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Figure 4.1 Conceptual Layout of a Soil Sensor network

electrodes as probes Pandey et al. (2013b,c), has proven that multi-frequency impedance mea-
surements of a soil mixture have the capability to provide information about the soil moisture
together with the concentration of different ions like nitrates in soil. In Pandey et al. (2013b)
we presented a self-calibrating, multi-frequency dielectric sensor for combined moisture and soil
ions sensing, while in Pandey et al. (2013c) we showed how dielectric-mixing models can be
reasoned to analyze the multi-frequency dielectric measurements to estimate the soil moisture
and ion concentrations. We have also shown that the quarter wavelength monopole antenna
can be used dually as a sensor probe as well as a transmitting/receiving antenna. This was
achieved by separating the low-frequency sensing path from high frequency transmission path
using a diplexer.

A limitation of the monopole electrodes is their size, which at carrier frequency of 915
MHz must be 8.2 cm standing vertically on a horizontal ground plane (Note we chose a carrier
frequency of 915 MHz, as although a lower frequency will offer a superior range, the size of the
antenna would become even larger). An antenna height of 8.2 cm is clearly not very convenient
for underground applications as the in-situ nature of agricultural application calls for a small
embedded antenna. Integration of our soil sensors with microstrip antenna, a flat structure, can
make the sensors more compact and more usable for in-situ operation. For wireless interfacing,
planar microstrip antennas exist and are widely used owing to their small size, low cost and
ease of integration. Such antennas have also been used to dual as sensing probes Soontornpipit

et al. (2006) in soil-moisture sensing applications.
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Microstrip patch antenna/probe combination has also been investigated as part of our own
earlier research Pandey et al. (2013a). The input impedance of the microstrip patch was shown
to vary with surrounding nitrate and moisture concentrations and was used to detect the
changes in moisture and nitrate concentrations in soil. While flattened in vertical dimension,
regular microstrip patch antennas still suffer the size issue since they are not small enough in
size in the other two dimensions (e.g. 11.5 cm x 9.3 cm at 915MHz carrier frequency). The 11.5
cm x 9.3 cm size of a flattened regular patch antenna size is an improvement over a monopole,
but the size is still much larger compared to the rest of the circuit.

This work presents a metamaterial inspired small flat antenna that provides a practical

solution for an underground application. The main contributions of this work are:

1. A new metamaterial inspired CRLH antenna that reduces the antenna size by about 93%

of the original patch antenna.

2. Application of the CRLH antenna as the sensing element by using a diplexer that allows
the use of the CRLH patch as a probe at low frequencies and as transmitting/receiving

antenna at higher frequencies.

3. Mapping the measured input impedance of the CRLH patch embedded in its surroundings

to its complex permittivity.

4. Improvement in the accuracy of the sensor by accounting for the influence of the parasitic

capacitances in our measurements.

The new antenna design along with an inbuilt self-calibrating mechanism makes our sensor
suitable for underground application such as soil nitrate management or for a hand held device
such as in food safety or microbial detection applications. A multi-power mode transceiver
system has been designed to support the implementation of an energy efficient medium-access-
control (MAC) protocol. Rest of the paper is organized as follows: Section II provides an
overview of our multi-frequency impedance measurement system. Section III presents a discus-

sion on design and fabrication of CRLH patch. Section IV presents the experimental validation



61

of real and imaginary parts of impedance measurements over the frequencies of 1-40MHz. Sec-

tion V concludes the paper.

4.2 Overview: Multi-frequency Impedance Measurement

We have recently designed and tested a dielectric measurement based soil impedance sensor
that can sense at multi-frequencies (hence accurate & reliable), is self-calibrating (hence robust),
possesses wireless interface (hence can be located in-situ), and is also energy-efficient Pandey
et al. (2013b). The sensor architecture, consisting of probe and antenna, directional couplers,
phase locked loop (PLL), amplitude and phase detector, switches/diplexer, microprocessor &

transceiver, is shown in Fig. 4.2.
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Figure 4.2 Dielectric sensor architecture.

