translatedto mobility
as known from the networking world. Taking this kind of
motion into considerationis important,becauseit might result
in multi-path or even shadow fading corrupting the wireless
transmission[17, Sec. 2.1]. Assumethat the quality of the
wirelesslinks hasbeenmeasuredover the past time using a
popularmetric like ExpectedTransmissionCount (ETX) [4].
Somelinks werefoundof good,someof badquality. Imagine
an earthquake occurred now with the STA/LTA algorithm
triggering on a P-wave. Would the displacementof nodes
and the resulting mobility due to P-wave shaking have an
impact on the quality of the wirelesslinks or is the quality
the sameasestimatedbeforehand?Hence,is it possiblethata
link consideredof goodquality suddenlybecomesbadasthe
P-wave arrives?

For the meansof an EEWS, the amplitudeand frequency
of shakingcausedby P-waves must be estimated.Knowing
theseparametersits in�uence on the WMN canbe evaluated.
The impact of a tremor dependson various factors like its
magnitude(which is logarithmical), focal depth, the kind of
rupture as well as the epicentraldistanceand geology of a
site. Hence,exact numbersare hard to calculate.Instead,a
possiblerangeof amplitudesandfrequenciesshouldbe stated
by consideringempirical valuesfrom past earthquakes with
differentcharacteristics.

b) RelatedWork: Wu and Zhao refer to the peak am-
plitude of displacementwithin the �rst three secondsafter
the arrival of the P-wave as Pd [21]. They usethis Pd value
to estimatethe magnitudeof earthquakes. They selected25



regional earthquakes from the SouthernCalifornia Seismic
Network catalogwith momentmagnitudes(M w ) greaterthan
4.0,amongwhich is alsotheNorthridge1994earthquake with
6.7 M w andtheHectorMine 1999tremor with 7.1 M w . Even
for the strongmagnitudesof HectorMine andNorthridgethe
displacementdue to the incoming P-waves is very little. The
highestrecordedPd is at thehypocentraldistanceof 30 km for
the Northridgetremor with 0.4 cm. For most groundmotion
records,thedisplacementis evenbelow 0.1cm.However, they
suggestthat theoreticallyPd could be several centimetersfor
shorthypocentraldistanceslike 15 km.

Wurmanet al. presentcomplementaryresultsfor northern
California, also including Hector Mine and Northridge [22].
They show peakdisplacementvaluesscaled to an epicentral
distanceof only 10 km. For such a very short distance,the
highestPd valueof all earthquakes is at 2 cm, but much less
for mostother tremors.

In anearlierwork, Wu etal. cameto similar results[20]. For
46 Taiwaneseearthquakes,including theChi-Chi 1999tremor
with 7.6 M w , the Pd value is below 0.1 cm for all records.
However, it mustbestatedthattheepicentraldistanceis above
80 km for the Chi-Chi record.

In 2007, Wu et al. publisheda further study summarizing
their Taiwaneseand southernCalifornian results [19]. This
time, they only show recordsfor stationswith an epicentral
distanceof lessthan30 km. For all 199stationsfrom southern
California the Pd value,that is, the peakdisplacementwithin
the �rst three seconds,remains below 0.25 cm. From the
507 Taiwaneserecordsonly � ve stationsyield a displacement
above2 cm,with onestation,however, reachinganoutstanding
P-wave displacementof 6 cm.

The latest work is by Wu and Kanamori, where another
74 Japaneserecordsare included [18]. For these,the Pd of
four stationsis above 2 cm with two of themat 6 and7 cm,
respectively. Theseexamplesexhibit extremely large P-wave
shaking,against which the performanceof an WMN should
bemeasuredsinceEEWSsarenaturallydesignedto copewith
the mostsevereearthquakes.

