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Propagation Propagation ModelingModeling
for for WSNsWSNs

• Introduction to propagation and channel modeling
– Path-loss

– Shadowing

– Fading

– Frequency selectivity

– Spatial dispersion

– Modeling approaches



Propagation Propagation ModelingModeling
for for WSNsWSNs(2)(2)

• Particularities of WSNs
– Transmission media

– Virtual MIMO

– Relay channels

• Examples
– Environmental WSNs (in forested areas)

– Body area networks



Part IPart I
Introduction to Propagation and Introduction to Propagation and 

Channel ModelingChannel Modeling



Propagation Propagation ModelingModeling

• Usually, channel modelling is made of three parts 
– Path-loss determines the average (over local space and 

time) power received for a given Tx-Rx range

– Shadowing is added to the path-loss to account for local 
large-scale effects (obstruction, etc.)

– Fading represents the short-term variations of the received 
power and is caused by multi-path propagation

• This classification is slightly canonical
– But it is also extremely useful, as each effect impacts (or is 

solved by) different signal processing/networking/routing 
algorithms



Path LossPath Loss

– PR is the power at the receive (Rx) node

– PT is the power at the transmit (Tx) node

– GT is the gain of Tx antenna (dBi)

– GR is the gain of Rx antenna (dBi)

– L is the path loss

– LT,R are the cable losses (Tx, Rx)
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Path Loss in Free SpacePath Loss in Free Space

• We can easily express that

•• The free space path loss becomesThe free space path loss becomes

• Path loss exponent = 2

• PTGT = transmit EIRP (effective isotropic radiated power)
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Plane Earth Path LossPlane Earth Path Loss

• WSN environment is not governed by free space 
losses owing to the  presence of the ground

Node 1

Node 2



Plane Earth Path Loss (2)Plane Earth Path Loss (2)

• It can be shown that

– The path loss is 
• increasing with the distance by 40 dB/decade (path-loss exponent = 4)

• decreasing with antenna heights

– This is still not an accurate model of propagation; in general,

– In general, n ∈ [1, 4]
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Plane Earth Path Loss Plane Earth Path Loss 
+ Clutter Factor+ Clutter Factor

J. Egli, “Radiowave propagation above 40 Mc over irregular terrain”, Proc. IRE, pp. 1383-1391, 1957.
G. Delisle, J. Lefèvre, M. Lecours, J. Chouinard, ‘Propagation loss prediction : a comparative study with 
application to the mobile radio channel”, IEEE Trans. Veh. Techn., vol.26, n)4, pp. 295-308, 1985.



About Empirical ModelsAbout Empirical Models

• Limitations of empirical path-loss models
– They can only be used over parameter ranges included in 

the original measurement set

– Environment must be classified subjectively according 
categories, which may be different in different countries.

– They provide no physical insight into the mechanisms by 
which propagation occurs

• Advantages of empirical models
– They are very simple and offer a good approximation of the 

average loss



ShadowingShadowing



Shadowing (2)Shadowing (2)

• Typical variation of shadowing with Rx node 
position, at a fixed distance of another (Tx) node

.

Ξ+=Ξ+= 10log20)( LLdBL dBS



Shadowing (3)Shadowing (3)
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Fading Fading 

• On top of path loss 
and shadowing, 
significant 
variations can be 
observed over time, 
e.g. as a  node 
moves over a few 
wavelength 

⇒ (Fast) fading



Fading (2)Fading (2)

• Several scenarios
– Mobile Sensor/Sink (MS) to Fixed Sensor/Sink (FS)

– Mobile Sensor to Mobile Sensor/Sink (MS-MS)

– Fixed Sensor to Fixed Sensor/Sink (FS-FS)

– Any combination in multi-hop scenarios

• First-order statistics
– Possibly similar for MS-FS and MS-MS but certainly

very different for FS-FS

• Second-order statistics
– Different for each case



• The received signal is written as

– For a given Tx-Rx distance, path-loss is fixed

– Over a local area or over not too long time periods, 
shadowing is also fixed ⇒ Ξ(t) = Ξ

– Hence, the average power is given in dB by 

PT GT + GR – (L + ΞdB) ⇒ 1

Putting It All Putting It All TogetherTogether
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• The received signal is written as

