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Abstract

Nowadays, energy harvesting has become an increasingly attractive research
topic due to the proliferation of radio frequency emitters. The goal is to
collect unused ambient RF energy and supply small sensors with power.
In the first part, an efficient, low-cost and low-complexity rectenna-grid is
analysed, fabricated and measured, for low-power RF input and RF density.
Despite the fact that a lossy and low-cost FR-4 substrate was used, the RF-
to-DC rectification efficiency of 20.5 % and 35.3 % is achieved at -20 and
-10 dBm power input, respectively. The rectenna was connected to a custom
DC-to-DC converter and the open voltage was increased from 298 mV to
1.4 V| charging a 1 mF capacitor at 37 min.

Monitoring, environmental variables such as soil moisture, relative hu-
midity, etc. with wireless sensor networks (WSNs) is invaluable for precision
agriculture applications. However, the effectiveness of existing low-power,
conventional (e.g. ZigBee-type) radios in large-scale deployments is limited
by power consumption, cost and complexity constraints. While the exist-
ing WSN solutions employing non-conventional, scatter-radio principles have
been restricted to communication ranges of up to a few meters, a novel joint
analog design of wireless transmitter (tag) with scatter radio and extended
communication ranges is presented in this thesis. Two sensing elements that
can be connected with the tag were implemented, a soil moisture sensor and
a plant signal sensor. The network tag with the soil moisture sensor was
selected to be evaluated in terms of accuracy and communication range. The
design is based on a custom microstrip capacitor, exploits bistatic analog
scatter radio principles and is able to wirelessly convey soil moisture per-
centage by mass (% MP) with RMS error of 1.9%. Power consumption and

communication range is on the order of 100 uWW and 100 meters, respec-
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tively. It is tailored for ultra-low cost (5 Euro per sensor) agricultural sensor

network applications for soil moisture.

Thesis Supervisor: Associate Professor Aggelos Bletsas
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Chapter 1

Introduction

With the growing popularity and applications of large-scale, sensor-based
wireless networks (e.g., structural health monitoring, human health monitor-
ing, agricultural monitoring), the need to adopt inexpensive, green commu-
nications strategies is of paramount importance. One approach is to deploy
a network comprising self-powered tags/nodes/sensor nodesﬂ that can har-
vest ambient energy from a variety of natural and man-made sources for
sustained network operation [2]. This instrument can potentially lead to
significant reduction in the costs associated with replacing batteries period-
ically. Moreover, in some deployments, owing to the sensor node location,
battery replacement may be both practically and economically infeasible, or
may involve significant risks to human life. Thus, there is a strong motiva-
tion to enable an off-the-shelf wireless sensor network (WSN) with energy
harvesting capability that would allow a sensor node to replenish part or all
of its operational costs, thereby taking the first steps towards realizing the
vision of a perennially operating network.

The concept of wireless energy harvesting and transfer is not new, rather
it was demonstrated over 100 years ago by Tesla [3]. In recent times, radio fre-
quency identification (RFID) technology is a clear example of wireless power
transmission, where such a tag operates using the incident radio frequency
(RF) power emitted by the transmitter [4]. However, there are limitations in
directly porting these approaches to WSN scenarios: the former cannot be
scaled down for the small sensors, while RFID is unable to generate enough
energy to run the local processing tasks on the node, such as powering a
micro-controller or a timer. However, given the recent advances in energy ef-

ficiency for the circuit components of a rectifier (say, diodes that require less

7 “

'In line with standard RFID terminology, the terms “tags” ,“nodes” and “sensor nodes”
will be used interchangeably.
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forward voltage threshold), and the low-power operation modes supported by
the sensor node itself (say, sleep mode consuming only ©Ws), there is a visi-
ble need for revisiting energy harvesting circuit design that, can successfully
operate a sensor node.

In order to implement a high efciency design for low-power input, a
rectenna-grid was utilized. It consists of two low-cost and low-complexity
single circuits [5] and a pair of custom antennas. RF-to-direct current (DC)
efficiency of 20.5 % is achieved, for total power input —20 dBm, or equiv-
alently, for power density 0.019 yW/cm?, as explained bellow. Next, the
rectenna was connected to a DC-to-DC converter in order to enhance the
open circuit DC voltage, from 298 mV to 1.4 V. Finally, a 1 mF capaci-
tor was charged in 37 min and the stored energy of 0.98 mJ could supply
a wireless sensor node with 20 mW power consumption, rate 1 kbps and
word-length 20 bits (0.4 mJ per packet).

As mentioned above, the WSNs have become a field of tremendous re-
search interest due to a rich and diverse variety of applications, including
large-scale environmental sensing [6,7]. Environmental variables (e.g., tem-
perature, relative humidity, soil moisture) monitoring is invaluable for preci-
sion agriculture applications. However, a common WSN platform typically
consists of a micro-controller unit (MCU) and an active radio for sensor
data transmission. Despite the fact that literature develops algorithms and
protocols for ultra large-scale networks, hundreds of nodes, large-scale out-
door demonstration deployments are rare. Work in [8] demonstrated one of
the very few examples of a large-scale, outdoor deployment. However each
node cost was on the order of 50 €, amplifying the overall network cost
and thus, restricting scaling opportunities. Additionally, work in [9] stud-
ied the complexity of cross-layer application development in typical WSN
platforms and emphasized the difficulty to implement software for robust
sensor networks. On the other hand, recent work relevant to backscatter
radio has shown significant progress towards low-cost and low-power sensing
(e.g. work in [10-13]). Backscatter communication can be implemented with
a single antenna, a switching transistor and logic that controls that switch,

such that the sensor’s antenna is alternatively terminated at different loads.
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However, inductive coupling and/or monostatic battery-less setups result in
short communication range, limiting the use of backscatter radio for broad-
area environmental sensing.

This part of work offers a novel joint analog design of wireless trans-
mitter (tag) with scatter radio and extended communication ranges. Two
sensing elements that can be connected with the tag, were implemented, a
soil moisture sensor and a plant signal sensor . The network tag
with the soil moisture sensor was selected to be evaluated in terms of accu-
racy and communication range and a proof-of-concept soil moisture sensor is
demonstrated. The design is based on a custom microstrip capacitor, exploits
bistatic analog scatter radio principles and is able to wirelessly convey soil
moisture percentage by mass (% MP) with RMS error of 1.9%, power con-
sumption and communication range on the order of 100 W and 100 meters,
respectively. It is tailored for ultra-low cost (5 € per sensor) soil moisture

agricultural wireless networks.

1.1 State of the Art

Energy harvesting has become an increasingly attractive research topic due
to the proliferation of radio frequency emitters. The goal is to collect un-
used ambient RF energy and supply with power small electrical devices,
such as sensors nodes. Three decades have passed since the rectenna (i.e.
antenna and rectifier) was first proposed for transformation of RF energy
to DC [14]. Recently, considerable research effort has been directed towards
high-efficiency. However, most prior art designs operate optimally at high
input power, e.g. greater than 0 dBm [15-19]. In order to increase the effi-
ciency at low power input, e.g. less than 0 dBm [5,20-26], substrates with
low losses [21,22,24] or hybrid designs [23]| have been used, raising the total
cost or the fabrication complexity, respectively. In [20,25] power is harvested
from a Digital TV power station and wide-band efficiency is estimated, while
in [26] ambient RF power is collected and the end-to-end efficiency is esti-
mated, as the ratio of the obtained DC energy to the captured RF energy.
Table presents analytically the achieved efficiency versus input power (or
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Table 1.1: RF-to-DC conversion efficiency versus power input/density and

frequency
work | efficiency | power input frequency
(dBm) (MHz)

[15] 65 % 25 2450
6]t [ 20 % 13.27 2000 — 18000
Tl T8 % 10 2400
182 54 % 9.54 1960
- [19] 40 % 0 2450
[20] 21 % —4.74 512 — 566
C21] | 564 % —10 900
22 50 % —17.2 2450
[23] 15 % —20 850, 1850
24 | 153 % —20 2450
~[5] 17 % —20 868
25 | 181 % —20 470 — 770
263 40 % —25.4 2110 — 2170

"Agg = A=185x%x185cm?, S =

62 W /cm?.

2Aeﬁ‘ = A =T75x6 sz, S =

200 W /cm?.

3The end-to-end efficiency as the ratio of the obtained
DC energy to the captured RF energy.

power density) and frequency, for various prior art designs.

