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Abstract—A new passive sensor for remote measurement of ~ L
water content in sandy soil was designed, using a surface acoustic request O

wave (SAW) reflective delay line. Information from this sensor can unit // \

be obtained by an interrogation device via a radio link operating |

in the European 434-MHz industrial-scientific—medical band. The \( RF request

SAW device, manufactured on the YZ cut of LiINbO;, is mounted E{mizl

and sealed in a standard dual inline 16 package and contains RF response

four electroacoustic transducers. One transducer is connected
to an external antenna to pick up an RF request signal from the
interrogation device and to send back an RF response. The second
transducer operates as a reflector. The bus bars of this transducer

are connected with two measuring rods through an electrical Fio 1. Sch ic drawing of a radio-link ‘ ing th
transmission line. These rods can be inserted into sandy soil. 7'9: 1. Schematic drawing of aradio-link system for sensing the water content

. . of the soail consisting of a request unit, a sensor device, an incoming pulse, and
;I(;Ter;r;ar‘leﬁ’gg gﬁ?;g:ecser?ﬁgi:ghesransisﬁgﬁcﬁﬁr: :r?g tahree {Cvﬂug%(i_ the corresponding outgoing signal, which has been coded by the sensor.
spanning the sand—water mixture have a characteristic impedance

Zioaa, Which loads the second transducer. Changes in the soil ga of resources and lowers costs. Improper watering will re-
water content are observed as a change of the total permittivity

due to the high permittivity of free water, which, in turn, affects sultin Iowgr crop yield. Therefore, automatlc_: irrigation systems
Zioaa as well. The amplitude and phase of the acoustic reflection ¢an benefit from water-content sensors for improved control of
at the second transducer changes due to a variation of the ter- water usage. Cabled sensors may be suitable in greenhouses;
minating Zicaq. This then results in a difference in attenuation however, in open fields, they would interfere with the conduct of

and phase of the corresponding peak in the time domain. Thus, \any agricultural operations. Using batteries is not desirable for
the RF response of the sensor carries information about the water

content between the rods, which, therefore, can be detected by andeCOIOQical and economic r(_easons. Therefo_re, utilizing p_ass_,ive
evaluated in the interrogation unit. water-content sensors, which can be monitored by radio link
Index Terms—DigIectric sensor, electrically loaded acoustic re- (l\igfeg\lge.rliJgL I;g%zg?: csgr?ttf?;;;gl?; dbirel r?]L::]ey i?f:lgrntt:gﬁr?il::sa.l
flector, passive radio sensor, remote measurements, SAW reflective JoNEh ; o ;
delay line, soil water content, transmission-line model. applications where moisture control is important, e.g., in med-
ical sterilizers.
In recent years, surface acoustic wave (SAW) devices have
gained increasing attraction for industrial measuring. When de-
RTIFICIAL irrigation is used in many agricultural andsigned as a one-port device connected to an electromagnetic an-
horticultural growing systems (e.g., greenhouses), esgenna, it can be monitored by means of a wireless radio link
cially in semiarid and arid regions. Also, water is sometimgd]. With such a SAW transponder, which typically has delay
scarce and, therefore, expensive. It is, therefore, often advartiaes in the order of some microseconds, data signals can easily
geous to irrigate only when necessary and to use only the mixe separated from the very high frequency (VHF)/ultrahigh fre-
imal amount of water needed. This helps ensure a sustainatlency (UHF) multipath radio echoes. In addition, such sensors
require neither wiring, nor batteries.
Manuscript received October 16, 2000; revised January 17, 2001 In Europe, the IndUStrIa-l_SCIemlflc_medlcal -(ISM) band at
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soil

I. INTRODUCTION
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Fig. 2. Schematic drawing of a passive SAW device connected to an externa w 0 O \ o & 0 o
classical sensor. B .

the IDT [3], as outlined in Fig. 2. In th&-matrix notation, the i M M fit
short-circuit reflection is denoted b ; s¢, the electroacoustic D s

transfer coefficient by, 3, and the input admittance of the trans- o/ o © / o # “o/ a0
ducer byPs3. The acoustic reflectiof’;; of a transducer, which