For Europe,includingTurkey, to thebestof our knowledge,
there exists no publication yet on the amount of displace-
mentcausedby P-waves.However, it canbe calculatedfrom
existing records,which are available on the CD-ROM “Dis-
seminationof EuropeanStrong-MotionData” [2]. It contains
the accelerationtime historiesof all earthquakes in Europe
andadjacentregionsbetween1971and1999.The Izmit 1999
tremor with a momentmagnitudeof 7.8 is also included.Its
data are an obvious object of investigation, becauseit was
a very strongearthquake on the North Anatolian Fault Zone
very near to the megacity of Istanbul, which also the EDIM
project focuseson. Moreover, Istanbul is also one of the test
cities for the low-cost wirelessmeshsensornodesdeveloped
by SAFER[13].

Thedatafrom theseismologicalstationof Iznik-Karayollari
Se�igi Muracaati are of most interest since its distanceof
39 km from the epicenterof the Izmit tremor is very similar
to theonethatwouldbeexpectedfor Istanbul. Fig. 1 shows the
recordeddatafor this station.At top, therecordedacceleration
valuesaregiven on which alsothe P-wave trigger, marked by
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Figure 1. Groundmotion for the Izmit 1999 earthquake (7.8 M w ) at the
seismologicalstation Iznik-Karayollari Se�igi Muracaatiwith an epicentral
distanceof 39 km.

the red line, is calculatedusing the STA/LTA algorithm.The
accelerationvalueswererecordedfor all threeorthogonalcom-
ponents:NSrefersto theNorth-SouthdirectionandEW to the
East-West direction on the horizontalplane.Z standsfor the
verticalmovement.Themiddle plot shows the velocity values
in cm/s,which wereobtainedby integrationover the original
accelerationvalues.At bottom, the displacementis given in
centimeters.It wascalculatedby anotherintegration [8]. The
earthquake starts at about the ninth secondof the record,
which is also correctly marked by the P-wave trigger. About
6 secondsafter the �rst initial P-wave the powerful S-waves
arrive.This canbenoticedby a muchstrongeramplitudefrom
the 15th secondonwards.The shakingonly becomesweaker
again after the 35th second.

From the perspective of wirelesscommunications,only the
�rst secondsfollowing theP-wave triggerareof interest.This
is the time window within the Early Warning would happen.
Fig. 2 highlights the amountof displacementcausedby P-
wavesat thestationfor this time interval. Thepeakamplitude
of displacementequalsabout1 cm for all components.Only
at 15 secondson thex-axisthedisplacementexceedsthe2 cm
mark as the S-waves seemto arrive, and the shakinggrows
subsequently.

From Fig. 2, it is also obvious that the frequency of
movement is quite low. Considerthe blue line (NS), which
also yields the maximum P-wave displacementof all three
components.From the peakamplitudeof 1.1 cm at the 10th

secondto the trough at 11.5 secondswith � 1.5 cm only 1.5
secondselapse.That is, the displacementamountsto only
2.6 cm in 1.5 secondsfor NS. Adding the lower displacement
valuesof EW (about1 cm) andZ (hardly any) asdirectional
vectors, the peak amplitude still remainslow with at most
2 cm. The periodis quite high with about3 s (0:3 Hz), if one
considerstheP-wave triggermarkasthebeginningof a cycle.

Thesenumbersare underlinedby the acceleration values
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Figure 2. Detailed view of P-wave displacementfor Izmit 1999 tremor
(7.8 M w ) at 39 km epicentraldistance(comparewith full view at Fig. 1).

recordedat other seismologicalstationsfor the Izmit 1999
tremor, which aredueto spacelimitationsnot shown here.The
neareststation to the epicenter, Izmit-Meteoroloji Istasyonu,
only 10 km from the strike slip, yields an amplitudeof about
4 cm at P-wave time.

Altogether, for thestrongIzmit earthquake amplitudesof up
to 4 cm were measuredat nearbyseismologicalstationsfor
the P-wave. The shakingfrequency equalsabout1 to 0:3 Hz
(periodof 1 to 3 s). However, asshown by Wu andKanamori
an amplitudeof 6 or even 7 cm is alsopossibledependingon
hypocentraldistanceandmagnitudeof a tremor [18].

