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Abstract — A wireless sensor network is used as asensors can be attached to the sensor nodes intoraeke
distributed system for measuring plant water canteerop  environmental measurements, which are transmitted t
fields. The WSN works as a radiometric sensor wigiets  data base.
the information about vegetation water content fithie RF In crop fields the RF signals of a WSN are greatly
communication signals. No specific sensor is needé@ attenuated by plants, mainly due to the presendesoahd
equations of the measurement process are develmsestl  water [9][10]. This characteristic can be used teasure
on the two ray propagation model. Experimental ltssu some variables of the vegetation where the WSNssried,
obtained in a corn field demonstrate a linear @At eliminating the need of additional instrumentation.
between gravimetric moisture of plants and thenatiion This work presents a method to estimate the water
of the WSN RF signals. content of a vegetation canopy using the RF comaatioin
signals of a wireless sensor network that is pteisea crop
field in order to monitor environmental variablds. is
developed a model of RF attenuation that considees
influence of the soil and the vegetation. A measiaet
model of vegetation water content is based on tiseg@tion
factor (@) of RF signals. A linear relation between them is
Agricultural productivity has been improved wittethse  indicated in the band of 916 MHz. This model dent@iss
of modern techniques of crop management, which ddma that longer distances between nodes impmwestimation.
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1. INTRODUCTION

measurement systems of field variables [1]. Meaguplant
water content in crop fields is a difficult taskguiring plant
collecting as soon as the method is carried olahinratory.

A distributed measurement system is needed to cosape
the non uniform distribution of plants in the field
Section 2 presents the model of RF propagation in

Radiometric measurement techniques are preferabde o vegetation medium. Section 3 presents the measuoroug!

others since they are not destructive. Over theé paars

and the methodology. The measuring system based on

many research works were addressed to plant arld s@VSN is in section 4. In section 5 some resultsiobthin a
moisture estimate employing radar system embedded @orn crop field are presented. Conclusions aredtien 6.

satellites [2]-[4]. Remote sensing by satellites &
radiometric method largely used to monitor agrietat
fields providing landscape scale information, bus i
resolutions in time and space are low.

2. RF ATTENUATION DUE TO CANOPY WATER

Electromagnetic wave that propagates through a

In recent years some researches pointed to theofuse vegetated medium can suffer delay, deviation (alition),
wireless sensor networks (WSN) in agricultural mmnilg  or absorption (attenuation) of its energy. Atteraraistand
[5]. WSN gives better spatial and temporal resohgithan  out in long wavelength RF signals, as L-band radahsch
satellites, besides allowing collection of otheit and plant make possible to neglect the others [10][11]. Sonaelels
data. WSN is a fine grained sensor system that®msph  were proposed in the past years for interactiortsvesn
great number of small and cheap sensors whichadaitde microwaves and vegetation, as the inhomogeneous hal
aggregate to give high quality information aboute th space model [12] and the water cloud model [13}eHBe
environment. This distributed measurement systers ha/egetation canopy is considered as a continuo®alia
applications in many areas: military, scientifiedistrial, |ayer, and its dielectric constant (DC) is evaldaas a mean
commercial and others [5]-[8]. This system is cosgabof a  of leaves and air contributions:
large number of small autonomous devices, denoetnhat
sensor nodes, which communicate to each other tip ra Q)
forming a network. A Sensor node is equipped wigmell
processor and has restrictions in memory and endtgy whereV, is the total volume of plantd/, is the canopy
radio range is no more than 100 meters in freeesgf@ome  volume occupied by air, andis canopy total volumes, is