Upon startup, the microprocessor programs the 12C interface of the programmable PLL
to generate a signal of known frequency. The frequency of the probing signal is chosen in
the range of 1-30 MHz, and is chosen so that a significant variation in real and imaginary
part of the soil impedance can be observed. While the lower limit of 1 MHz on frequency is
put by the architecture of the sensor, the upper limit of 30 MHz was obtained experimentally
as above this value the soil reactance becomes close to zero. A slight increase in this value
can provide more data points to analyze but beyond that no useful information on soil ionic
concentration can be extracted from it. The probing signal is sent through the transmission
line to the SP6T switch, which is programmed by the microprocessor to select among a set

of known loads plus the unknown soil-sample load. The incident and reflected signals to and
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from the load are captured using the directional couplers and are passed on to a detector
which calculates the amplitude and phase of each signal and passes this information to the
microprocessor for further processing and transmission via antenna. These values are received
by the microprocessor through an in-built 12-bit ADC. In the calibration mode, when the loads
are of known values, these values are used to calculate the calibration parameters that correlate
the reflection coefficients (ratio of reflected to incident) measured at the couplers to those at
the load through a 3-parameter bilinear transform. In the measurement mode, when the load
is the soil-sample, these calibration parameters are used to find out the reflection coefficient for
an unknown load from its value measured at the directional coupler, through the same bilinear
transform whose parameters were determined in the calibration mode. The reflection coefficient
value is then used to determine the unknown load impedance that contains the information
about the soil contents (moisture and nutrients).

The resistive versus reactive soil impedance measurements over 1-30 MHz by our sensor
are shown in Figs. 4.3 and 4.4. The accuracy of our in-situ sensor is confirmed against the
measurements from a lab equipment, a network analyzer, HP8714ES (plots also shown in the
same figures). A more than 90% accuracy over the range of 3-30 MHz in soil reactance was

observed.
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Figure 4.4 Measured soil reactance.
4.3 CRLH patch Antenna/Sensor-Probe

The propagation constant for a signal traveling in soil is given by:

v = \[i2nfu@rf(e + je) = a+ 8 (4.1)

where f is the transmission frequency of 915 MHz, « is the attenuation factor while 3 is the

phase constant. On solving this equation for o we get:

1"

oz:27rfJM2€( 14+ ()2 1), (4.2)

e
where ¢ and ¢’ are the real and imaginary parts of soil permittivity. It can be observed
that the attenuation factor « increases linearly with frequency (and so loss exponentially with
frequency). Thus, increasing the frequency, f, increases the losses in the transmission signal
and decreases the antenna range. On the other hand, lowering the frequency (to counter path
losses) increases the width, W as well as the length, L of a patch antenna as can be seen from

the equations (4.3) and (4.4) in which f appears in the denominator Balanis (2005).

C
W= (4.3)
2f /ersrl
L=— +2AL. (4.4)
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Here, ¢, is the relative permittivity of the substrate and AL is the length correction factor

given by:
€ers + 0.3 +0.264

AL = 0.412h 7 .
€eff — 0.2585- + 0.8

(4.5)

In (4.5), h is the height of the dielectric substrate and e.sy is the effective permittivity due to

multiple media (substrate dielectric and air) involved, and is given by:

e&r+1 e —1 h . _
€eff = T2 +7"2 [1+1257] 72,

=

(4.6)

Since /e, + 1 appears in denominator of (4.3), it seems that the size of the antenna can
be reduced by using a very high permittivity substrate. But a problem is that the antenna
efficiency also goes down with increasing substrate permittivity.

For the transmission frequency of 915 MHz, the length and width were calculated to be 11
cm and 8.8 cm respectively for a relative substrate permittivity of 3.55 and substrate height of
0.813 mm. The ground plane size was decided based on the analysis presented in Kumar and
Ray (2003) as: (L + 6h) x (W 4+ 6h) = 11.5 cm x 9.3 cm. Since the sensor circuitry can be
designed to fit into a relatively smaller size (7 cm x 5 cm for our on-board design), the antenna
size is the limiting factor in overall sensor size. To address this technological challenge, we look
beyond the standard materials, towards the so called metamaterials.