III . IMPACT OF P-WAV E SHAK ING ON WIRELESS

COMM UNICATIONS

A. Theory

Wirelessnetworks are different from their wired counter-
partsas they usea broadcastingmediumwheremessagesare
not only interceptableby anybodybut alsoa ubiquitoussource
of interference.The rangeof wirelesscommunicationis not
�x edbut dependson a varietyof aspects.Generally, thehigher
the frequency of electromagneticwavesfor a certaintransmit
power, theshorterthereception range.A usefulwirelesssignal
can get distortedby noise (thermal), interferenceor by the
wirelesschannelitself [11]. In a mobile scenariodistortions
like Dopplereffect, multipathandshadow fadingmay appear
resultingin corruptedtransmissions.Shadowing occurswhen
an obstacle,which attenuateselectromagnetic waves, gets in
betweenthetransmitterandreceiver. This canhappenbecause
the obstacle,transmitterand/or receiver are moving. Multi-
path fading occurs in a mobile environment where signals
arrive via different paths at the receiver. Here a relative
movement betweensenderand receiver in the order of a
wavelengthcancauseconstructive or destructive superposition
of the signalat the receiver (Fig. 3).

TheIEEE 802.11standardsusethe2.4 and5 GHz bandsof
the public, license-freeISM spectrumgovernedby regulation
authoritieslike the FCC in the USA or the ETSI in Europe.
Thereis also a small ISM bandat about900 MHz: 902–928
MHz in theFCCdomain,but only 868–870MHz arepublicly
available in Europe, which is too narrow for a broadband
signal like 802.11. However, the 900 MHz band would be
highly attractive to Early WarningSystemsasit offersa much
wider communicationrangethan2.4or 5 GHz dueto its lower
frequency. Moreover, beingnot standardizedby theIEEE, it is
lessproneto externalinterference.With specialpermissionby
governmentalauthorities,which are often involved in EEWS
projectsanyway, this bandmight neverthelessbe used.

Sender

Receiver

time

RSSI

Figure3. Signalstrengthof the received signal (RSSI) in caseof a relative
movementbetweensenderandreceiver in a multi-pathenvironment.Adapted
from [17].

IEEE 802.11b/gconsistsof 13 channelsin the 2.4 GHz
band for the ETSI and 11 channelsfor the FCC domain. It
offersvariablebitratesbetween1 and54 Mbps.The lower the
bitrate, the more robust and lessvulnerableit is to data loss
becauseof a higher redundancy in the modulation[7].

The impact of multi-path fading dependsnot only on the
relative speedbut alsoon the wavelengthwhich is calculated
by:

� =
c
f

; (1)

where c is the speedof light, f the frequency in Hz and �
the resultingwavelength.Thewavelengthof 802.11b/gcanbe
calculatedas follows:

� �
300; 000; 000m/s

2:43GHz
� 12:3 cm

IEEE802.11aoperatesin the5 GHzbandandprovideseight
channelsfor indoor andeleven (ETSI) or four (FCC), respec-
tively, for outdoor use. Besidesusing a different frequency
range,802.11aworks similar to 802.11g,becauseit usesthe
samemodulation techniquesand thereforeoffers the same
bitrates.The wavelengthfor 802.11acan also be calculated
usingEquation1 andequalsabout5.8 cm.

The shorterthe wavelength,the more vulnerablewireless
communicationsare towards shaking, since only a small
relative movementis suf�cient to changesuperpositioningof
differentwaves.SotheRF bandof 802.11awith a wavelength
of only 5.8 cm is at higherrisk than802.11b's frequency band
with a wavelengthof about12.3 cm.