About the sensing, dense soil moisture sensors could vastly improve ir-
rigation systems and offer tremendous water savings. Novel soil moisture
capacitive sensors have appeared in the literature, typically integrated with
a discrete wireless radio module [27], or a discrete processing chip [28], includ-
ing inkjet fabrication designs of the sensing element. In an effort to achieve
extended wireless communication ranges, while reducing the monetary and
energy cost, recent work [29], [30] proposed a joint-design of environmental
relative humidity sensing. The wireless communicator, based on analog scat-
ter radio, simplifying the radio front-end to a single transistor. Instead of
environmental relative humidity, this work offers an improved joint-design of

scatter radio and capacitive sensor. Also the plant signal sensor is described
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for future installation on the tag. The target goal of this work is a soil mois-
ture percentage (%SM) wireless sensor network with extended ranges, low

power and cost.
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Chapter 2
Energy Harvesting Design

2.1 RF-to-DC Power Converter

2.1.1 Diode Rectifier Theory

RDP
— oA _@_q
CDS RDS CDP

(a) (b)

Figure 2.1: (a) Diode series equivalent model, (b) diode parallel equivalent
model, (c) simple diode detector.

Rectifier is an electrical device that converts alternating current (AC),
which periodically reverses direction, to DC, which flows in only one direc-
tion. The RF current in antennas and transmission lines is a example of AC.
For power rectification from very low to very high current, semiconductor
diodes of various types (junction diodes, Schottky diodes, etc.) are widely
used. A junction diode equivalent circuit and simple Schottky diode rectifier
are shown in Fig. 2.1. Rpg is the diode resultant series resistance, Cpg is the
diode resultant series capacitance, Rpp is the diode resultant parallel resis-
tance, Cpp is the diode resultant parallel capacitance, Vg is the sinusoidal
source voltage and V(- is the voltage across the capacitor.

The diode capacitive impedance is mainly due to the junction capaci-
tances provided by the metal, its passivation and the semiconductor forming

the diode. AC power incident on a forward biased diode input is converted
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to DC power at the output. The current-voltage behaviour of a single met-

al/semiconductor diode is described by the Richardson equation [31] as in

1)
L:@(J§@_4) (2.1)

where I is the current through the diode, Ig is the saturation current, ¢ is the
charge of an electron, Vp is the voltage across the diode, T is the temperature
in degrees Kelvin and K is Boltzmann constant. The voltage equation around
the loop can be derived from Fig. (c) and is given in (2.2)):

Vp=Vs =V (2.2)

Since the same current flows through the diode and the capacitor, one can
find the average current through the circuit by integrating over a time
period. By substituting into , Ve can be expressed in terms of Vg
by averaging the diode current to zero. This is given in Equation [32]:

o K0, (1) o

where 6 is the series expansion of the sinusoidal source voltage. Equation
(2.3) can further be simplified for very small amplitude Vs as (2.4)):

_aVg

~4KT (2.4)

C

Equation shows that for a small voltage source, the circuit output
voltage is proportional to the square of the input sinusoidal voltage; hence
it’s so-called square law operation. Extensions of this model for voltage
multipliers and other input signals are presented in [33] and [34]. Equation
further confirms that for low input voltage (power < 10 dBm), an
impedance matching network between the source and the diode is necessary

to improve the detected output voltage and efficiency.
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matching DC converter matching
network and load network
[ VT T T T T T TS Tt Tt T T T | Bt |
! ]
Ppy !t Ly i ! |

Figure 2.2: Two-input microstrip rectifier-grid design (top layer).

2.1.2 Impedance Matching Theory

The maximum power transfer theorem states that the highest power is trans-
ferred to the load when the source resistance is the same as the load resis-
tance. For systems with both resistive and reactive impedances from source
and load, the source and the load impedance should be adjusted in a way that
they are the complex conjugate of each other through impedance matching.
For the purposes of this work, a 50 €) resistive source is chosen as reference
for load impedance matching. The antenna which captures the ambient RF
signals is tuned to provide this source resistance at resonance for the recti-
fying circuit in a complete electromagnetic (EM) wireless remote harvester.
The load is the resistance of the Schottky diodes and the actual connected re-
sistance (remote sensor node). The specific type of matching network which
can be used for complex conjugation depends on the nature of load or source
impedance, the desired RF to DC converter functionality and other factors
like circuit size, cost, etc.. The response of a matched RF to DC power con-
verter depends on the matching network used as well as the source or load

component quality factors and impedances.

2.2 Rectifier

Based on the above section a high-efficiency for low-power input, low-

cost and low-complexity rectifier (RF to DC power converter) is designed,
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Figure 2.3: The fabricated rectifier.

analyzed and fabricated. In order to decrease the total cost, a lossy substrate
is used, although losses reduce efficiency. The efficiency is increased using
a single series circuit with a single diode [5], while the total power on load
is enhanced through a rectenna-grid design, for low-power density, bellow
1 pW /cm?.

Specifically, rectification of the received RF power to DC power is achieved
using two single series rectifier circuits, consisting of a matching network and
a single diode, in each input port. Their outputs are joined together, adding
the currents from each diode and finally, feeding the load R. The latter leads
to enhancement of the power which is offered to the load, for low-power RF
density. The whole geometry is depicted in Fig. and [2.3. Low cost Schot-
tky diodes “HSMS-285B” from Avago [35] are used to build the rectifier. The
“HSMS-285B” diode can be operated as zero biased with relatively low for-
ward junction potential. This allows the realization of completely passive RF
to DC power converters for wireless energy harvesting. The “HSMS-285B”
is a single Schottky diode in a “SOT-323" package. Finally, the substrate
that is used from the fabrication is (lossy) FR-4 with €, = 4.4, tan § = 0.025,
copper thickness 0.35 pm and height 1.5 mm.

2.2.1 Design and Analysis

For simulations, Agilent Technologies’ “ADS” software is employed, with
harmonic balance and the method of moments solver. Full electromagnetic
analysis takes simultaneously into account the losses from the low-cost FR-4,

the fringing fields and the non-linear behaviour of the rectifier due to the
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Figure 2.4: T';, coefficient for two ports at 868 MHz.

diodes. As indicated above , it is assumed that the rectifier ports will
be connected to antennas with input impedance equal to 50 €2, while the (low)
power input P;,, varies from —30 dBm to —10 dBm. The system was chosen
to operate at 868 MHz, which is the UHF ISM center frequency in Europe.
In order to design the rectifier (i.e. trace dimensions and lumped elements

L;) an optimization procedure was applied. The goal was the minimization

of term,
Zin1 — 50
lLip1 = ——, 2.5
1T 2 750 (2.5)
for power input at port “17, F;,;, —20 dBm at 868 MHz, where
Vin
Zm’l == 71, (26)
Iin,l

is the input impedance at port “1”7, with port “2” matched at 50 €. After
simulation, the obtained lumped element values were Ly = 27 nH and Ly, =
1.5 nH. The load and capacitor were initially fixed at 5 k{2 and 100 pF,
respectively. The results, I';,;, are depicted in Fig. [2.4. It is observed that
the two-port rectifier circuit operates (i.e. the reflection coefficient, I';,;, is
less than —10 dBm) from about —33 dBm to —9 dBm power input.
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Figure 2.5: Rectifier efficiency versus total power input.
The RF-to-DC efficiency,

_ Pu  VE/R
B Pz B Pin,l + Pin,Z7

(2.7)

with P, the total power input at the rectifier, P,,; the power output at load
and Vg the voltage across the load, R, is estimated and depicted in Fig.
When P, = —20 dBm, 7 is equal to about 20 %, while for P;,, = —10 dBm
n reaches the peak of about 32.3 %. It is noted that n is a function of power
input, operation frequency and load, hence, the relation between them should
be tested. Next, the relation between 7, frequency and load will be shown.