Metamaterials are specially constructed designs which offer electric and magnetic properties
opposite of materials found in nature such as negative permittivity and permeability. This
creates a possibility of engineering a small-sized metamaterials matching network between the
antenna and the surrounding medium so that the energy stored in the near field is radiated away.
Size improvements of factor greater than 10 compared to standard antennas have been observed
in Christophe Caloz and Rennings (2008), Richard W. Ziolkowski and Lin (2011), Ziolkowski
and Erentok (2006). Authors in Christophe Caloz and Rennings (2008) discuss a composite
right-left handed (CRLH) transmission line based antenna, with potentially improved efficiency
for small patch antennas. Another such implementation has been reported in Zhou Cheng
and lian gang (2011). In this paper, we present another design based on a standard CRLH
structure Christophe Caloz and Rennings (2008) that can also be dueled as an underground

sensing element (see Fig. 4.5 and its fabrication in Fig. 4.16).
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Figure 4.5 Dimensions of the CRLH patch.
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Figure 4.6 Unit cell structure for a right handed transmission line.

Resonance in CRLH type antenna can be understood by considering the unit-cell struc-
ture in a small patch resonating structure. For a regular transmission line, the well-known
distributed parameters structure is depicted by a series inductance followed by a shunt capac-
itance as shown in Fig. 4.6. Such structure supports only the right-handed wave propagation
which means that the phase shift observed in an incident signal along the length of structure is
positive Liao et al. (2009). In a CRLH structure, this phase shift can be either positive or neg-
ative due to the effect of apparent negative permittivity and permeability in the structure. One
type of structure that can achieve this apparent negative permittivity /permeability is shown in
Fig. 4.5, with its distributed parameter model depicted in Fig. 4.7, which contains additional

series capacitances and shunt inductances. For such a structure, the series impedance is given
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by:
i 1
Zseries = J(2mfLg — 27rfCS)' (4.7)
Similarly, shunt reactance is given by:
Vipunt = (27 fC L, (4.8)
shunt = J(&T sh 27rfLsh . .

It has been shown in Christophe Caloz and Rennings (2008) that better efficiency for a CRLH
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Figure 4.7 Unit cell structure for a CRLH transmission line.

antenna is achieved when series and shunt parts of the structure resonant at same frequency

which is given by:
1 1
Wresonant = 27Tf7°esonant = \/L C = \/L C
sUs sh“sh

(4.9)

In our antenna, series capacitance is introduced by the inter digitized finger capacitor while
shunt inductance was realized using a meander shaped microstrip stub (see Fig. 4.5 and its
fabrication in Fig. 4.16). The CRLH antenna structure was simulated using ADS (Advanced
Design System, Agilent Technologies) software and resonance was observed for both series and
shunt structures at the desired frequency of interest (915 MHz).

The antenna is fabricated on a pc board (see Fig. 4.16) with relative substrate permittivity
3.55, thickness 0.813 mm and dielectric loss tangent of 0.002 (Rogers R4003C laminate). From
simulations it was observed that although 5% improvement in efficiency can be achieved by

reducing dielectric constant to 2, the size requirement goes up by 60%. The thickness was
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Figure 4.8 Fabricated CRLH patch antenna.

chosen to fit the antenna structure in a compact volume in order to keep a small size for the
overall sensor. Hence, the chosen values give a good balance between efficiency, availability
and size for a patch structure. The metal on the top has a thickness of 0.0355 mm and a
conductivity of 5.8e7 S/m (copper). The dimensions of the antenna are shown in Fig. 4.5 while
Fig. 4.16 shows the actual fabrication. Resonant frequency of 915 MHz is demonstrated in the
reflectivity plot of Fig. 4.9. The antenna dimensions are 3 cm x 2 ¢cm which is 93.3% smaller

in area than the standard patch antenna of size 11.5 cm x 9.3 cm).

Table 4.1 Signal attenuation for a sensor buried 1m below ground

Real relative Imaginary relative Attenuation in soil Range in air above soil

permittivity permittivity (dB) (m)
) 1 -31.25 4017
) 2 -35.75 2392
5 3 -40.03 1460
5 4 -44.05 919
5) ) -47.80 597

Figure 4.9 Return loss for the fabricated antenna.

The built in transceiver system in our sensor can transmit at a maximum power of 25 dBm
while the receiver has a sensitivity of -110 dBm, meaning a 135 dB path-loss can be tolerated.