&=(§Vp+tVa)lV

ISBN 978-963-88410-0-® 2009IMEKO 2183



the mean dielectric constant of plants apds a complex This model considers the interaction between two

value representing the canopy DE £ &/— j&"). & andg”  electric fields that reach receiver antenna. The tne Eq)

are real and imaginary parts of the complex eqeival is related to the direct propagation (line of sjgtignal, and

dielectric constant of vegetation canopy. the second oneE() is related to the signal reflected in soil
The dielectric constant (DC) of water is much geeat surface. Transmitter and receiver antenna are glaceame

than the DC of dry mater, resulting that the DQeafves is  height ). The total electric field) results fromEy andE,

governed by its water content. interaction. The total received powePg] is a square
It is reasonable to suppose a linear relation betwe function of €) and can be expressed as:

vegetation water contentWj and power attenuation in

microwaves that propagates through vegetation [14]. — Q/

According to [9] the transmissivity of a canopydisectly Pe = Pay + P, + 20/Pry [Py, [€049). (8)

related to vegetation water content. Transmissican be

also expressed as a function of absorption faapmich Pra the power of the direct signal, aRg, the power of
is a characteristic of the canopy: the signal that is reflected in the soil surface, ealculated
by (6) and (7):
P _ -2a.d
y=_R=e™ =g @ Paa € )
R P, d?
where parameteb depends on the type of crop and the P o2
frequency of the microwaves aMi is a linear function of B R*(p,e,p)D2(0), (@)

distance ¢) of propagation into the medium [13; is the P
. . . 0
electromagnetic power leaving the transmitter amaeand
Pr IZsthseoF())%Waesr;hizt éz?glrs;gée rtre;zeglaer:oamevr\]/ztaér ContentwherePo is a reference valud, is the distance between Tx
can be calculated: ' Py and Rx, R (-1<R<1) is the reflection index of the soil
’ surface, which is modeled as a function of thedente
angle ) of the RF wave on the soil and of its dielectric
(canopy [d ®3) constant &), and depends on the polarity) ©f the electric
S/
field [16]. In vegetation with great contributiorf wertical

And the mean value of gravimetric moisture of pdaist stalks the vertically polarized waves suffer stremg

20 [ =b[W = b,

estimated: attenuation than horizontally polarized ones [1113][[17].
In this work only vertical polarization was useddrder to
2la improve the accuracy of water content measuremni2ris
m, = v (4) the antennas directivity €D<1), which is modeled as a
b [P function of the anglep. The directivities of Tx and Rx are
V considered equal, as soon as they are symmetddsalthe

displacement angle between the electric fiells andE,,

When the propagation of RF is not directional, ms i and itis calculated as:
WSN communications, transmission loss is also &dteby
distance between transmitter (Tx) and receiver @3tated _2[n
by Friis transmission formula [16]. If Tx and Rxearlose to 0= T [ﬂr - d)' ®)
soil surface, a more complex model is needed. ldetwo

rays propagation model is used, as representéd. ih wherer is the path length of the signal reflected in sod

andd is the path length of the direct signalXd). r is a
function ofd andh, as well ag/ andg.

The total power in Rx antenna can be expressed as a
function of five variables:

P e—ZD
R

el T(d,he,.a,A). )
0

—alfr-d) \2
Fig. 1. Two rays propagation model, consideringitieraction T=1+ & DDZ(d, h) R? (d’h1g )
between two electric fields, the direct field ) and the field d/r °

reflected in soil ;). —alfr—d

+za:T) D(d.h)R(d.h.¢.)zodo)

(10)
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Here, the functionT (d, h, A, a, [%) is dimensionless. can be calculated as a function of the power 1B3$ i the

The vegetation influence is represented by the raisn ~ propagation way:

factor (@) that is strongly affected by vegetation water

content. If the wavelengt) and the reference powd® PLv - PLf APL

are known,a can be determined since the varialitgss; , d o= = :

andh are measured. 886Ld 886Ld
One can see that the larger is the distahbetween Tx

and Rx the smaller is the sensibility Bfunction ona and Where PL, [dB] is the attenuation perceived when the

12)

the better is the estimation of the absorptiondiact propagation is performed through vegetation, Rhd[dB]
is perceived when the path is free, when ther@isbstacle
3. MEASUREMENT SYSTEM in the way of propagation:
A wireless sensor network is deployed in an agtical PL, [dB] =R - P, . (13)
crop field in order to measure environmental vdeatand
transmit them to a data base in a remote stat®ougined PL, [dB] =R — P . (14)

in fig. 2. When transmissions are made betweenosens
nodes, received power is measured in order to ledcu
attenuation and link quality. Absorption factar) (is then
obtained using (9). Periodically values are transmitted to
the base station in order to calculate an averagewvhich

is representative for the agriculturist. Canopy agidnt
moisture are obtained with (3) and (4) and candassluin the
field management decisions.