Fig. shows the rectifier efficiency versus frequency for different power
inputs. When P;,, = —20 dBm, it is observed that the rectifier is tuned
at 868 MHz, as expected. The highest efficiency 34.3 % is achieved for
P, = —10 dBm but at 885 MHz. For P, = —30 dBm the peak n = 6.2 %
occurs at 850 MHz, while n = 5.2 % at 868 MHz. It is noted that load was
fixed at 5 k(2.

Finally, the relationship between efficiency and load is studied. Frequency
is now fixed at 868 MHz, and the results are shown in Fig. 2.7, It is observed
that for P, = —20 dBm and R at about 2.7 k{2, the efficiency is slightly
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Figure 2.6: Rectifier efficiency versus frequency for different power inputs.

increased from 20 % to 22 %, and for this reason the load remained fixed at
5 k). The maximum 1 = 39.3 % occurs for P;,, = —10 dBm when R is equal
to about 2.2 k2.

2.2.2 Rectifier Measurements

For validation purposes, the rectifier design is fabricated (Fig. and
tested. A Wilkinson power divider, which was also designed and fabricated,
is connected to a signal generator. First, a spectrum analyzer is connected to
each divider output, measuring the received power. Next, the spectrum ana-
lyzer is removed and power divider outputs were connected to the proposed
rectifier. The total power, P, is considered as the sum of F;, 1, P, 2, which
are the two divider output ports. A voltmeter measures the voltage across
the load, which is fixed at 5 k(2. Fig. depicts the simulated /measured

results. Good agreement between simulation and measurements is observed.
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Figure 2.7: Rectifier efficiency versus load for different power inputs.

2.3 Rectenna Grid

A crucial rectenna parameter, apart from the efficiency, is the amount of
power offered at the load. The ambient power density is usually below 1
pW /em? [20,25,26]. Given such low offered ambient power density, it is a
bend how rectenna can capture as much power as mush power as possible.

In this work a rectenna-grid scheme is used in order to provide the load
with enhanced power for low-power density. The combination point took
place at DC-area, simplifying the matching network design process. The
proposed rectifier is now connected to a pair of custom designed antennas,
eventually forming a rectifying antenna, i.e. a rectenna.

It is noted that the use of rectenna grids operating on the same frequency
is not new [15,16]. In contrast to prior art designs, our goal was to fabricate
a low-cost rectenna grid which operates adequately, in terms of efficiency
and offered power at load, for low power density and power input. The RF-
to-DC efficiency was measured according to a specific procedure which took
into account the rectenna radiation pattern and utilizes a signal generator,

a spectrum analyzer and a calibrated antenna.
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Figure 2.8: Reflection coefficient of the bow-tie antenna.

2.3.1 Rectenna Design and Radiation Pattern

A bow-tie antenna was designed by Stylianos D. Assimonis, to operate at ISM
band (around 868 MHz) and the simulated /measured reflection coefficient is
depicted in Fig. [2.8. The design is an enhanced variation of a dipole antenna
in terms of wide-band operation and low fabrication complexity. The rectifier
is accompanied by two such identical bow-tie antennas, forming a rectenna
device (Fig. with dimensions 10.5x12x 5.5 cm® (or 0.3Ax 0.35A x 0.16).
Due to the closely-spaced, vertical polarized antennas and the proximity
with rectifier, the total rectenna radiation pattern is not omni-directional
and should be estimated. For far-field simulation, Ansys HFSS was used.
Especially, the whole geometry was analyzed at 868 MHz when only one
antenna was radiated and the other, with the rectifier, acted as parasitic
elements. The simulated far-field in terms of realized gain is depicted in Fig.
2.10 and it is evident that the rectenna is directional, as expected. More
specifically, a maximum gain, G = 4.4 dB is achieved at horizontal plane, in
front of each bow-tie antenna (¢ = 0°, § = 90°). It is noted that there is
a plane symmetry at = 0. Hence, the use of two antennas (i.e. rectenna-
grid) provide the load with enhanced power for low-power density, while the

proximity between the same polarized antennas and the rectifier increases
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bow-tie
antennas

Figure 2.9: The proposed rectenna-grid consisting of two identical bow-tie
antennas.

the ability to harvest power from specific directions (directional rectennas).

2.3.2 Rectenna Efficiency

Using as rectenna RF-to-DC efficiency is not straight forward since the
rectenna does not have a 50 2 ports where measurement of the received RF
power is possible. For that reason an estimation of the incident RF power at
the measurement plane is required. Different approaches are available: (a)
using an antenna with the same geometry, matching it to 50 2 and measur-
ing the received power at each power density; (b) using the antenna effective
area obtained from simulation and multiplying with the power density at the
plane of measurement; and, (c) using the geometrical area of the antenna
and multiplying by the power density. Methods (a) and (b) could raise in-
accuracies in the efficiency calculation because the rectifier connected to the
antenna is non-linear and loads the antenna differently according to the bi-
asing conditions and power, hence, the amount of RF power received and
reflected will change. This could lead to an under estimate of available RF
power while would in turn appear as an increase in efficiency. Using approx-

imation (c), P, in is calculated as an over estimate. Since this assumes
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Figure 2.10: The estimated rectenna realized gain. Only one antenna was
radiated and the other, with the rectifier, acted as parasitic elements.

that the antenna is 100 % efficient it always leads to an under estimate of

efficiency: b ViR
_ out _ R
B Pz S - Aeff ’

where S is the power density of the incident to the rectenna plane wave and

(2.8)

A the total antenna effective area:

)\2
Aeff — EG, (29)

where A is the wave length and G the antenna gain.

Fig. shows schematically the terms S, A.g, P, and P,;. The
total RF power P;,, to be transformed to DC by the rectifier, is the sum of
the power which is captured by the two antennas. It is clear that when the
antenna gain is increased, will also increased the A.g and finally the captured
power since P, = SAqz. The same result can be obtained by increasing the
number of the antennas, hence the idea which is presented here could be
expanded and applied in n X 1 rectenna grids, where n > 2. According to
, the effective rectenna area from the both antennas, Aeg = Aegr1+ Aesr 2,
is equal to 522.86 cm?.
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Figure 2.11: Rectenna topology at far-field.

Next, the RF-to-DC efficiency was estimated: A log-periodic antenna,
connected to a signal generator was the transmitter. At a specific point in
the far-field area, one commercial and calibrated monopole antenna with gain
Gl = 1.8 dBi was placed, and connected to a spectrum analyzer, measuring

the received power, P.,. The power density S, is estimated from,

. 47'[' Pcal

S_ ﬁGcal'

(2.10)

Afterwards, the spectrum analyzer and monopole antenna was removed and
the proposed rectenna was placed at exactly the same point. Now, the voltage
across the load was measured. The RF-to-DC efficiency is depicted in Fig.
2.12] Firstly, it is observed that the rectenna and the rectifier efficiency, mea-
sured with different procedures, agree well. The slight difference is mainly
due to the estimation via simulation of G. Especially for the rectenna, for
P;,, = —20 dBm efficiency of 20.5 % is achieved, while for —10 dBm efficiency
of 35.3 %. Fig. shows the measured voltage across the 5 k{2 load. For
P;,, = —20 dBm, voltage of 110 mV across the load is measured, while for
—10 dBm voltage is equal to 450.5 mV. It is noted that load was fixed to
5 k€.

Fig. depicts the rectenna efficiency versus the ambient power density
S, of the incident plane wave. For S = 1 uW/cm? the efficiency is about
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Figure 2.12: Rectenna measured efficiency.

40 %. For 0.01 uW /cm? efficiency is 15.7 %. Similar conclusions are drawn
when the offered power at the load versus power density is studied. Fig.
depicts the results: a rectenna offers 200 uW to load when it is placed in
space with power density equal to 1 W /cm?. For extra low power density
0.01 uW /cm?, the rectenna offers at load 0.8 pWV.