B. Measurements

a) Setup: Sec. II provided a rough, but suf�cient esti-
mation of the amountof shaking that would be causedby a
strong(M w > 6) and nearby(epicentraldistance< 40 km)
earthquake at P-wave time. A testenvironmentwascreatedto
emulatetheexpectedshakingasgoodaspossible.Thepurpose
wasto examineits impacton theperformanceof wirelesscom-
munication.The test methodologywill be explained brie�y
with the most importantparameterslisted in Table I.

One nodewas mountedon top of a four-story building at
the Humboldt University of Berlin. This node served as a
senderissuing50 packetsper secondwith a sizeof 100 bytes
each.The rathersmall sizewaschosen,becausethe datathat
needsto be transportedby Early Warning messagesis also
rather small [6]. The node had two radio transceivers, one
tuned to channel14 (2.484 GHz) for 802.11band the other



Parameter Value
RF channels 2.484GHz (ch. 14, DSSS)with 1 Mbps

4.92 GHz (ch. 184, OFDM) with 6 Mbps
Transmissionpowers 2–16dBm in stepsof 2 dBm
RTS/CTS Disabled
Packet transmissionrate 50 packetsper second
Packet size 100 bytes
Transmissionmode Broadcast
Flow duration 20 sec
Shakingfrequencies 0:6 Hz (1.5 s period),1 Hz (1 s period)
Shakingamplitudes 2 cm, 4 cm, 6 cm (only for 0:6 Hz)
Still points � 6, � 4, � 2, 0, 2, 4,6 cm
Receiver locations Indoor

distanceto sender:32 m
line of sight: reduced
re�ecting obstacles:many

Outdoor
distanceto sender:82 m
line of sight: excellent
re�ecting obstacles:few

Table I
PARAMETERS FOR SHAK EBOARD MEASUREMENTS.

used channel184 (4.92 GHz) for 802.11a.Thesechannels
are outside of the bandsprovided by the ETSI and FCC.
However, they are available for public use in Japan,which
is also exposedto high earthquake risks. The channelswere
chosenin orderto guaranteeinterference-freecommunications
sinceall otherchannelsprovidedby theETSI areheavily used
by our campusnetwork.

Thedatapacketssentby the roof-mountedtransmitterwere
received by two other nodes (Fig. 4). Using pigtails the
antennasof onenodewereplacedon a shakingtable(left node
of Fig. 4), while anothernodewas�x ed next to it representing
a non-moving receiver (right node).Each antennawas con-
nectedto a distinct Atherosradio cardwith antennadiversity
disabled.The wirelessdriver wasMadWi� version0.9.4.The
Linux kernel 2.6.22was usedas operatingsystem,the Click
ModularRoutersoftwareversion1.6for packetgenerationand
capturing.MadWi�' s spuriousambientnoiseimmunition was
disabledto ensurea soundtestenvironment[15].

Theshakingtablewascon�guredto movealongahorizontal
line. Differentamplitudesof 2, 4 and6 cm wereused(TableI
and Fig. 4 bottom). Following the observations madein the
lastsection,theshakingfrequencieswerechosento be0:6 and
1 Hz. To give an example,the setupwith 6 cm amplitudeand
frequency of 0:6 Hz madetheshakeboardmovefrom � 6 cmto
6 cm andthenbackto � 6 cm within 1.5 seconds(onecycle).
The data �o w lasted 20 seconds.Hence, for the frequency
of 0:6 Hz within one run 13:3 cycles were completedby the
shakeboard.

Besidestheshakingsetups,measurementsof equalduration
(20 s) were also conductedat still (non-shaking)points of
the shaking table. The table and with it the receiver were
�x ed at seven different marks (� 6 cm to 6 cm in stepsof
2 cm, Fig. 4 bottom). The purposewas to examinewhether
a relation betweenthe link quality at thesepoints and the
swift movementalong them during shakingexists. The still
points were always measuredimmediatelyafter running the
shakingsetupsto minimize effectsdue to changeswithin the
environment.

Figure4. Shakeboardat indoor window location:Antennasof left receiver
are put on the shakingtable moving along the given amplitudes(cm). The
right nodereceivesat the sametime, but is �x ed.