The range of our antenna can be calculated using Frii’s equation for path loss:

C

A fr

P,(dB) = P,(dB) + G4(dB) + G,(dB) + 20logio( ) + 20log1o(e™") (4.10)

where P, and P; are received and transmitted powers, Gy and G, are transmitting antenna gain

and receiving antenna gain, and r is the distance between transmitting and receiving antenna.
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In our setting, P, = —110 dBm, P, = 25 dBm, G, = Gy = 0 dBm, f = 915 MHz, and « is
determined using Equation 4.2 by plugging € and €’ values from Table 4.1, which also lists the
calculated ranges r, assuming that antenna is buried 0.25 m below the soil surface.

The real part of soil permittivity is dominated by saline water concentration, whereas the
imaginary part of the soil permittivity is governed by the concentration of free ions. According
to Chighladze et al. (2011), maximum value of nitrate concentration in a typical clay-loam
field is 200 mg~'L~! which results in a soil permittivity of approximately 5+ j5 at 20% by
volume moisture content for frequencies above 14 MHz. Hence, we have used this value as the
worst case scenario for making range calculations; the other range values are calculated at the
same moisture level but lower nitrate concentrations so the soil permittivity ranges from 5+
to 5457, yielding range values between 4017 m and 597 m. It can be seen that even for large
values of nitrate concentration in soil (which cause the imaginary part of relative permittivity
to rise) while keeping the same moisture level, the antenna range remains 597 m. Thus, the
proposed antenna can be effectively used to communicate with above the air satellite/base

station located in the field while the sensors are buried 0.25 m below the ground.

4.4 Test Results

4.4.0.12 Comparison with Network Analyzer

The soil impedance was measured by our on-board sensor Pandey et al. (2013b) and for
comparison of its accuracy also by a Network Analyzer (HP8714ES). The CRLH patch sensing
element, along with its surrounding medium, namely soil, presents itself as a load impedance to
the sensor. The measurement data recoded by the on-board sensor is transmitted to a receiver
which first calculates the calibration parameters and using those, calculates the unknown load
of the surrounding soil. The imaginary part of impedance measured using the on-board sensor
showed a better than 85% match with those measured using the network analyzer in the range
1-40 MHz while real part showed accuracy better than 70% for frequencies above 15 MHz. (see
Figs. 4.10 and 4.11). The lack of accuracy in real part could be due to non-uniform distribution

of ions in the vicinity of the sensor during two sets of measurement. Also the higher range of
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1-40 MHz as compared to the previous 1-30 MHz provides a larger dataset so that a more

informative analysis on soil ionic concentration can be carried out.

4.4.0.13 Admittance variation with varying moisture and nitrate conditions

Figs. 4.12 and 4.13 show the variation in patch admittance with changing values of sodium
nitrate solution. A 100 mili molar sodium nitrate solution was added in steps of 4% by volume
increments to the soil that had sensor with the patch, acting as a probe (as well as antenna, at
another frequency), buried into it. It was observed that the measured conductance (reciprocal
of the real-part of impedance) of the patch increased as the concentration of sodium nitrate
was increased in soil, whereas there was a much smaller variation in the susceptance (reciprocal
of the imaginary-part of impedance) value. This demonstrates that the accurate measurement,
of soil impedance (equivalently, admittance) using microstrip patch sensing probe at multiple
frequencies has the potential to successfully detect changes in ionic concentration in soil. The
dielectric mixing models Sihvola (1999) that determine the permittivity of a mixture as a
function of the composition and content of the mixture, together with the dielectric relaxation
models Santamarina et al. (2001) that determine the permittivity as a function of the frequency
can be employed to estimate the concentrations of moisture versus nitrates versus air in the

soil from the measurements, as is the case in Pandey et al. (2013d).

4.4.1 Estimation of water and nitrate using CRLH sensing element

As done in previous chapter, the estimated fraction of solution is shown in Fig. 4.14 and
compared with the actual amount of solution added. High inaccuracy is observed for high
concentrations (more than 20%). In the low-range (less than 8%) the maximum error was
found to be less than 20%. One factor that causes larger error for lower concentrations is that
the initial amount of solution acts as bound Santamarina et al. (2001) and hence needs to be
treated separately. On assuming a 4% fraction of bound solution, the results are within 10%
of the actual value of the saline water fraction.