2.3.3 The DC-to-DC Converter

In this section, a DC-to-DC converter is fabricated and used in order to
enhance the output voltage of the RF-to-DC rectifier. Specifically, the con-
verter design is inspired from the classical Armstrong oscillator topology and
was presented in [36]. It is an autonomous low-voltage and ultra-low power
converter. In addition to its self-powering capability (neither external energy
source nor external control are needed), this converter was optimized in or-
der to accept very high source impedance (up to several kQ2). The converter
topology is presented in Fig2.16l

This converter contains three blocks (oscillator, voltage stepping-up and
the rectifier) which are essentials for its well-functioning. The oscillator is

composed by the JFET which amplifies the gates input signal. The oscil-
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Figure 2.13: Measured voltage across the 5 k{2 load.

lator return loop is formed by the two coupled-inductors and by the gate-
source capacitor Cys (which includes main parasitic capacitors). About volt-
age stepping-up, standard over 1 V level is obtained from a very low source
voltage level (some hundreds of mV) via a high step-up ratio transformer.
The rectifier: in order to rectify JFET’s gate oscillating voltage, the gate-
source PN junction of the transistor is used. When the voltage of the gate
becomes superior to the diode threshold voltage, the diode is turned ON and
the circuit supplies the output load.

When the converter is connected to energy source, the current increases in
the primary winding; the secondary winding applies then a positive voltage
on the normally-on N- channel JFET’s gate. The gate-source PN junction of
the JFET is conducting, and the output capacitor is charged with a negative
voltage. The output voltage is therefore negative. When the primary current
reaches saturation, the voltage across the primary winding cancels and the
negative voltage of the output capacitor is applied on the gate of the JFET
pinching it off. The current in the primary winding decreases and a negative
voltage is applied by the secondary winding on the gate of the JFET, which
leads to its switching off. This peak voltage that switched off the JFET falls

back to zero and the oscillation process starts again. For the circuit is used
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Figure 2.14: Efficiency versus ambient power density.

the transformer 1 : 20 (Coilcraft “LPR6235-253PMB”) and the “BF861A”
N-channel JFET. The oscillations start-up conditions satisfied due to the low
gate-source cut-off voltage (V},) and low drain current (Ipgs) of the “BF861A”
component.

Fig. depicts the fabricated RF-to-DC rectifier and the DC-to-DC
converter. The rectenna is placed at a specific distance from signal gener-
ator in order to achieve P, equal to —20 dBm. The 5 k{2 is removed and
the DC-to-DC converter is connected through cables. The open voltage at
the output of the rectifier and the converter is now 298 mV and 1.4 V, re-
spectively. Finally, a 1 mF electrolytic capacitor is connected at the output
of the converter. and is measured the total charging time. After about 37
minutes the voltage across the capacitor is increased from 0 to 1.4 V and
0.98 mJ was stored. Assuming a wireless with rate 1 kbps, power consump-
tion 20 mW and 20 bits length-packet, the required energy per packet is
equal to 0.4 mJ, hence, the stored energy is capable to supply the sensors

nodes of this network.
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Figure 2.16: Autonomous low-voltage and ultra-low power converter

schematic with ¢, = Cy =1 nF and C,,; = 1 mF.
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Figure 2.17: The fabricated rectenna and the DC-to-DC converter.
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Chapter 3
Sensing for Scatter Radio Tag

3.1 Scatter Radio Communication

Antenna_ __RF front-end _ _ Control circuit

control signal
Antenna S11 Parameters Frequency Spectrum
I
Fe- Fsw Fe Fc+Fsw

Figure 3.1: Scatter radio communication principles: The low power RF
switch alternates the termination loads (Z; and Z5) of the antenna with
frequency Fi,. When a carrier is equal with frequency F., two sub-carriers
appear, with frequencies F, 4+ F,.

Scatter radio communication is known from 1948 [37] and today, is ex-
ploited in the RFID tags largely. RFID tags are small, low-cost devices that
are mainly utilized in object identification. Analog backscatter radio is im-
plemented with an antenna, a control circuit and the radio frequency (RF)
front-end between them (Fig. |3.1). The control circuit alternates with a spe-

cific frequency, Fi,, the termination load of the antenna through a signal
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which controls the RF switcher. The latter is located at the RF front-end
area. The different termination loads, Z; and Z,, offer different reflection

coefficient, I'y and I'y, respectively, according to,

b 42

i— 9 31
Zi+ 4k (3:1)

with i = 1,2, Z, the antenna impedance. Two typical reflection coefficients
are depicted in Fig. (down, left). Hence, when a signal with carrier
frequency, F., impinges on the tag, frequency modulation (FM) occurs and
the reflected signal on frequency domain is depicted in Fig. (down, right).

Finally, the obtained subcarriers are:

Fsub,l = Fc + FSW? (32)
Fsub,2 - Fc - st- (33)

Different Fy,, leads to different F,p;. On the other hand, the Fj, can
be affected by the soil moisture with a specific way, which will be explained

below.

3.2 Scatter Radio Sensing Topology

Carrier Emitter Sensor\\ Reader

\
N
St
il
/

Y

)))>>>/\ \/“
L o

Figure 3.2: Bistatic backscatter sensor network architecture. Low-cost emit-
ter produce the carrier signal which is modulated by sensor nodes and finally,
the reflected signal is received by a software defined radio (SDR) reader.

Classic battery-less RFID systems utilize monostatic architectures (i.e.,
reader in the same box as the carrier emitter) and incorporate high bitrate

schemes that greatly reduce the communication range down to a few meters
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[38]. On the other hand, environmental monitoring WSNs do not require
either battery-less setups or high bitrates, since environmental variables, such
as soil moisture and plant signals, change with a slow rate.

In order to increase the communication range with roundtrip path losses
reduction, the bi-static scatter radio topology was implemented [39-41], as
shown in Fig. 3.2l The carrier emitter, which was a portable simple pulse
generator with an amplifier, was placed in a different location from the reader,
which was a commercial software defined radio (SDR). The emitter-to-tag
and tag-to-reader distance is de; and dy,, respectively (Fig. .

RF Frontend  Power Supply Timer module
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Figure 3.3: Sensor schematic diagram with scatter radio: capacitance varies
the timer output frequency, producing a variable-frequency pulse that con-
trols a RF switch; the latter is directly connected to the antenna. [42,43].

The tag is a low-power, low-complexity and low-cost, analog device. Ac-
cording to the Fig.[3.3], the tag consists of the RF front-end, the power supply
part, the timer module and the sensor (capacitive soil moisture sensor). The
tag in bistatic topology, scatters soil moisture percentage (%SM) using ana-
log, frequency modulation (FM) at ranges on the order of 100 meters. This
manuscript describes the proposed tag system, including a indoor testbed at
the end.
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Figure 3.4: The astable multivibrator circuit with 5 V power supply.

3.3 Analog Frequency Modulator

The purpose of the sensor node is to produce voltage pulses of frequency that
depends on the %SM and use these pulses to control the rate with which the
antenna termination loads are alternated. The soil moisture capacitive sensor
converts the soil moisture to capacitance (Cep,) then timer module converts
the Cyy to frequency (Fyy) for the RF front-end switching.

An astable multivibrator circuit plays the role of the capacitance-to-
frequency (CtF) converter. A multivibrator is an electronic circuit (Fig.
used to implement a variety of simple two-state systems such as oscillators,
timers and flip-flops. The name ”"multivibrator” was initially applied to the
free-running oscillator version of the circuit because its output waveform
was rich in harmonics. The type of multivibrator that used in this work is
the astable, in which the circuit is not stable in either state; it continually
switches from one state to the other. It functions as a relaxation oscillator.

The heart of this astable multivibrator circuit is the monolithic timer
“CSSH55” from Custom Silicon Solutions. The “CSS555” is a micro-power
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version of the popular 555 timer IC. It features an operating current un-
der 5 A and a minimum supply voltage of 1.2 V. It actually can be user-
programmed to work in various modes, but for the circuit described here, it
is used in the standard 555 mode as it comes from the factory. There are four
pins that play a critical part in the timer’s operation in this mode: “trigger”
(TRG), “threshold” (THR), “discharge” (DIS) and “output” (OUT).