The positions of the sensor nodes and the traresmitt
power P7) are made constant, and then the difference
between the values of received poweg)(is a function of
the absorption factor alone.

One can demonstrate that, when the ratw b/ 0, the
contribution of the uncertainty of distancel) (to the
uncertainty of absorption factor measurement besoare
inverted function of the square dif

++++++++++++H+++HH++ 1
+ Corn plant

@
FRNR At rF At u, U—-0my, . (15)
@& Sensor node d 2
) T R R e R e e =S
_~~ Radio communication [
+H++H++++ P T+
@
+

In other words, the longer the distance betweersmen

+4 b B FF R+ + +
+ 4+ R 7 - S TS WOy e nodes, the more accurate the measurement of atsopti
4+ N PR S factor and more accurate the estimation of vegetati

L et oy oy N o .. gravimetric moisture.
-______:I-._:.—_M+++++++++++
L S 4. EXPERIMENTAL RESULTS
Access point
Fig. 2. Outline of a WSN deployment in a corn field An experiment was conducted in a corn crop field on

Fazenda Pinheiro (218'45” S; 4455'25” W), in Lavras

town, state of Minas Gerais, Brazil. This experitnaimed

When the difference between the path lengthend d o Vverify the viability in estimating the vegetatiovater

of reflected and direct signals, respectively, isay ~content using the measurement of the signal pomwen the

((r-d) — 0), the contribution of the absorption factor b t fadios of @ WSN. It was employed the sensor nodes

function T, in (10), can be disregarded. This condition ig"otes, from Crossbow Technology [18]. The radioskwo
achieved when relatiorh/d is close to zeroh(d - 0). In 916 MHz ISM (license free) band and act as Tx and R

this way, the absorption factor calculation is difred, as alternatively. The radio signal strength is meast_l_fm all
soon as an iterative method is not required. Thfar can the messages that reach the receptor (Rx). A aditior was

b lculated loving (9): processed in anechoic chamber, indicatingdB deviation
e calculated employing (9) through out the range — 100 to — 50 dBm.

1 P The experiment was conducted in four distinct times
_ _ MR _ order to evaluate different plant conditions in fiedd. At
a= 886 [ FO[dB] 20Iog(d)+10log(T) the first time, the plants was in the end of thgetative

state, denominated VT (vegetative-tasseling) [B9)],days
(11) after seeding, with 2.1 m mean height. The plate reas
5.6 plants per square meter. The second series of
In order to eliminaté®, two series of measurements areMeasurements was conducted when plants were inaR8 s
taken, the first one is made in seeding stage, where is ("eproductive-milk), with 2.3 m mean height. Therdh

not any plant in the way of RF propagatian¥ 0) and the series_ of_ measurements were m_ade in the R6 state
second one is made in growing stage, when plastinahe (physiological maturity) of the corn, in harvestipd. The

way of RF. Following this methodology absorptiorctéa ~ Plants were 2.3 m high in average. The fourth seaé
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measurements was performed after harvest, whea there The data presented in fig. 4 demonstrate that the
no plants in the field (free condition). dispersion of the measured values of the RF sigtahsity

The sensor nodes were deployed in a regular fashiqRSS) is due mainly to the variability of the obhsst ways,
performing equal distances from each other. Twiesesf and the characteristics of the measuring devicetess
measurement were conducted, for two differerstagices: important. This global dispersion is considered as
d = 10 m andd = 15 m. All the nodes were placed 1.0 mconsequence of the variations in the charactesisifcthe
high form the soil and all antennas in vertical ipos  vegetation along the field, specially related t@ thon
(vertical polarization). All the transmissions wenade with  uniform distribution of the plants, as well as tliations in
Pr = 5 dBm. It was made 100 measurements of receivesbil characteristics.
signal strength (RSS) in communications betweel @air
of sensor nodes and for each distance. Each sefies
measurements was conducted in an interval of ong, ho
making possible to consider constant some variabtes
vegetation water content, vegetation density anantpl
height.