Two locationswith different characteristicswere usedfor
reception.The �rst one was indoors at an open window of
a neighboringhouseasseenin Fig. 4. From here,the sender
(32metersaway)washardlyvisible,sinceseveralrooftopsteel
girders spannedalong the line of sight (NLOS). Multi-path
andshadowing effectsaresupposedto benumeroushere.The
secondlocationwasoutdoorsabout82 metersfrom the roof-
top sender. Here, the receivershadvery clear line of sight to
thesender(LOS). Multi-path fadingshouldonly play a minor
andshadowing no role at all.

Since only two locations and hence distancesbetween
transmitterand receivers were chosen,the measurementsfor
eachamplitude/frequency combinationwererepeatedwith the
senderusing a lower transmissionpower. Altogether, eight
differentpowerswerechosen(2–16dBm in stepsof 2 dBm),
of which the lower valuesof 2, 4 or 6 dBm weresupposedto
emulatelonger link distances.

b) Results: Albeit the different transmissionpowers,
the packet error rate was near zerofor all test casesand
transmissionpowers. The used modulationsof DSSS and
OFDM areredundantenoughat low bitrates(1 and6 Mbps),
so that a small Signal-to-NoiseRatio (SNR) is suf�cient for
successfulpacket transmission.Obviously, this was the case
here.However, since almost all packets were delivered suc-
cessfully, this allows us to analyzetheir SNR valuesreliably.
50 packets per secondwere sent for 20 seconds,making a
total of 1000 packets per measurementto form the basisfor
analyzingthe impactof P-wave shaking.

The indoor window locationis considered�rst. Fig. 5 plots
the SNR valuesfor the �rst ten secondsof the 6 cm / 0:6 Hz
setup.Theshaking(blue)andthe�x ednode(green)areshown
with the SNRsthey received for the samedatapackets. The
�x ed noderemainsvery nearto 32 dB. However, the shaking
node's SNR values oscillate strongly from 33 to 23 dB, a
difference of no less than 10 dB betweenmaximum and
minimum.If onelookscarefully, onecanrecognizearepeating
patternlasting1.5 secondseach.This equalsthe period of the
shaking(1=0:6Hz = 1:5s) and seemsto correspondto one
full cycle of the shakingmovement.

Fig. 6 summarizesthe variations of the packets' SNR
for all setupsusing the bitrate of 1 Mbps at 2.484 GHz
with a transmissionpower of 16 dBm at the sender. The
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Figure 5. Signal-to-NoiseRatio of the �r st 10 seconds(500 packets)
for shakingand �x ed node (indoor location, 2.484 GHz, 16 dBm, shaking
amplitude of 6 cm, frequency of 0:6 Hz). An averaging time window of
0.06 s (3 samples)wasappliedfor smootherdisplay.

shakingsetupsaredepictedin the left part. The left, shaking
node (blue) and the right, �x ed node (green) received the
samepackets simultaneously. Quite obviously, the rangeof
SNR valuesis much larger for the shakingnodefor all � ve
amplitude/frequency combinations.For instance,in the setup
with an amplitudeof 6 cm and0:6 Hz frequency, 50 % of all
packetshave aSNRbetween26 and31 dB, with themedianat
28 dB. While this is a rangeof 5 dB for half of thepackets,at
the�x ednodethelower (Q1) andupperquartile(Q3) coincide
with the median(Q2) at 32 dB. That is, at the �x ed nodeat
leasthalf of the packets arrive with an equalSNR of 32 dB.
The“whisker” lines,includingtheSNRof 90 % of all packets,
have asimilar differencein range:24 to 33 dB for theshaking,
but only 30 to 33 dB at the �x ed nodenext to it. The SNR
valuesat theothershakingsetupsaresimilarly distributed.The
interquartileranges(Q3 � Q1), including 50 % of all packets,
are 3 dB (2 cm / 1 Hz) and 5 dB (all other setups).For the
�x ed node,the rangeis only 2 dB (4 cm / 0:6 Hz) and1 dB
for the last threesetups.For the 90 % range,the differences
areeven bigger.