£

is loaded by the complex termination impedatig,,, is given / [ / / /

by g /
Absorber, PIN

Reflector 2 PIN
(adjustable)
@)
Coupling transducer Reflector 1 Reflector 3
Load with bonding pad

P11(Z1oaa) = Prisc +

References [4]-{6] show that the water content of soil cafyy 3 schematic drawing of the realized SAW chip mounted in a standard
be measured with the help of some rods that are placed into thie 16 package.
soil. The complex impedance between the rods depends strongly
on the free water content of the soil due to the high dielectric Coupling 53?1?3[%1:)2
constant. The conductivitys of the water is determined upon Transducer Reflector #1 Reflector #3
the dissolved amount of salts. The resulting permittivity of the
soilisinthe order of ~ 5 for dry sand. It raises up to= 30 for
sand, which is fully saturated with water and reaches80 for
free water. These values hold for frequencies up to the gigahertz
range. \ , , J

The load impedance of such sensors can be controlled by se- 660 ) " 20% 2200
lective spacing of the rods. This approach leads to the possibility _ S
of combining the working principles of [2] and [4], resulting inz;g(')‘t‘ﬁe Eaetfr"eg]f'g”ssig‘;fatr&)sﬁg ?O“;L‘?titgléi{'iiﬁg arrangement. Depicted is
aradio-requestable device for the measurement of water content

ﬁ:(s:;? on areflective SAW device with an impedance-loaded Bétween the request unit and sensor, and also the time delay in

. : . : . the SAW device to reflector #2 caused by shifts in temperature.
Section Il discusses the design of a SAW device with one a Fig. 5 shows the electrical reflection coefficiefit, of the

justable reflector. Section lll discusses the changing impedanchvice in the Smith chart. The reference impedance of all shown

of the rod configuration with varying water-content levels of th%mith charts is 502 The SPUDT transducer is matched to50
soil. Section IV presents an overview on the completed SensQl24 MHz. Due io multiple echoes with long time delays, a

configuration, and Section V discusses the results of the raglo . ; o
. ripple occurs in the frequency domain, as can be seen in Figs. 5
measurements of the soil water content.

and 6.

Fig. 6 presents the measured electrical reflection coefficient
S11 of the structure when reflector #2 is used as transducer.

Fig. 3 presents a schematic drawing of the investigated stridie dashed line gives the calculated reflection coefficient of the
ture, which was fabricated using the YZ cut of an LiNp§ub- transducer without any surrounding reflectors. The phase shift
strate. The tested SAW device contains one acoustic track dredween measurement and calculation is caused by the pads,
incorporates one electrode-width-controlled single-phase uniionding wires, and pins of the housing, which were not taken
rectional transducer (SPUDT) [7], which is connected to thiato account in the calculations.
external antenna and three reflectors. The center frequency ofFig. 7 shows the reflection coefficient of the device in time
the transducers is 433.92 MHz. We chose an aperturdofo domain. A prompt electrical reflection of the SPUDT appears
avoid diffraction effects. In order to minimize ohmic losses, att = 0 us. Att = 3, 4, and5 us, the reflections of reflectors
metallization height of 150 nm was chosen. #1-#3 can be seen, respectively. Some additional, small reflec-

The reflectors consist of split-finger transducers. Reflectoti®n signals created by reflections from the chip edges and from
#1-#3 incorporate 14, 16, and 14 overlaps, respectively. Timultireflections are also visible in Fig. 7. With the help of the
distances between the coupling SPUDT and reflectorééir®, echo signals from reflectors #1 and #3, a reference amplitude
880X, and1100), respectively (see Fig. 4), resulting in time-doand phase can be calculated, which is both independent from
main signals of 3, 4, and ps. Reflector #2 is connected via athe signal propagation delay between the interrogation device
pin from the housing to the variable impedance; the other two r@ad the SAW transponder and the temperature of the SAW sub-
flectors remain unconnected and are used to estimate time dedtrgte. The sensor information is then extracted from the relative

- rm
'