For the measurement series 1, 2 and 3, sampldarbp
were collected and their gravimetric moistures were
measured with a gravimetric method, used as refereFhe
plants were weighted immediately after they havenbe
collected in the field and after they were driecmoven for
three days at ?C. The difference in weight represents the
weight of liquid water that was in the plants.

Comparing the values obtained in the experiment
performed in presence of vegetation with those inbth
with the measurements in free area it is possiblielentify

mg [g/g]

55 60 65 70 75 80

the exclusive influence of the absorption factortbe RF APL [dB]
signal attem'!atlpn' Th(_:"n itis possible to estinadtsorption Fig. 3. Linear relation between plants water conger changes
factor (@) as indicated in (12). . in attenuation APL = PL, — PLy). Coefficients of

Table 1 presents the results obtained from the determination: K10 m) = 0.94, K15 m) = 0.97.

measurements of plants water content and in therptisn
factor estimationa represents the mean value calculated
from the results obtained in the measurements rivatlgo

different distances (10 m and 15 m). An almoststamt a0
ratio a/my = 0.205 was achieved with standard deviatior _ Eal== T
SD(a/my) = 0.017 (8%). It is in accordance to Schmugge & = 75+ T
Jackson [15] proposal. - I
g 704 H
Il
Table 1. Gravimetric moisture of the corn plant pkes and 65 4 1 L
absorption factor estimated with attenuation d&ta.(
. Gravim. moisture / 60 Y — Y Y T
Series| Stat Mean value %%I[Dg g a almy 0-+1 1+0 02 20 03 3-+0 1+2 21 13 3=1 Total
1 VT 0.856 0.008 0.168| 0.196 Links
2 R3 0.803 0.023 0.156 | 0.194 _ o o
3 R6 0.535 0.118 0.120| 0.225 Fig. 4. Measurements of attenuatié&i) in 10 distinct

ways — mean values and standard deviations. Growth
state VT,d =10m,m, = 0.856 g/g .
The graph in fig. 3 shows the mean values of pdoss
due to plants as a function of plants water contfemttwo
different distances. A nearly linear relation betweplants 5. CONCLUSIONS
water contentrfy) and the changes in attenuation in the
propagation way/jPL) can be seeing in both of the graphs. This work demonstrated that measurements of signal
Fig. 4 presents the mean values and standard idat strength in the communications of a WSN insertedarn
obtained in a series of 100 measurements madesicdin  agricultural field can be used to estimate the watatent
crop field, in the first experiment, consideridg: 10 m. The of the plants. The experimental results demonstrétat a
values measured in 10 distinct ways of propagatiom linear relation exists between the vegetation watertent
presented, i. e., ten different links between pafrsiodes. and the attenuation occurred in the electromagmeties of
The columns indicate mean values and vertical inégate the radios, confirming the proposal of this workheT
respective standard deviations. The column “Total'distance between radios has to be large in ordeedace
indicates the mean value representing all the ealuauncertainties of absorption factor measurements. r€bults
measured in the experiment. Its standard deviai®n presented in fig. 5 showed that the mean valuentdiam
indicated as well. all measurements is more adequate information for
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agriculturist decisions if the final objective isrigation  [15] T. J. Schmugge and T.J. Jackson, “A Dielectric Madé/egetation
management Then the pr0p05a| of this work is coil Effects on the Microwave Emission from Soil$EEE Transactions

. on Geoscience and Remote Sensiog 30, pp.757-760, Jul/1992
For future works the authors intend to get moreueate [16] T. S. RappaporiWireless Communications: Principles and Practice

measurements of plant gravimetric moisture withuke of Prentice Hall, Upper Saddle River, 2 ed., 2002. 707
a denser network. [17] J. M. Lopez-Sanchez, J. D. Ballester-Berman artbduny-Guasch,
“Indoor Wide-Band Polarimetric Measurements on MaPiants: A
ACKNOWLEDGMENTS Study of the Differential Extinction CoefficientfEEE Transactions
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