The resultsfor the still points depictedin the right part of
Fig. 6 arealsoquite interestingwhencomparedto theshaking
nodein the left part. The SNR distribution is muchnarrower
when the previously shakingnodegets �x ed at a still point.
However, the rangesamongthe points themselves are quite
heterogeneous.For example,the 2 cm mark hasa medianof
30 dB with Q1 and Q3 ranging from 30 to 32 dB. For the
� 4 cm mark, however, Q1;2;3 coincideat 23 dB.

For all other power levels, the distribution of SNR for
shakingnodesis similarly higher than for not shakingnodes
at the indoor locationand2.4 GHz.

Contrary to the previous results, we hardly recognizeda
differencein the distribution for 5 GHz betweenthe shaking
and non-shakingcases at the indoor location and 16 dBm.
The only noteworthy fact is that the interquartile range is
generallyhigher with about5 dB for all measurementcases
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Figure6. Distribution of Signal-to-NoiseRatiosat indoor locationfor 2.484
GHz with 16 dBm. The left part shows boxplotsfor the shaking(blue) and
�x ednode(green),while theshakeboardwasmoving with thegivenamplitude
andfrequency. The right partdepictsboxplotsfor the left, previously shaking
node,now being �x edat still points.Thelower andupperquartileareoutlined
assquarebodies,including 50 % of all SNR values.The middle line of each
body shows the median.The thin “whisker” lines mark the percentilesof 5
and95 %, including 90 % of all samples.

comparedto 2.4 GHz in Fig. 6. This might be causedby
the shorter wavelength at the 5 GHz band, which is more
vulnerableto multi-path effects in general.The SNR values
of incomingpacketswith about10 dB arealsomuchsmaller
thanfor 2.4GHz (circa30 dB, comparewith Fig. 6), sincethe
attenuationis strongerfor the higher RF band.This empha-
sizesthemuchshortercommunicationrangeof IEEE 802.11a
comparedto 802.11b/g.The uniformity of distribution for the
5 GHz bandat the indoor location,however, might be caused
by the fact that the interquartile rangesfor the still points
very much overlap themselves here.For the case of 2 dBm,
the distribution of the still points is moreheterogeneous.The
differenceof SNR rangesis again also greaterbetweenthe
shakingand �x ed nodefor the shakingsetups.

The above �ndings suggestthat the amount of variance
dependson whetherthelink qualitiesat thestill pointsarehet-
erogeneousor not. That is, the link quality oscillationsduring
P-wave shakingaremainly inheritedfrom thepropertiesof the
still points that the nodepassesalong. It is even possibleto
reconstructtheshakeboard's movementfrom theoscillationof
the SNR values.Due to spacelimitations this is not covered
here.

After �nding a strong impact of shakingon the wireless
communicationfor theindoorlocation,we will now payatten-
tion to the outdoorsetups.Due to fewer obstaclesshadowing
and multi-path effects shouldnot be that dominanthereand
other resultsmight be expected.

Fig. 7 showsthevariationsof SNRsfor theoutdoorlocation,
82 m away from the sender. The bitrate is 1 Mbps (DSSS)at
2.484 GHz with 16 dBm. Interestingly, the differencein the
variationrangebetweenshakingandnon-shakingnodesis not
very pronounced,althoughthestill pointsshow a big diversity
among themselves asfor the indoor location of Fig. 6. In
contrast,the interquartilerangesincluding50 % of all packets
areeven larger for the �x ed node(green)thanfor the shaking
node(blue) except for the caseof 4 cm / 1 Hz. For the two
shakingsetupswith 2 cm amplitudethe spreadis very little
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Figure7. Distribution of Signal-to-NoiseRatiosfor outdoorlocationat 2.484
GHz with 16 dBm. Interpretationasexplainedat Fig. 6.

for the given surroundingwith low multi-path interference.A
differencebetweenthe shakingnode and the measurements
at the still positionswhen it gets �x ed cannotbe observed.
Surprisingly, the �x ed node's medianis always considerably
higher than for the shakingnode.This might be causedby
the �x ed node being placed at a position of extraordinary
quality and should not be overstated,as the still points of
the previously shakingnode show that high (6, 4 and 2 cm
marks)aswell as low SNRsarepossiblefor this location.