– For a given Tx-Rx distance, path-loss is fixed

– Over a local area or over not too long time periods, 
shadowing is also fixed ⇒ Ξ(t) = Ξ

– Hence, the average power is given in dB by 

PT GT + GR – (L + ΞdB) ⇒ 1

– ES is the average received symbol energy (~ SNR)
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• The received signal is written as

– For a given Tx-Rx distance, path-loss is fixed

– If one considers long-term variations/motions, Ξ is not fixed 
anymore but slowly varying, yet its average energy is one

– In any case,                       1 (and same for Ξ)

– ES is the average received symbol energy (~ SNR)

Putting It All Putting It All TogetherTogether(2)(2)
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• Signal propagates from Tx to Rx via various paths

– The channel is represented by a stochastic function h

– Because path loss is  removed,                      1

transmitter

line-of-sight

diffusion

receiver

diffraction

specular reflection

Multipaths Multipaths 



• Assume that the ns paths constituting the channel arrive 
at the same time, i.e. during the same symbol interval
– NB: we denote by h the global chain filter

• where γ is the direction of motion in the horizontal plane, ϑ is the 
azimuth angle of arrival and ψ is the elevation angle of arrival

– Rayleigh/Ricean fading

– In general, each path itself  is the sum of clustered interfering 
paths and scatterers may move as well

Flat Fading for Flat Fading for 
MSMS--FS FS ChannelsChannels
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• Assume that the ns paths constituting the channel arrive 
at the same time, i.e. during the same symbol interval
– NB: we denote by h the global chain filter

• where γ is the direction of motion in the horizontal plane, ϑ is the 
azimuth angle of arrival and ψ is the elevation angle of arrival

– Rayleigh/Ricean fading

– In general, each path itself  is the sum of clustered interfering 
paths and scatterers may move as well

Flat Fading for Flat Fading for 
MSMS--FS FS ChannelsChannels
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• If the ns paths constituting the channel arrive during
different symbol intervals (in the delay domain)

FrequencyFrequencySelectiveSelectiveFading Fading 

Each tap is frequency flat
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FrequencyFrequencyFlat vs. Flat vs. 
FrequencyFrequencySelectiveSelective

• Frequency flat channels (or narrowand channels)
– The definition depends on the propagation channel but 

also on the system bandwidth (which needs to be
« small »)

– The transfer function (Fourier transform along the delay
dimension τ) is flat, hence the name

– We will characterize the statistics of the amplitude s= 
|h(t)|, including fade dynamics

– Note also that

∫
τ

ττ= max

dthth
0

),()(



FrequencyFrequencyFlat vs. Flat vs. 
FrequencyFrequencySelectiveSelective(2) (2) 

• Frequency selective channels (or wideband)
– Each tap is a frequency flat channel (characterized as 

above), but the global transfer function is not flat 
anymore

– Consequence: Inter-symbol interference (ISI)



• Generalize the previous representation for mobile Tx
and Rx

– The fading amplitude will be Rayleigh/Ricean distributed

Flat Fading for Flat Fading for 
MSMS--MS MS ChannelsChannels
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Rayleigh Fading Rayleigh Fading 

• Statistics of channel amplitude
– Assume each path has the same average energy and 

apply the central limit theorem

⇒ h is a circularly zero mean complex variable

⇒ s is Rayleigh distributed

⇒

⇒ the phase ofh is uniform over [0, 2π]

=1, 
by definition 
of fading



Rayleigh Fading (2)Rayleigh Fading (2)

Complex baseband signal (Rice 
representation)



RiceanRiceanFading Fading 

• What if one or more paths are coherent ? (i.e. do not 
vary over time !)
– In that case, we may write

where the K-factor K is defined by 

⇒ s’ = |h| is a Ricean variable variable
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RiceanRiceanFading Fading 

• What if one or more paths are coherent ? (i.e. do not 
vary over time !)
– In that case, we may write

where the K-factor K is defined by 

⇒ s’ = |h| is a Ricean variable variable
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This is not LOS vs. 
NLOS !