Aperture7 5

¢ i
4 - -

Il. SAW DEVICE STRUCTURE WITHADJUSTABLE REFLECTOR
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Fig. 5. Measured reflection coefficierfi., of the in and out coupling g:)gh;i'n Absolute value of the Fourier transform of Fig. 5 shown in the time

transducer shown in the Smith chart. Center frequency is 434 MHz, with a span
of 50 MHz. The reference impedance is G0
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Fig. 8. Calculated contour lines (thick lines) of the acoustic reflection
of reflector #2 as a function of the loading impedan€¢g.4. The loading
impedances are transformed to their corresponding electrical reflection
coefficient and shown in the Smith chart. The normal impedance §3.50

the impedance of the transducer and the loading impedance

) ) o together comprise a short circuit.
Fig. 6. Measured reflection coefficieft; of the structure when reflector #2
is used as a transducer, as shown in the Smith chart. The dashed line gives the
calculated reflection coefficient of the transducer. The reference impedance is

50 Q. lll. 1 MPEDANCE OF THEROD CONFIGURATION
Fig. 9 shows the used sensing-rod configuration together with

echo amplitude and phase between reflector #2 and this reftae corresponding electrical circuit diagram. The rods are made
ence. of stainless steel. The dimensions of the rods, especially their

Using (1), we calculated the amplitude and phase of thengthl..q, thickness, and distance, can be selected in such a
acoustic reflection from reflector #2 due to the terminatingiay that the RF impedance level during operation is advanta-
impedance¥..q. Fig. 8 illustrates the result as contour linegieous for controlling the reflection from reflector #2. The rods
depicted over the terminating impedances, which are showave a length of 50 mm and can be affixed to the printed circuit
in the Smith chart. The thick lines show loads that result inoard with M2 threads. The distance between the two rods is
constant acoustic reflection. Reflector #2 is realized with 20 mm. The rods were placed into sandy soil. At the operating
split-finger transducer with?;; sc = 0. The maximum of the frequency ) of 434 MHz, the rod configuration has to be sim-
acoustic reflection”;; occurs if the denominator of (1) is atulated with the help of an open-ended transmission-line model,
its minimum. This is achieved with a termination impedancas shown in Fig. 9. The effects of the use of fertilizers and water
Z1ead, Where R = 0 and X compensates for the imaginarycontent on soil conductivity are discussed in detail in [4]-[6]. In
part of P33. On the other hand, minimal reflection occur®ur simulation, we set the conductivity of the soil proportional
if the denominator is at its maximum, which is obtained ifo its water content.
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Fig. 9. Schematic drawing of the rod configuration to sense the water content
of the soil and corresponding electrical circuit diagram. Reods

d Fig. 11. Schematic drawing of the overall water-content sensor configuration.
ate

the water content was increased by 1% up to 21%. The
marks show these measurement points from two experiments.
The dashed line denotes the calculated graph according to
the electrical circuit diagram shown in Fig. 9. The phase shift
follows the simple model given in (2).

Reflector #2 is electrically loaded by this matched rod con-
figuration. Hence, any change of the electrical reflection coef-
ficient of the rod configuration changes the acoustic reflection
properties of reflector #2 according (1).

Fig. 10. Electrical reflection coefficient of the rod configuration (Fig. 9) at 434 IV. REALIZED WATER-CONTENT SENSOR

MHz with changing water content of the soil, as shown in the Smith chart. The Fig. 11 shows the overall sensor configuration fabricated on
normal impedance is again 58 Starting from dry soil, the water content (with ) . .
respect to weight) was increased by 1% up to 21%. Khmarks show these FR4 copper clad. For the electromagnetic receiver and trans-
measurement points of two experiments. The dashed line gives the calculawitter antenna of the passive sensor, we selected a shortened
line according to (2). Also shown are the lines of constant acoustic reflectigﬁpde realized in a microstrip technique The antenna feeds
according to Fig. 8 in 5-dB intervals. . .
the SPUDT of the SAW device symmetrically. Antenna length
was shortened by the use of a capacitive load at the end of the
The phase of the electrical reflection coefficient mainly de-strip lines and by using center-load inductofsl). To better
pends on the ratio of the geometrical lengtfa to the electrical match the antenna to the impedance of the SPUDT, we chose
wavelengthi(e), which is strongly influenced by the relativea matching configuration, which also protects the SAW trans-

permittivity ¢, and permeability:,. of the medium ducer from static discharge. This is accomplished by the in-
Liod 47 - lyod - f ductor L2. The connection of reflector #2 to the sensing rods
O ==2:2m = =/ iy - - (2) was discussed in the previous section.