For a reducedtransmissionpower of 2 dBm the distri-
bution is not as contrarian as for 16 dBm. However, for
all � ve amplitude/frequency combinationsthe spreadis not
considerablyhigher for the shakingthan for the �x ed node.
Generally, the SNR valuesof the shakingnodedo not have
a substantiallyhigherrangeof variationthanthe non-shaking
nodesat 2.484GHz, regardlessof the transmissionpower.

The 5 GHz band shows a similar picture at the outdoor
location. A difference in distribution betweenshaking and
non-shakingcannot be observed for all setupsat 16 dBm.
For 2 dBm the distribution is equallyuniform, exceptthat the
varianceis less becauseof generallysmaller SNR valuesat
this low power level.

Generally, the impactof P-wave shakingseemsevident for
the indoor location with reducedline of sight. If shadowing
andmulti-path fadingcannotplay a signi�cant role, as is the
casefor the outdoorlocationwith a clearLOS, the impact is
marginal.

Since the problemsmainly seemto arise from shadowing
and multi-path fading, we looked at possible solutions in
order to alleviate the ratherstrongimpact at suchplaces.An
obvious countermeasurewould be to useantennadiversity to
mitigate the in�uence of multi-path effects [9]. Most radio
cards,including the used onesby Atheros,have two antenna
connectors(main and aux). A secondantennacan be con-
nectedto the aux socket and placeda few centimetersfrom
the �rst one connectedto main. For most off-the-shelfWiFi
routersthe default antennaseparationis about15 cm. Since
this is more than the wavelengthof 2.4 GHz (12.3 cm) and
5 GHz (5.8 cm) the two antennaswill have differentreception
conditions,again dueto multi-patheffects.Onedifferentiates
betweenreceive andtransmitterantennadiversity. For receive
diversity, the radio card listensto the SNR of both antennas
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Figure8. Repeatedmeasurementfor two shakingcombinations.Setupasin
Fig. 6, but with antennadiversity enabled(2.4 GHz, 1 Mbps, 16 dBm). The
spreadof SNR valuesis now decreased.

during the preamble.The better antennais used for packet
reception.Transmitter diversityworksby keepingstatisticson
which of both antennasreceived packets from a neighboring
node more often. The antennathat more often had a better
signal strengthat reception is supposedto be superior for
this node.If the receiving routernow itself wantsto transmit
a packet to this neighbor, it usesthe superiorantenna.For
the use caseof an EEWS the bene�ts of antennadiversity
are obvious. During shakingthe antennasare at two distinct
“still” positions.Therefore,it is statistically less likely that
the positionsof both would be of badquality thanif only one
antenna,andposition,wasavailable.

Fig. 8 shows boxplotsfor two shakingsetupswith receive
antennadiversity enabled.This was done by connectingthe
right antennaof the shakingnode, previously at 5 GHz, to
the aux connectorof the 2.4 GHz radio card (Fig. 4). The
separationbetweenboth antennaswas15 cm. Comparethese
boxplotsto thoseof Fig. 6, whereonly oneantennawasused.
For 6 cm/ 0:6 Hz theinterquartilerangeis only 3 dB compared
to 5 dB. 90 % of all valuesare between36–41dB, a range
of only 5 dB comparedto 9 dB.