At the 555 astable setup, at the start of an ongoing cycle, the timing
capacitor C' starts charging up through resistors Ry and Ry (green arrow at
Fig. ; the DIS pin is open and the output pin is “high” (i.e. at the supply
voltage V..). When the rising capacitor voltage reaches the upper trip point,
which is 2/3 of V., the OUT and DIS pins go “low”, i.e. are connected to
ground or 0 V. The capacitor voltage then drops via resistor Ry (red arrow
at Fig. until the lower trip voltage, 1/3 V.., is reached. This brings the
TRG pin to the lower trip voltage and that causes the OUT pin to go “high”
again and the DIS pin to disconnect. The cycle then repeats itself as before.
Note that the reset pin must be connected “high” for operation; setting this
pin “low’ stops the timer and the output pin goes “low”.

The lengths of the “high” and “low” periods are determined by the values
of Ry, Ry and C'. The “high” time is inherently longer than “low” because
the resistance for charging the capacitor is R+ Rs, whereas the discharge
resistance is just Ry. The capacitor (C') is periodically charged and dis-
charged through resistors Ry and Ry (Fig. . Thus the frequency Fi, and
duty cycle which is the ratio of time the output pin is “low” to the total
time of a cycle, D of the square wave produced at the output of the astable

multivibrator are given by:

1
Fo = , 3.4
(R1 + 2R2)C'In(2) (3-4)
R+ Ry
D— 1T .
Ry 4+ 2R, (3:5)

The diagram below (Fig. ) shows an example how the voltage cycles at

the output pin and the timing capacitor (C'). The values of the components
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were R1=100 2, Ry=1 k2, C=100 nF, V.,.=5 V. After the initial energizing
of the circuit, steady state operation is established and the capacitor voltage
cycles between 1/3 and 2/3 of the supply voltage. On its upward rise, the
voltage at the output pin is “high”, V.. on its downward discharge, the

output voltage is “low”, 0 V.

2500w 2/3 Vcc

Volts

1/3Vcc

5 Q, R % 7 % 7 7 E 2 2 2 2 K i s 7
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Time

Figure 3.5: Output (blue) voltage and timing capacitor C' (yellow) voltage.

In order to adjust the total capacitance range of the tag, capacitor C, is
connected in parallel with the custom sensing capacitor C.,, as described in
Section [3.5 Thus, the total capacitance C'is given by:

C =Cy+ Con. (3.6)

The tag is supplied from a 3 V lithium-ion battery (type CR2032) and
through a voltage reference IC, the timer module operates on input voltage
of V..=1.8 V ( i.e power supply part in Fig. . A switch was also placed
in the Ry loop, for power consumption reduction. Now there is not current
flow through R; while timer output is “low” (see section [3.7).

It is noted that D is always over 50 % since R1 > 0. The voltage pulses
(Fyy in Fig. that are produced by the timer module, are driven to the RF
switch and, as described in section , subcarrier (i.e., switching) frequencies

are produced when a continuous wave is incident on the antenna. Frequency
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modulation of the %SM is implemented, since the value of the subcarrier

frequency depends on the value of %SM.

3.4 RF Front-End

3.4.1 Analysis

The RF front-end (RF front-end in Fig. is the part of tag witch is
responsible for the scattering and therefore its operation is crucial for the
communication efficiency of the semi-passive tags. The main purpose of the
RF front-end is to maximize scatter radio performance. It is consist of an
RF switch, an antenna and a control signal (CTRL). The modulation of the
scatter signal, (fig. up) is performed by the RF switch and its control
signal comes from the output of the timer module part (Fyy).

The RF switch “ADG919” from Analog Devices was chosen due to its
low insertion loss (0.8 dB at 1 GHz) and high isolation (43 dB at 1 GHz).
It can be operated from 1.65 V to 2.75 V power supply voltage and its cost
is 2.08 €. The switch operates between two states; open circuit and short
circuit. For each state ¢, the antenna terminals have a value Z; (different
loads 7, Z, in fig. up) and the antenna-tag system has a corresponding
reflection coefficient I';. The latter describes relation of the amplitude of the
reflected wave relative to that of the incident wave and it can be depicted
on the Smith chart (as in Fig. . The reflection coefficient I'; of the tag-
antenna system for the i-th state of the switch is given by [3.1. Hence, the
amplitude of the complex reflection coefficient difference between the two
states, or equivalently between two loads, Z;, Z,, connected to the antenna
is,

Drr = |I't = Ty (3.7)

Scatter efficiency is largely dependent on the term Dgp which, in the
ideal case, when I';s are diametrically opposite on the Smith chart, equals
to 2. As Dgp increases, scatter performance is improved [44] and therefore

it is desired to develop an RF front-end that amounts for a value of Dgp
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Figure 3.6: I';s on the Smith chart.

that is as close to 2 as possible. However, due to losses and phase that is
introduced by the non-idealities of the switch and the printed circuit board

(PCB) layout, Dgp = 2 is not easily achieved.

3.4.2 Design and Fabrication

The design and the fabrication of the RF front-end was based on the [30] in
order to select Z;s such that I';s are diametrically opposite on the Smith chart
and maximize the communication efficiency. A separate from the sensor and
the timer module, wave-guide structure was fabricated using the CadSoft
EAGLE PCB design software (Fig. , . The structure is connected
with three cables with the timer module. The first cable is the GND, the
second is the CTRL signal (i.e. voltage pulses Fi, in Fig. that are
produced by the timer module and the third is the power supply voltage.
In Fig. can be seen that the switch, is placed very close to the antenna,
at the end of the RF front-end geometry in order to avoid introducing phase
difference. The mutual coupling reduction, on the RF front-end, is achieved

due to the vias near the sma connector and the physical dimensions of the
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Figure 3.7: Front-end coplanar waveguide structure.

structure.

Experimentation with the specific front-end indicated that Z; = 3.5 —
56.57 and Zy = —1.2+57.5i, for —20 dBm power input at 868 MHz. Assuming
Zy = 50 € for antenna load, Drr = 1.944 which is a highly improved result
near to 2. It is obvious that scatter radio performance is improved in terms

of Drr which will in turn lead to improved communication performance.

3.5 Soil Moisture Sensor

This work is aimed at developing wireless sensors for the preventive and
proactive management in agriculture, including real-time crop monitoring,
analysis and proactive and preventive care solutions for crops. Crop data
gathered using wireless precision sensors such as soil moisture sensors would
have significant application particularly to measure the by mass water con-
tent of the soil in a certain plot of land. This work serves the purpose of
presenting the development of a wireless soil moisture sensor which has high
sensitivity, robust and low cost with potential for commercialization. Fring-
ing electric and magnetic field sensors are widely used for non-destructive
measurements of material properties. This general principle allows design of
sensors for a very broad spectrum of applications including relating changes in
electrical properties to physical properties such as temperature, density, de-
fects, moisture etc [45]. The performance of fringing electric field (FEF) sen-

sors is typically evaluated based on their penetration depth, signal strength,
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measurement sensitivity and linearity. All of these factors depend on sen-
sor geometry [46]. Since 1960s, a number of theoretical and experimental
investigations have contributed to different aspects of FEF technology in-
cluding electric field modelling, industrial and scientific applications, design
optimization, and parameter estimation [47]. The soil moisture percentage
(%SM) accurate measurements are important to land activities, especially
those involving agriculture, forestry, hydrology, and engineering. The vari-
ation of soil dielectric constant leads to a change in the capacitance values,
which can be captured with proper circuit design. The objective of the sensor
design is we want it to be small and affordable, able to do remote monitoring
(wireless), durable, robust in the field and easy to deploy. In this section,the
FEF soil moisture sensor out of a printed circuit board as a capacitive based

sensor is presented.

3.5.1 Theory

There are many popular projects about plant care automation in the elec-
tronics community. Recent examples include the “Garduino system”, and the
“twitter-enabled Botanicalls”. Both of these systems rely on the fact that
the resistance of soil that contains water is lower than the resistance of soil
that contains less water. This works, but it has two important drawbacks.