)\(51’ ) N1) Co

In (2), ¢y denotes the velocity of light. With help of two
matching elements, the variation of the impedance of the
rods, which results between dry and water-saturated soilWe made remote water-content measurements with this
was matched to that impedance level to which reflector #2&nsor device, as illustrated in Fig. 1, using a network analyzer
is most sensitive. In order to protect the electrodes of tlier the request unit. The ports were connected to electromag-
SAW transducer from static charges and direct currents, wetic antennas operating in the 434-MHz range. The read-out
chose a matching configuration consisting of a series capacittistance with an EIRP of 10 mW was between 0.5-5 m,
(C, = 100 nF) and an inductivity 4;,, = 105 nH) in shunt. depending on the size and orientation of the antenna. The

We measured the resulting impedance at 434 MHz as a fumesponse signal of the sensor was Fourier transformed and
tion of the water content of sandy soil with this rod configuraanalyzed in the time domain. Due to relaxation phenomena, the
tion. The water conten of the soil is given by the ratio of the water absorption of the soil changed after the first experiment;
weight of the water to the total weight of the soil. The soil wase, therefore, analyzed the later experiments.
water saturated at a value &f= 0.21. Fig. 12 shows two typical measurement results of the sensor.

Fig. 10 presents the resulting changes of the electridalg. 12(a) depicts recordings made in dry soil (7% water con-
reflection coefficient of the rod configuration, as related ttent) and Fig. 12(b) depicts the lower graph measurements made
the changing water content of the soil. Starting from dry soil) moist soil (12% water content), respectively. The rods, which

V. MEASUREMENT RESULTS
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Fig. 12. Measurement results of the sensor requested by a radio signal in the
time domain. (a) Recorded at a dry soil with 7% water content. (b) Recorded at ()
a moist soil with 12% water content. Fig. 13. Difference of the: (a) amplitude and (b) phase difference between

reflectors #2 and #1 as a function of the water content of the soil N$mark
the values at two measurements.

were immersed in the soil, also function as electromagnetic an-

tennas. Therefore, an addltl_onal signal arisesya, vhich cor- - 4 g aw device. The read-outdistance can be enhanced by using
responds to the acou§t|c @stance bet_ween the SPpDT a'?darg'/2 vertical antenna. Further, it seems feasible to measure the
flgctor #2',AS .shown n F'_g' 4, th.ere IS alsq a mulureflectlopange of the water content of the soil with a resolution consisting
signal, which interferes with the intended signal aiSand, ¢ 14 >0 syndivisions. Of course, the behavior of the sensor will
therefore, affects the temperature compensation of the signgly, 4 contingent upon different soil types. Thus, the sensor wil
Fig. 13 plots the results of two different measurements. In th@ye to be calibrated for the type of soil being recorded. The aging

upper graph, the relative echo amplitude between reflectors 4#q resultant degradation of accuracy for sensors will need to be
and#1 is shown as a function of the water content of the soil. Thg subjectoffurtherresearch.

resultisinfairlygoodagreementtothe predictionshowninFig. 10.
Accordingtothe calculationshowninFig. 10, theexpectedchange VI. CONCLUSION

in the electrical impedance of the rods should lead to a Change Ofn this paper, we have demonstrated the feas|b|||ty ofa passive
the acoustic reflection of betweerB0 and—5 dB, resulting in  radio sensor, which makes possible the wireless monitoring of the
a dynamic range of 25 dB. A dynamic range of only 20 dB wagater content of sandy soil. The proposed sensor incorporates an
achievedinourmeasurements. Thismay be dueto parasitic ohgligenna and areflective SAW device where one reflector s electri-
losses between the acoustic reflector #2 and the measureng@ny loadedbytheimpedanceofapairofrodsinsertedintothe soil.

rods. Furthermore, the calculations prEdiCt that the minimum WQ reached aread-outdistance Ofupto 5mandameasurementac-
the acoustic reflection is realized with a 5% water content of th@racy of 5%-10%in ourinvestigations.

soil. In our measurements, this minimum already occurred at a

water content of 0%. This may be due to an additional electrical ACKNOWLEDGMENT
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