Thesetupwith theamplitudeof 4 cm and1 Hz frequency is
similar, with at least50% of all packetshaving aSNRbetween
38 and 41 dB, comparedto 27–32 dB. So the interquartile
rangeis 2 dB smaller. 90 % of all packets are between37
and 42 dB (5 dB range),comparedto 25–33 dB with only
one antenna(8 dB range).Noteworthy, the SNR valuesare
generally about 10 dB higher for the setup with antenna
diversity enabled.This might be largely causedby the fact
that the radio card was always able to choosethe better of
two SNRs.

IV. CONCLUSIONS AND FUTURE WORK

The use caseof Earthquake Early Warning is unique and
requiresa specialapproach.Even though P-waves are non-
destructive, they cancauseslight shakingof a few centimeters
for strong (M w > 6) and nearby(epicentraldistance< 40
km) earthquakes at the very moment,when the Early Warn-
ing Systemwould be activated. From past earthquakes the
amplitudeof P-wave shakingcould be estimated.Depending
on the magnitudeandhypocentraldistance, it canrangefrom



2 to 6 cm for worst-casescenarios.Of course,theseare the
scenarioswherea fast and reliable EEWS is most needed.It
was found that the suddensmall-amplitudeP-wave shaking
can have an immenseimpact on the performanceof wireless
communications.The exact extent by which shakingaffects
the quality of a wireless link dependson the surroundings
of the transmitterand receiver. If there is an almost clear
LOS with only few obstaclesbetweenboth transceivers, then
the in�uence is small. However, the more an environment
is affected by shadowing and multi-path fading effects, the
strongerdoesthe link quality oscillatealong with the nodes'
motion.For anEEWS,oneshouldrequirea muchhigherfade
margin thanusual.In ourcase,anadditional5 dB neededto be
included.That is, thenodesshouldbeplacedcloserthandone
for otherusecases.It shouldalsobemandatoryto equipevery
radio cardwith two antennasand to enableantennadiversity
in order to alleviate fading.If possible, the nodesshouldalso
be positionedin such a way that the displacementof a few
centimetershasonly a minimal in�uence on the line of sight
betweenthe transceivers.By doing so, the impact of P-wave
shakingcanbe stronglymitigated.

However, within a self-organizedWMN the deploymentof
nodescanonly beplannedto someextent.Usually, eachnode
has at least some neighborsat the transmissionborderline.
The swift link quality �uctuations due to multi-path effects
and shadowing are very dif�cult to handlewith today's pro-
or reactive unicastrouting approacheswhich infer the current
quality of links from past measurements.Theseestimations
are not only used for routing, but they also form the basis
for clustering and cluster head selectionas done by other
Early Warning projects like EDIM or SAFER [14]. If an
earthquake occurs,a link consideredof good quality might
suddenly become bad as the P-wave arrives, rendering a
previously selectedrouting path unusable.A totally different
communicationsapproachlike opportunisticrouting might be
worth consideringfor the future. Here, radio links of erratic
qualities,which would normallybeavoidedby currentrouting
protocols,can be usedon a trial and error basis[3]. While
the conceptof opportunisticrouting might be bene�cial for
WMNs in generaldue to its broadcastmedium with lossy
links, it shouldso even morefor the applicationof an EEWS,
wherelink qualitiesareextremely�uctuating. In thesameway
that antennadiversity is ableto mitigatethe swift link quality
oscillationson thesmall scale,opportunisticroutingasa form
of macrodiversity should be able to compensatethese�uc-
tuationsby employing different neighbornodeswith distinct
receive conditions.In the future, such an approachis worth
considering,as it might be better suited for the use caseof
Earthquake Early Warning.Moreover, it seemsto beadvisable
for projectsto apply for a permissionto usethe non-standard
900MHz bandwhich would allow a wider coveragewith less
externalinterference.Only groundmotionhasbeenconsidered
in this paperasmeasureof P-wave shaking,becausetheseare
thenumbersrecordedat seismologicalstations.Examiningthe
rooftop shakingof buildings, which is expectedto be much
stronger, would have beenmore appropriatefor WMN and
will be further examinedin our future work.
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