The coherent part 
itself is the sum of a 
LOS and a scattered
contribution



Time Time CorrelationCorrelationforfor
MSMS--FS Rayleigh FS Rayleigh ChannelsChannels

• Assuming thath(t) is wide-sense stationary, we
define the time correlation as

• If all paths are i.i.d. we can replace the sum by an 
integral, taking the limit for ns → ∞
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Time Time CorrelationCorrelationforfor
MSMS--FS Rayleigh FS Rayleigh ChannelsChannels(2) (2) 

• The temporal correlation is related to the distribution 
of azimuth and elevation (assuming equal paths)

• Considering the case

⇒

where

– The fading signal is thus not white, but the more distant in 
time the samples, the less correlated

– If there is a LOS, a constant term appears in the correlation

( )tJtvJtR mh ∆ν=






 ∆
λ
π=∆ 00

2
)(





π−ψδ=ψ
π=ϑ

ψ

ϑ

)2()(

21)(

p

p

νm = 2π/λ v










 ∆
λ
π=∆ tvJtRh

2
)( 0

∆tνm

C
o

rr
el

at
io

n

ννmm

timetime

Time Time CorrelationCorrelationforfor
MSMS--FS Rayleigh FS Rayleigh ChannelsChannels(3) (3) 



Doppler Spectrum for Doppler Spectrum for 
MSMS--FS Rayleigh FS Rayleigh ChannelsChannels

• The Doppler spectrum is the Fourier transform of the 
temporal correlation

• For the considered case

whereνm = 2π/λ v = 2π f0v/c is the maximum Doppler shift 
proportional to the sensor’s speed and the carrier frequency

– If there is a LOS, a delta function appears in the spectrum



Time Time CorrelationCorrelation
for MSfor MS--MS Rayleigh MS Rayleigh ChannelsChannels

• By generalization of the MS-FS case, we have for 
isotropic Rayleigh scattering[Patel, 2005]

wherea = v2/v1

– If there is a LOS, a constant term appears in the correlation

– Nothing to do with double-Rayleigh fading (keyhole in 
MIMO)
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Doppler Spectrum for Doppler Spectrum for 
MSMS--MS Rayleigh MS Rayleigh ChannelsChannels

• Taking the Fourier transform of the previous
expression yields the Doppler spectrum[Patel, 2005]

whereK[.] is the complete elliptic integral of the first kind

– If there is a LOS/coherent component, a delta function is
added in the spectrum
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Doppler Spectrum for Doppler Spectrum for 
FSFS--FS FS ChannelsChannels

• In fixed channels, we have Ricean fading (includes
Rayleigh)
– For high K-factors, the temporal correlation is almost one, 

as only scatterers are moving, so the channel is not varying a 
lot

• The Doppler spectrum can then be very peaky around
0 Hz, but can hardly be estimated analytically
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TypicalTypical Doppler Doppler SpectraSpectra
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HH

BB

Channel impulse Channel impulse 
responseresponse

BiBi--DimensionalDimensional
Transfer Transfer FunctionsFunctions

• So far, we have dealt with the CIR, but other transfer 
function can be defined by Fourier transforms



BiBi--DimensionalDimensional
CorrelationCorrelationFunctionsFunctions

• The various transfer functions are random functions
– Ideally, they should be characterized by joint probability 

density functions (all orders)

– But if the channel is complex Gaussian, only the first two 
orders are required

– We define 3 additional correlation functions
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WSSWSS--US US ChannelsChannels

• Wide Sense Stationarity (WSS) assumption
– Time correlation functionsRh and RH only depend on ∆t (and 

not t)

⇔ Signals arriving with different Doppler frequencies are 
uncorrelatedRB and RS ~ δ(∆ν)

• Uncorrelated Scattering (US) assumption
– Frequency correlation functionsRB and RH only depend on ∆f 

⇔ Signals arriving with different delays are uncorrelated,  
Rh and RS ~ δ(∆τ)

• WSSUS channels

)()(),(),,,( τ∆δν∆δτν=τ∆+ττν∆+νν SSR C



Doppler Spectrum and Doppler Spectrum and 
Power Delay ProfilePower Delay Profile

• Re-interpretation of Doppler spectrum

• Power Delay Profile (PDP)
– Consider a WSSUS channel and ∆t = 0, the PDP is defined as

ττν=ν ∫ dS ),()( CS
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Ensemble average ≡ temporal average by 
ergodicity (implicitly assumed)



DelayDelay--SpreadSpread

• The channel delay-spread is defined from the PDP 
as



Extension to Extension to 
DoubleDouble--DirectionalDirectionalChannelsChannels

• When using antenna arrays, the directional
spreading matters at both Tx and Rx

• Time-variant DD channel impulse response

– ns is the number of contributions

– t and τ are the time and delay variables (same as non 
directional channels)