First of all, the electrodes suffer from degradation due to oxidation. The
voltage applied to the electrodes in the soil attracts oppositely-charged ions
present in the soil or water. These ions then deposit on the surface of the
electrode. These oxides are insulators, leading an increasing resistance of
the electrodes over time. Second, water is actually a rather poor conductor
compared to the impurities it contains. Soil resistance is therefore dependent
upon the contamination in the soil more than the moisture content. This
means that resistive methods require a calibration step that depends on the
soil composition.

According to another idea, soil moisture content may be determined via
its effect on dielectric constant by measuring the capacitance between two

electrodes implanted in the soil. Where soil moisture is predominantly in
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the form of free water, the dielectric constant is directly proportional to the
moisture content. A FEF sensor can be visualized as a parallel plate capaci-
tor, whose electrodes open up to provide a one-sided access to material under
test. The basic idea of FEF sensing is to apply a spatially periodic electrical
potential to the surface of the soil. The combination of signals produced by
variation of the spatial period of the inter-digital electrodes combined with
the variation of electrical excitation frequency potentially provides extensive
information about the spatial profiles and dielectric spectroscopy of the soil.

The capacitor sensor consists of two copper electrodes mounted on the
circuit board at some distance (see below) from the top of the head. These
electrodes form the plates of the capacitor with the soil, acting as the dielec-
tric in between. The plates are connected to an oscillator, consisting of the
astable multivibrator circuit (CtF converter [3.3). The oscillating electric
field is generated between the two plates and extends into the soil medium
through the wall of the sensor. Changes in dielectric constant of surrounding
media are detected by changes in the operating frequency. The output of the
sensor is the frequency response of the soils capacitance due to its moisture
level.

The application for such a device is measuring the water content of soil
(%SM), where the volume of water in the total volume of soil most heavily
influences the dielectric permittivity of the soil. Dielectric permittivity of
water (£,=80) is much greater than the other constituents of the soil (mineral
soil: E,=4, organic matter: E,=4). When the amount of water changes in
the soil, a probe will measure a change in capacitance due to the change in
dielectric permittivity that can be directly correlated with a change in water

content.

3.5.2 Sensor Design

According to Fig. alternate current signal is supplied to the driven elec-
trodes -1- and the output signal will be measured from the sensing electrodes
-2-. FR4 PCB material is used as the substrate -3- and has height 1.5 mm.

The purpose of ground plane electrode -4- is to reduce parasitic capacitance
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Figure 3.8: Schematic diagram of cross section of FEF soil moisture sensor. [1]

in order to increase sensor sensitivity. Spatial wavelength Ac -5- is defined as
the distance between the centerlines of neighbouring electrodes of the same
type. In our design is about 8 mm. Half Ac (4 mm) is the distance between
the centerlines of the adjacent electrode belonging to different electrodes -6-
(drive-sense electrode). The electrode width -7- and distance between dif-
ferent electrodes -8- is usually 1/4 Ac . The thickness of the electrode -9- is
made from copper material and it is 0.35 pum. The sensor device electrode
is coated with a certain thickness of insulator (subsection: to obtain
more robust sensor device.

According to the soil moisture sensor is represented as a capacitor
Csm and as shown in Fig. 3.3/ the drive electrode of the sensor is connected to
the THR pin of 555 timer. The sense and drive electrodes were placed side by
side and the ground plane underneath them is to control the flux distribution
(Fig. . In this work, the finger width was fixed at 2 mm and the finger
length was fixed at 18 mm. The sense electrode was connected to the GND
of tag and the ground plane was not connected to the sense electrode in
order to reduce the overall capacitance of the sensor. The drive electrode is
driven by a sinusoidal time varying signal with known amplitude and radian
frequency. This signal is the timing capacitor voltage (Fig. and its
frequency is equivalent with the Fy, at the output of the CtF converter.
The sense electrode is capacitively loaded. Electric fields originating from

the driving electrodes penetrate through the soil and then terminate on the
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Figure 3.10: ADS 3D Preview of sensors electrodes, the ports are used for
model simulation.

sensing electrodes. The dielectric properties of the soil alter the distribution
of the field lines.

3.5.3 Simulation

Simulations are conducted using Agilent Technologies ADS software, with the
method of moments solver. The quality of the results from moment method
depends on model definition as well as mesh generation and the frequency
plan. When the right model and mesh are chosen, moments simulations can
generate results with high accuracy. For the simulation only the design of
sensing area with the GND plane has been analysed, excluding the electronic
circuitry effect.

Firstly, a layout design of sensor was created as is depicted in Fig.
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with parameters: mesh =1 GHz, frequency plan =50 to 100 kHz. The method
of moments solver was achieved after that. Two separate cases of simula-
tion related with relative dielectric permittivity of the dielectric were imple-
mented. In one case the sensor was simulated with air as dielectric material
(Ey=1) and in the other case was simulated with water as dielectric material
(Ey= 80). It is noted that between the sensor and the dielectric has been
placed a thin layer of polyester resin as insulation (see below) with E,= 4.
In order to be calculated the capacitance of sensor from the method of
moments, were exported the scattering matrix (S parameters), the admit-
tance matrix (Y parameters) and the impedance matrix (Z parameters). The

effective capacitance C, Cy, C5 in pF was calculated by,

12

—e
Gy = 3.8
! QWF*imag(%’ly (3.8)
ol2
Co = 3.9
2 QWF*imag(%’ly (3.9)
_el2
Cs = : 3.10)
27TF * imag((Zl,lZQ,Q)Z;(IZLQZQ,l)) (

Fig. shows the capacitance value of C3 from two different
simulation cases (air and water) versus the number of sensor fingers. The
capacitance value is increased when the number of fingers are increased.
There is no ground electrode and this shows that the increment of finger
number do influence the capacitance value of the moisture sensor. Thus, the

sensitivity of the sensor will be increased.

3.5.4 Fabrication and Insulation

After the simulation the design with six drive fingers (11 fingers) was selected
in order to reduce the capacitance of the sensor.

The sensor was fabricated using the lab’s “CNC” milling machine and



3.5. Soil Moisture Sensor 47

180

160( |8~ Air
-©-Water

[

o

o
T

= =

o N

o o
T T

Capacitance (pF)

1=

1 12 13 14 15 16 17
Number of fingers

Figure 3.11: Capacitance(pf) vs Number of drive fingers.

in order for the fingers to be really waterproof, four types of isolation were
tested. During the work, the PCB solder mask, the plastic tape, the PCB
coating spray and the polyester resin material were tested (Fig. .

To make sure that the different types of isolation on the sensor was really
waterproof, an extended soak test was performed. In order to be usable
the sensor needs to have a resistance that is at least an order of magnitude
larger than the discharge resistor in the measuring system, even after being
submerged for a significant period of time. The sensor is designed with a
resistor in the mega-ohm range. The resistance needs to remain above 10 M2
or so. After 12 hours in a glass of water, the resistance must be still above the
highest range on the multi-meter. After the tests only the polyester material
was considered suitable for the sensor insulation and so the other materials

were rejected.

3.5.5 Measurements

The sensor after the installation of insulation was connected to a reference
analog frequency modulation through two coaxial cables with known capac-

itance per meter. The output frequency was measured in the air and in a

the glass of water and through the (3.4) and (3.6) was calculated the final
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Figure 3.12: Fabricated sensors with different types of insulation.

capacitance of the sensor, Cy,,. The theoretical results with the experimental
had a deviation of the order of 3 pF. According to sections and the
sensor was placed together with the rest of the circuit in a single board and

was calibrated in a soil sample at 7 cm depth.

3.6 Plant Signal Sensor

3.6.1 Analysis

The electrical signals generated by plants are associated with their health
status, as wells as the corresponding environmental conditions (e.g. water
deficit, temperature, pollination, wounding etc.) [48], [49]. These studies
have shown that plants respond rapidly to external stimuli by producing
electrical signals through the animal-like neural system that they enclose.

Slow wave potentials (VP) and rapid propagated potentials (AP) are
two types of electrical signals that are associated with pollination, watering,
temperature changes, wounding and mechanical stress [50]. Other studies
indicate specific avocado electrical signals that denote severe water deficit
condition in avocado trees, [51] and [52].