The conductivity of a dielectric mixture has been shown to increase with increasing con-

centration of saline solution. The conductance of soil dielectric mixture is proportional to the
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imaginary part of dielectric permittivity. For a dielectric mixture with saline solution as a
constituent, all the conductivity is provided by the moving ions in the saline solution. The
other constituents, air and soil bulk are non conducting. Hence, once we have an estimate of
fractional volume of saline solution, we can predict the amount of ions present by relating the
conductivity at a single frequency with the molar concentration of ions present in the overall
volume. The increase in conductivity at 1 MHz with increasing molar fraction on sodium nitrate
is shown in Fig. 4.15. At concentrations above 20 uM, the conductivity is linear. Since a 50
mM solution of sodium nitrate was used for the experiment, the lower concentration of nitrate
implies a lower concentration of fractional saline water volume which in turn means a larger
fraction of saline water being in the bound form. Since conductance is directly proportional to
the concentration of ions in water, a linear relation between conductance and concentration is
expected. The measured value of average conductance for complete frequency range is quite
close (within 5% of margin) to the expected linear model. Slight deviation is observed as soil

is not a homogeneous solution and saline water is not uniformly distributed.

4.5 Antenna Charecteristics

4.5.0.1 Simulations on metamaterial inspired patch antenna

A Metamaterial based Composite-Right-Left Handed (CRLH) transmission line antenna has
been shown in Figure 4.16. This planar antenna has been designed to be built on a pcb with
substrate permittivity 3.55, thickness 32 mils and dielectric loss tangent of 0.002. The metal
on the top has a thickness of 1.4 mils and a conductivity of 5.8e7 S/m. It has been designed
to resonate at the desired transmission frequency of 434 MHz as shown in the reflectivity plot
(Figure 4.17). The small size of the antenna makes it ideally suited for in-situ sensor-network
application.

To calculate the 3-D Electromagnetic radiation properties on the antenna, Finite element
Method has been employed using ADS Momentum software. The antenna shows a maximum
directivity of 5 dB ( Figure 4.18). This means than with proper orientation the underground

communication can be further increased by a distance which corresponds to 10 dB path loss
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(approx. 1.1 meters).

4.6 Conclusion

An on-board self-calibrating multi-frequency dielectric sensor with small sized planar patch
for sensing as well as wireless interfacing was designed, fabricated and validated against a
network analyzer. The sensor was shown to accurately measure the soil impedance at multiple
frequencies over 1-40 MHz, with less that 15% error in reactance when compared to a benchtop
network analyzer (HP8714ES). The impedances measured by the sensor is useful in estimating
the contents of individual ions and moisture in soil. This work improves upon our previous
work on underground soil moisture and nitrate sensing Pandey et al. (2013c,d) by reducing
by almost 93% antenna dimensions thus allowing the design of a compact overall sensor size,
making it suitable for field-deployment and hand-held applications.

Currently, we are working towards developing a model to relate the input impedance of
this CRLH patch sensor to the surrounding permittivity value. Such models can be applied
to data obtained in this work to determine the permittivity of the surrounding soil, and the
permittivity values at multiple frequencies can then be used to estimate ionic concentrations

Pandey et al. (2013c,d).
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Figure 4.10  Comparison of measured input reactance of patch buried in soil measured with
on-board sensor and network analyzer.

6

=c ||

2 5

s \ —On-Board Sensor

=4

E \ —Network Analyzer

£,

: \

2

LN

o \N\W‘/\
0 M |

Frequency(MHz)

Figure 4.11 Comparison of measured input resistance of patch buried in soil measured with
on-board sensor and network analyzer.
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Figure 4.18 Maximum Directivity for the CRLH patch antenna.
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CHAPTER 5. Conclusion and Future Work

5.0.1 Detection of multiple ions in soil (Nitrate and Chloride)

From the experiments done on detecting concentration of saline water solution in soil, we
observed that the dielectric mixture models provided close estimation to actual saline water
concentrations for low concentrations of salts. This result can be extrapolated in order to
determine presence of multiple ions in water. In Anderko and Lencka (1997), it has been
proposed that for low concentrations the specific conductance of a saline solution with 2 types
of salts is given by:

K(K) = a1k1(K) + agka(K) (5.1)

where a1 and a9 are the fractions of salts with specific conductances x1 and ko respectively
and K is the concentration at which all 3 specific conductances are measured. For high con-
centrations however, an analytical expression does not exist and the dynamics of the reaction
depends on dissociation constant of the reactions. Since typical nitrate and chlorides concen-
tration in soil is of the order 100 mgL~! (Chighladze et al. (2011)), we can assume approximate
infinite dilution and hence above mentioned formula should hold true. More over, the ionic
relaxation times increases with increase in size of ion (Santamarina et al. (2001)). Hence,

according to debye model for permittivty at multiple frequencies

€S — €xo

) 5.2
14 jwr (5.2)

/ - 1
€E=€ — J€ = €x +

nitrate and chloride ions will have different permittivity as well as different slopes for per-
mittivity variation with frequency. 50 mM of nitrates and chlorides solution were added and
concentration of each ion was increased in steps of 25 ml (5% by volume. The resulting change
in soil conductivity is shown in Fig. 5.1. It was observed that at low concentrations, con-

ductivity change with frequency is not observable but is observable at higher concentrations.
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Figure 5.1  Conductivity change with increasing concentration of multiple ions in soil.

Unfortunately, the concentration of ions in soil is typically not high enough to detect the sepa-
ration in ion conductivity at different frequencies. This leads to an interesting extension to the
existing problem. With multiple ions present in soil, we need to first separate out the different
ions using a method such as electrophoresis and then use the existing sensors to detect water

and ions concentrations.

5.0.2 Field Testing

The previously discussed On-board Sensor and microstrip patch antenna (metamaterial
based or normal) has been arranged into 2 layers. The upper layer is the patch antenna (with
3 layers: radiating top layer, dielectric fileed between top and bottom layer and the botton
ground plane ) with a coaxial input. The other end of this coaxial connection is connected to
the pcb board that contains the csensor electronic circuit. A conceptual diagram of such sensor
is shown in figure 3.10. The patch antenna acts as ’external capacitor’ sensor at low frequency.
At these frequencies, the sensor acts as a parallel plate capacitor with a known dielectric filled
between the plates. Due to the fringing effects, a part of the electric field is spread in the
region surrounding the antenna. Hence, any change in the nature of dielectric surrounding the
antenna will lead to a change in the capacitance value of the sensor. Such fringing effects have

been discussed in the past in Palmer (1937), Bai and Lonngren (2002),REINEIX and JECKO
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(1989). A High frequency Structure Simulator (HFSS) software simulation shows the effect of
changing surrounding dielectric permittivity on imaginary part of the impedance of a parallel
plate capacitor.

For field testing, these sensors will be buried approximately a ft. under ground which is a
nominal depth at which roots of the plants extract moisture and nutrients from the soil mainly
to estimate the range of the antenna as the impedance measurements have already been verified

in lab.

5.0.3 SoC Implementation

Implementing a System on Chip (SoC) of the sensor will help reduce the size as well as power
consumption. The individual components of the architecture like PLL (Phase-Locked-Loop)
for frequency synthesis, directional couplers, phase and amplitude detectors and switches can
be combined together on one SoC design. The transmission and data processing can be done by
the microprocessor which interacts with SoC based design by the programming the PLL divider
values that changed the output frequency from PLL. This signal reflects back from sensor and
is coupled to the inputs of phase and amplitude detector block. Design of each individual block
and optimizations of area, noise and power are another set of research problems which can be
looked into.

This work has been able to acheive the goals of developing an in-situ, underground, self-
calibrating, wireless, impedance sensor. Such impedance sensor find application in many fields
other than soil-content sensing. In any dielectric mixture, the change in concetration of a
constituent can be detected by change in impedance of the sensing element buried in that
mixture. We have also developed a small metamaterial-inspired antenna and shown that such
antenna can be efficiently doubled up as a small sensing element used to detect soil contents.
We have used dielectric mixing models to estimate the contents of soil. The impedance values
that we measure using our sensor can be fitted into other mathematical models (such as in

Chighladze et al. (2011)) as well.
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