– ΩΩΩΩt andΩΩΩΩr are the Tx and Rx directions (DoD and DoA) 
in 3-D



Double Double DirectionalDirectional
CorrelationCorrelationFunctionsFunctions

• Extension of 
Bello functions
to the 
spatial/angular
domains
[Oestges, 2007]
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WSSUSWSSUS--H H ChannelsChannels

• WSS-US assumption
– Time and frequency correlations only depend on the 

time/frequency difference⇔ signals arriving with
different Doppler frequencies/delays are uncorrelated

• Homogeneous assumption
– Spatial correlation only depends on the spatial difference

at both Tx and Rx⇔ signals departing/arriving with
different directions are uncorrelated

– True for linear arrays … not for arbitrary arrays



Direction Power Direction Power SpectraSpectra

• Joint, transmit and receive direction power spectra



AngularAngularSpreadSpread

• The channel angle-spreads are defined similarly to 
the delay-spread



UWB UWB ChannelsChannels

• UWB systems [Allen, 2006]

– UWB is an extreme case of frequency-selective
channels

– UWB channels are also represented by taps in the delay
domain

• Because the bandwidth is large, each tap becomes more Ricean
than Rayleigh

– UWB models must however also account for the 
antenna distorsion

• The antenna becomes frequency-selective too !



Modeling MethodsModeling Methods

• Physical (deterministic) models
– Ray-tracing

– Electromagnetic simulation tools

• Empirical models
– Derive model parameters from measurements

• Path loss models

• Tapped delay line models

• Standard models

• Directional models



RayRay--Tracing TechniquesTracing Techniques

• Model features [Oestges, 2007]

– Buildings are represented by blocks with given material 
characteristics

– Path-loss, shadowing and multipath fading are implicitly 
modelled all together

– Geometrical optics: each mechanism is ray-modelled 
using Fresnel theory and Uniform Theory of Diffraction

antenna gain complex dyadic spreading
and polarisation coefficient factor
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RayRay--Tracing Techniques (2)Tracing Techniques (2)
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Tap Delay Line ModelsTap Delay Line Models

• Principle [Saunders, 1999]

– Express the channel IR as the sum of a number of 
independent taps, representing aggregated (filtered) 
multipaths

– Each tap is a narrowband fading channel, with its delay, 
average power and statistics



Standard ModelsStandard Models

• Example
– IEEE 802.15.4a for UWB Body Area Networks [Molish, 

2006]

• Saleh-Valenzuela model including tap correlations
– Path-loss model

– Macro- and microscopic scales

– Power of macroscopic taps follows an exponential decay with 
delay

– These taps are furthermore correlated (between themselves) !

• More details later !



Directional ModelsDirectional Models

• Modeling the directional spectrum
– Directional models are geometry-based

– Models such as the WINNER, 3GPP or COST2100 
model allow to take into account the directional 
dispersion [Oestges, 2007; Molisch, 2005]

– However, these models are cellular MIMO-oriented, and 
not necessarily fitted to WSNs

local 
scatterer

remote 
scatterer

extended 
scatterer

Rx

Tx



Part IIPart II
Propagation for Wireless Sensor Propagation for Wireless Sensor 

NetworksNetworks
Particularities, Issues, ModelsParticularities, Issues, Models



Propagation MediumPropagation Medium

• A large variety of scenarios



Propagation MediumPropagation Medium

• A large variety of scenarios
– WSNs are deployed in environments quite different from 

those usually modelled for cellular networks
– A few examples

• Body area networks
– Sensing nodes are located on the body, or within clothes 

(wearable antennas)

• Environmental WSNs
– In this case, nodes can be distributed in a river, over the ground in 

a forest (this is quite different from a GSM user in a forest), etc.
– Antenna heights are sensibly lower than in cellular systems
– Electromagnetic characteristics of medium can be different

• Industrial and automotive WSNs (car-to-car, in-car, etc.)
– Antenna heights can be sensibly different
– Proximity of metallic structures



MultiMulti --Sensor AspectsSensor Aspects

• Virtual MIMO
– Cooperative or relay schemes can be thought of as 

virtual MIMO systems, where sensors communicate 
with central device via the creation of a virtual array or 
via relaying multi-hops