The existing studies that are associated with the investigation of the plant
signalling have been conducted with special equipment that doesn’t offer a

wide scale testbed of the plant signalling that provides in the same time a
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Figure 3.13: Instrumentation amplifier schematic.

low cost sensor per plant. Specifically, desktop exquisite laboratory ampli-
fiers and data loggers have been used in order to provide signal condition and
data logging operation. At [52] and [51], a laboratory multimeter (“KEITH-
LEY 2701”) and micro-probe amplifier (“WP M-707") are deployed, respec-
tively, for signal conditioning. In this work we present the development of
special sensor that interfaces the electrical signals that are produced from
plants. The signal condition circuit is composed of a low cost instrumenta-
tion amplifier. The instrumentation amplifier offers, accuracy, stability and
high common rejection rate which eliminates the parasitic common signals
of both pairs of electrodes-cables.

In order to provide a wireless sensor for agricultural purposes that a plant
can be interfaced by a low cost and low power node, a semi passive backscatter
tag powered with voltage circuit oscillator (VCO) will be developed. The
Backscatter tag, provided with a low power timer, configured as VCO and
the plant signal sensor, will be able in the future, to backscatter the value of

the electrical potential back to reader.

3.6.2 Circuit Design

The instrumentation (or instrumentational) amplifier circuit is a type of dif-

ferential amplifier that has been outfitted with input buffer amplifiers, which
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eliminate the need for input impedance matching and thus make the ampli-
fier particularly suitable for use in plants signals measurements. Additional
characteristics include very low DC offset, low drift, low noise, high open-loop
gain, high common-mode rejection ratio, and high input impedances. The
electronic instrumentation amplifier internally composed of 3 operational am-
plifiers (op-amps) as is depicted in fig. These are arranged so that there
is one op-amp to buffer each input (+, -), and one to produce the desired
output with adequate impedance matching for the function. Furthermore an
extra op-amp is used to supply a voltage reference to the circuit. The gain

and the output of the circuit is:

_ s
-%

2R,

G
Rgain

(1+ ), (3.11)

Vour = (Va = V1)G + Vier. (3.12)

The rightmost amplifier, along with the resistors labelled Ry and Rj is just
the standard differential amplifier circuit, with gain = R3/R» and differential
input resistance, 2Ry. The two amplifiers on the left are the buffers. With
Rgain removed (open circuited), they are simple unity gain buffers; the circuit
will work in that state, with gain simply equal to R3/Rs and high input
impedance because of the buffers. The single resistor Ry, between the two
inverting inputs is a method that increases the differential-mode gain of the
buffer pair while leaving the common-mode gain equal to 1. This increases
the common-mode rejection ratio (CMRR) of the circuit and also enables the
buffers to handle much larger common-mode signals without clipping than
would be the case if they were separate and had the same gain. Another
benefit of the method is that it boosts the gain using a single resistor rather
than a pair, thus avoiding a resistor-matching problem (although the two R;s
need to be matched), and very conveniently allowing the gain of the circuit
to be changed by changing the value of a single resistor. A potentiometer
used for Rguin, providing easy changes to the gain of the circuit, without the

complexity of having to switch matched pairs of resistors.
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Figure 3.14: Fabricated sensor and calibration characteristic.

The ideal common-mode gain of an instrumentation amplifier is zero. In
the circuit shown, common-mode gain is caused by mismatches in the values
of the equally numbered resistors and by the mismatch in common mode
gains of the two input op-amps.

In the circuit was used the quad operational amplifier “MCP6044” by
MICROCHIP. It is low cost (1.2 €) with a low typical operating current
of 600 nA and an offset voltage, less than 3 mV. Finally the “MCP6044”

operates with a single supply voltage that can be as low as 1.4 V.

3.6.3 Fabrication and Measurements

The plant signal sensor circuit design (Fig. [4.1] was implemented at Cad-
Soft EAGLE PCB design software and was followed the PCB construction
at the CNC milling machine. In order to achieve G = 1, Rgain Was removed
(open circuit) and the other resistor values were R1= Ry=R3=100 k.
After the PCB construction (fig. small photo), the sensor was con-
nected to three power supply signals (Vo , V; and V,ef) and was measured the
output voltage (V5u). The sensor was calibrated using the aforementioned
procedure (i.e Least Squares Fitting) for Vo= 30 mV to 2.3 V, with V=
100 mV. Using the characteristic function depicted in fig. [3.14], the results
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Figure 3.15: Current consumption at Ry loop with (third graph) and without
(second graph) the switch.

were compared to a reference sensor.

3.7 Power Supply

The power supply circuit (power supply in Fig. is a crucial part of
the tag, since the battery life depends on it. Its purpose is to provide a
stable reference voltage to the tag, and to enable the connection of energy
harvesting devices. For this purpose, a battery, a voltage reference integrated
circuit (IC) and two capacitors have been utilized. The power source of
the sensor is a 3 V lithium-ion battery (type “CR2032”). The battery was
connected to the input of the voltage reference IC (“REF3318AIDBZT” by
Texas Instruments) which provides a stable voltage (V) 1.8 V to the timer
module. The IC consumes 5 uA and is utilized to accommodate battery
voltage drops.

The total power dissipation of the tag depends on multiple factors and is

calculated below:
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Piot = Peon + Py (3.13)

Each of the variables above denote a factor that consumes power. Particu-
larly, Py, is the average power required for charging the timer capacitors. As
observed above is not dissipated power on resistor R; and the reason is that
has been placed a switch (“SN74LVC1G3157” by Texas Instruments) in the
Ry loop. The switch is closed when timer output is logic “low”, so there is
no leakage current through the resistor. The switch (sw) is evident in timer
module in Fig. 3.3l In Fig. can be seen the current consumption at R
loop, with and without the switch (third and second graph) for the example
of Fig. . When the capacitor has been reached at 1/3 of supply voltage,
in the third graph is observed an instant peak due to the change of switch
status from “OFF” to “ON”.

P, is the quiescent power dissipated by the timer, the voltage reference
IC, and the R; switch IC. The components that were utilized in the tag
design consume a quiescent power Py = 17.87 uW.

As stated above, due to the astable operation of the timer, the total
capacitance C' = C,+Csy is charged from V.. /3 to 2V, /3 in (R + R2)C In(2)
seconds. Therefore, since a first-order RC' circuit is formed by R;, Ry and
C, the voltage V,(t) which is developed across C' and the current I(t), drawn
by the power supply, are given by:

Ve(t) = Vee(1 — e<R1;§2)C) + V.(0) e(Rlﬁ’iz)C, (3.14)
Vee — Ve(t)

I[(t) = ——F=, 3.15

(®) R+ Ry ( )

where V,(0) = V../3 is the initial condition of the capacitor voltage. Thus,
using (3.14) and (3.15), the average power P drawn by the power source,
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Vie, during a period of 1/F is calculated as follows:

(R1+R2)C In(2)
Py= F/ Vee I(t) dt (3.16)
0

V2
= 3 T2k ) (3.17)

For example considering a tag with Ry = 8.8 k), Ry, = 17.6 k) and
C = 1020 pF operating at F,, = 30 kHz consumes P, = 40.74 uW and
P, =17.87 pW summing the previous P, = 58.61 ¢W. As can be seen from
the above calculations the value of R; resistor is half the value of Ry resistor.
This is because we have defined the duty cycle (D) to be 60 %. By solving
the =0.6 have Ry =Ry/2. It would be ideal as you will see below, have
D =50 %.

The duty cycle effects the communication performance since the imple-
mented receiver depends on the power of the fundamental subcarrier fre-

quency of the scatter radio signal. The latter is given by [53]:

™

2
P(ay) = [A\/ﬁ sin(ﬂD)] , (3.18)
where A is the peak-to-peak amplitude of the pulse signal. For D = 50 %,
the P(a;) is maximized; when the duty cycle is higher (or lower) than 50 %,
the power of the fundamental frequency is decreased. Above is an example
with tree tags with the same subcarrier frequency of 51 kHz, where one tag
has D = 50 % the other has D = 60 % and the last has D =75 %, then
the total power consumption and power of their fundamental frequencies are
calculated using (3.4), and (3.18). The results are presented in Table
It is observed that all the sensors have the same power consumption
due to the switch’s position in the R; loop. Regarding the power of their
fundamental frequencies, the sensor node with D = 50 % has the maximum
P(ay), the second one with D = 60 % has a smaller value P(a;) than the
first. The latter lacks of power in its fundamental frequency by a factor of

1.81, which in turn will result in less accurate reception.
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Table 3.1: Example of three tags with different duty cycle D.