• Relaying can solve range/SNR problems (e.g. body area 
networks)

• Shadowing correlation is a critical parameter when estimating 
the performance

• Relaying techniques
– Amplify and Forward (AF)

– Decode and Forward (DF)



MultiMulti --Sensor Aspects (2)Sensor Aspects (2)

• Channel models for multi-sensor networks
– Most signal processing techniques have been developed

• For i.i.d. Rayleigh channels

• Possibly with path-loss accounted for (SNR on each link 
depends on the Tx-Rx distance)

• Often without shadowing and/or shadowing correlation

– However in real-world
• Shadowing is present and may be a correlated variable (impact 

on network ?)

• Shadowing and fact fading cannot always be easily separated

• Non coherent small-scale fading is often uncorrelated on 
different links, but what about the coherent contributions (LOS,
fixed sensors, creeping waves) ?



AF Relay ChannelAF Relay Channel

• Relay channel is made of two successive channels
– Two-hop model

– Global channel is the multiplication of Tx-Relay and 
Relay-Rx channels, with amplification factor A

• h1 and h2 are Rayleigh fading channels with energy 2σ1
2 and 

2σ2
2

• n1 and n2 are noise contributions of power N

• P1 and P2 are the transmit powers of nodes 1 and 2

[ ] 2112 nncEhAhy s ++=

h1
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AF Relay Channel (2)AF Relay Channel (2)

• Amplification factor [Patel, 2006]

– Fixed gain (depends on the CDIT of h1)

– Variable gain (depends on the CSIT of h1)
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AF Relay Channel AF Relay Channel 
Statistics (1)Statistics (1)

• Overall relay channel is expressed as hAF = h1Ah2

• For fixed relay gain (A arbitrarily fixed to 1) channels
– Envelope PDF (s= |h|) for independent fading [Patel, 2006]

– Time correlation [Patel, 2006]

• Will depend on the motion of all three nodes

• For a FS-MS-MS link (assuming same frequency for both links)
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AF Relay Channel AF Relay Channel 
Statistics (2)Statistics (2)

• Overall relay channel is expressed as hAF = h1Ah2

• For fixed relay gain (A arbitrarily fixed to 1) channels
– Envelope PDF 

for fully 

correlated fading



DF Relay ChannelDF Relay Channel

• The relay decodes and re-encodes the information
– Two successive links, with decode-encode process in-

between

– Overall channel cannot be expressed easily (of course !)



Part IIIPart III
Example A: Environmental Example A: Environmental 

Sensor NetworksSensor Networks



Environmental Environmental WSNsWSNs

• Test case
– Wireless sensor networks in 

forest in the 2 GHz

– Applications
• Environmental sensors

• Near-ground battlefield sensors

– Low antenna height at both 
Tx and Rx (~ 0.3 ... 1.8 m)

– Short range (~ 10 … 500 m)



Forest Channel ModelsForest Channel Models

• Path-loss L or excess attenuation A
– hm = 0.75m [Joshi, 2005]

– Modified ITU-R Rec. 833-4, hm = 1.6m [Oestges, 2008]

– Lognormal shadowing of ~ 2.3 dB

– Wet foliage
• ~ 30 dB additional loss

– Impact of antenna height
• 4-5 dB path-loss decrease going from 0.75 to 1.6 m high

 md .   dBL )(log4.95586)( 10+−=
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• Fading
– Fixed sensors ⇒ fading is Ricean distributed (withd0 = 

100 m)

–

[ ] ( )010 /log3910 dddBK −≈



Forest Channel Models (3)Forest Channel Models (3)

• Delay-spread
– DS is much larger than for slant paths !

– DS values range from 20 ns at d = 50 m up to 100 ns for 
d =  400 m for directional antennas, and are doubled for 
omnidirectional antennas [Joshi, 2005]

– DS values range from 50 ns (d = 40 m) up to 120 ns (d = 
120 m) for omnidirectional antennas [Oestges, 2008]

– Impact of antenna height unclear
–



Forest Channel Models (3)Forest Channel Models (3)

• Delay-spread
– DS is much larger than for slant paths !

– DS values range from 20 ns at d = 50 m up to 100 ns for 
d =  400 m for directional antennas, and are doubled for 
omnidirectional antennas [Joshi, 2005]

– DS values range from 50 ns (d = 40 m) up to 120 ns (d = 
120 m) for omnidirectional antennas [Oestges, 2008]

– Impact of antenna height unclear
–
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Forest Channel Models (4)Forest Channel Models (4)

• Angular dispersion

–



Forest Channel Models (5)Forest Channel Models (5)

• Shadowing correlation
– No experimental result so far …

– Assumption
• For aligned links, shadowing correlation is related to the distance 

difference

• For non-aligned links, shadowing correlation is related to the 
angle difference

DD

AD

( ) D δ∆−∝ρ exp

( )  αφ∆−∝ρ exp



Part IIIPart III
Example B: Body Area NetworksExample B: Body Area Networks



Body Area NetworksBody Area Networks

• Wireless sensors are 
distributed on the body 
or in clothes
– EEG, ECG, EMG

– Vision, hearing, etc.

– Speed, etc.

• Central monitoring 
device (on- or off-body )

• Possible wireless link 
with larger network

© IMEC



Body Area TransmissionsBody Area Transmissions

• Various types of transmissions
– Specific propagation mechanisms involved

– Different models needed

• Which technology ?
– Narrowband (ZigBee, BT) ?

– UWB ?



Body Area PropagationBody Area Propagation

• In-body penetration

• On-bodypropagation 

• Off-bodypropagation
– Arm reflection

– Reflection/diffraction by external
obstacles



InIn--Body Body PenetrationPenetration

• Penetration decreases
exponentially with
frequency[Ryckaert, 2004]

– ~ 3 dB/cm at 400 MHz

– ~ 4 dB/cm at 900 MHz

– ~ 6 dB/cm at 2450 MHz
FDTD simulation

)()( 0rrdBL −= β
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OnOn-- vs. Offvs. Off--BodyBody

• Received power from on- and off-body contributions
– Simulations made for total energy in the 3-10 GHz band

– Transmission from front to back hardly possible without 
scattering obstacles 

– Need of relaying strategy ?
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Reflections
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OnOn--Body PropagationBody Propagation

• Existence of a 
diffracted wave 
a.k.a. body 
wave
– Diffracted wave 

is a creeping 
wave
[Fort, 2008]
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Propagation Propagation VelocityVelocity
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Propagation Propagation VelocityVelocity (2)(2)
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OnOn--Body Propagation (2)Body Propagation (2)

• Diffracted wave
– Attenuation can be very large
– Along the body (same side)

• 30-35 dB/decade (m= 3 to 3.5 in the 900-2500 MHz frequency 
range)

⇒⇒⇒⇒ ~ 25 dB between neck and waist at 2.45 GHz

)(log10)( 010 rrmdBL =



OnOn--Body Propagation (3)Body Propagation (3)

• Diffracted wave
– Around the body

• Path-loss is exponential for small distances

• Saturation in the back (for front Tx) caused by interference 
between right and left waves

• Path loss is very high (2 dB/cm at 2.45 GHz)

⇒⇒⇒⇒ ~ 40-50 dB from front to back

)()( 0rrdBL −= α



OffOff--Body PropagationBody Propagation

• Impact of external environment
– External obstacles may create multipaths

– They also help in providing a link when body wave is 
too much attenuated

• That means that the transmission is heavily dependent on 
unreliable multipaths (in terms of occurrence, variability, etc.)



UWB Channel ModelUWB Channel Model

• Pathloss (large-scale fading)



UWB Channel Model (2)UWB Channel Model (2)

• Tap-delay line model [van Roy, 2008]

– Lognormal distribution of tap amplitudes

– Gaussian distribution in dB

Normalized
tap average amplitudeN(0,1)

Covariance matrix
(correlation is > 0.8 
for adjacent taps

Path-loss

PMACA ++= w

21



UWB Channel Model (3)UWB Channel Model (3)

• Clustering of each tap: modified Saleh-Valenzuela 
model [Molisch, 2006; van Roy, 2008]

– Cluster arrival time →Weibull distribution

– Intra-cluster attenuation model → dual-slope model



NarrowbandNarrowband
CooperativeCooperativeModelModel

• Fading correlation between different channels
– For aligned channels around the torso, shadowing

correlation appear to lineraly decrease with the distance 
difference (DD)

– Decorrelation DD is about 20 cm at 2.45 GHz [Liu, 2008]
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