Ri(kQ) | Ra(kQ) | D(%) | Pt iW) | Play)
0 7.8 50 132.5 (A\/5)2/7r2
3.1 6.2 60 132.5 (1.814%) /72
7.8 39 75 132.5 AT
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Figure 3.16: Power consumption of ten tags.

In in Fig. 3.16|is presented the power consumption of ten tags that each
of these has different center frequency (kHz) and the same D = 60 %. It is
observed that when the center frequency of tags increased from 30 kHz to
57 kHz, the power consumption also is increased, and the increment is not
linear.

Finally according the above example the ultra-low power consumption of
32.5 uA at 1.8 V (58.61 uW), provides a lifetime of 12.8 months of continuous
(not duty-cycled) operation with the utilization of a 300 mAh “CR2032”
battery.
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Figure 3.17: Scheme for networking multiple tags. Each tag operates in
different frequency bands, while guard bands are set up in between to avoid
collision.

3.8 Multiple Access

In this work were constructed four sensor nodes with each of them operating
in different center frequency. This WSN employs a multiple access control
(MAC) scheme that is responsible for the simultaneous communication of
multiple tags with the receiver. As described above, the output frequency
(Fi) of the 555 timer module, and as a result, the subcarrier frequency,
depends on the %SM value. The frequency division multiple access (FDMA)
is adopted which works in a way that every tag is assigned a distinct frequency
band for operation, in order to avoid collision [11], [54]. The Fig. shows
the idea, where can be observed that each tag is allocated a specific frequency
band and, also, guard-bands are employed between adjacent sensor-bands.

Many of the above backscatter nodes can operate simultaneously, using
FDMA. Fig. depicts the obtained subcarriers of four sensor nodes and
the carrier at 868 MHz. Frequency shifting of the produced subcarriers is
achieved when soil moisture changes from 0 % to 100 %, while, simultane-
ously, signal collision is avoided. In order to avoid collisions the each sensor
has a specific frequency band (bandwidth) and between adjacent sensor-
bands there is a guard-band of 1 kHz. In figure are illustrated the subcarriers
that corresponding to 0 % SM.

The subcarrier frequency value of each sensor is controlled by the values



3.8. Multiple Access 57

Power (dBm)

Frequency (kHz)

Figure 3.18: Sensor network spectrum for sensors 1, 2, 3, 4. Sensors 1, 2 and
3, 4 occupy a bandwidth of 1 and 5 kHz, respectively.

of resistors and capacitors (R, Ry, C' ) in the RC network that is attached
to the timer module. Therefore, the center frequency as well as the total
spectrum that each tag occupies can be controlled by selecting components
with appropriate values. Specifically, size of the spectrum band that the i-
th tag/sensor occupies depends on the lowest and highest frequency that is
produced by the timer. Let FJ, ; and FJ
output of the i-th tag. The subcarrier frequency is produced by the timer
module when the %SM is 100 and 0, respectively. Then, by using (3.4), the

total bandwidth B; for the i-th tag is calculated follows:

denote the subcarrier frequency

B; = Fu; — Fi,
(3-4) (36) 1 1

Cyq—CL
_ , 3.19

where R; = Ry; + 2Ry; and Cf, and Cy are the sensing capacitance values for
0 %SM and 100 %SM, respectively. The C},; and R; at i-th node using (3.4)
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and (3.19), is :

Bi C + FSI\;Vi Cu—C
€y = DG T (G 2 ), (3:20)
B;
1 B;
Rii=-Ry: = . : 3.21
Y2 3 () FE (Cu - Cu) (FL + BY) 20

The FDMA scheme is implemented, simply with the utilization of specific
capacitor and resistor values, based on the calculations above.

During the scatter radio communication, even and odd harmonics are
created that can distort the subcarriers of the following tags in frequency

band. Fig. 3.19 depicts the subcarriers and harmonics of sensor 1 and sensor
2.

Power (dBm)

Frequency (kHz)

Figure 3.19: Sensor network spectrum for sensors 1, 2. Harmonics and spu-
rious signals are observed.

3.9 Sensor Node Construction

Four nodes were fabricated in-house in order to evaluate the proposed sys-
tem. The circuit was designed at CadSoft EAGLE PCB design software

(Fig. |4.3, 4.4) and followed the PCB construction at the lab’ s CNC milling
machine.
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Figure 3.20: Fabricated circuit board with capacitive sensor, power supply
circuit and timer module circuit.

In Fig. [3.20 is presented the sensor node including the fabricated mi-
crostrip capacitive sensor and its parts as explained in the previous sections.
The battery was placed in the back due to lack of space, and the GND plane
don’t cover the entire surface of the circuit. For completion of the sensor
board, was placed a “ON OFF” switch to turn off the power from the bat-
tery, and two headers for the output frequency and GND.

At each backscatter sensor node the bow-tie antenna with the RF front-
end was located well above the ground, while the fabricated capacitor was
placed into the soil. The connection between the switch and the timer was
established via shielded coaxial cables (Fig. 3.21]).

3.10 Receiver

The receiver utilizes a commodity SDR platform based on homodyne archi-
tecture. A periodogram-based, subcarrier frequency F} estimator was imple-

mented for each i-tag:

F; = argmax |X(F)J?% (3.22)

FelF;L,Fin]
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Figure 3.21: Left: Installation of the sensor on an avocado plant with uti-
lization of “IP65”-rated enclosures. Right: Close-up view of the fabricated
Sensor.

where, X (F) is the Fourier transform of the baseband downconverted and
carrier frequency offset (CFO)-compensated signal. CFO estimation and
compensation was based on time and frequency domain techniques [55]. Fi;
and Fp; denote the lowest and highest possible frequency output of the i-th
tag, respectively, which are a-priori known. Thus, the frequency compo-
nent with the maximum power for each spectrum band is estimated as the

corresponding sensor’s output frequency.

3.11 Calibration

Calibration is one of the most important procedures that affect the accuracy
of sensors. It is the process of calculating the transfer function that converts
the output of the sensor to a value of interest. Calibration involves monitoring
the nodes’ frequency output for various %SM values and calculating the
corresponding transfer function using polynomial fitting. The purpose of this
method is to find such polynomial function that its outputs exhibit minimal
deviation from the recorded outputs for the corresponding stimuli [56,57].
The output of the device under calibration is monitored for stimuli condition

and least squares approximation is applied in order to find the terms of the
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Figure 3.22: Measured soil moisture (%) characteristic and fitted function
versus frequency.

polynomial.
In order to emulate different %SM conditions, a sample of soil was dried
in a microwave oven and weighted. Flowingly, specific amount of water was

poured and the %SM is calculated as follows:

Mw — Mp

M:
%S T

(3.23)
where My and Mp is the mass (in grams) of the wet and dried soil sample,
respectively. Fig. depicts the transfer function and the %SM samples
from a node for a soil moisture value of 55 — 95 %. It is prominent that
frequency is almost a linear function of %SM. The subcarrier frequency data,
collected during the calibration procedure (1500 samples), were input into
the transfer function in order to characterize the measurement accuracy of
the nodes. The %SM output of the transfer function was compared with the
reference measurements. It was found that the nodes exhibit a root mean
squared error (RMSE) and a mean absolute error (MAE) of 0.1 %SM and
0.08 %SM, respectively, which is sufficient for precision agriculture.

The theoretical relationship of the tag’s frequency output value with the
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%SM value can be calculated using . However, deviations from non-ideal
values of the tag’s components (e.g., tolerance of capacitors, resistors, timer,
sensor etc) result in deviations from (3.4). In order to avoid those deviations,
the calibration process is utilized for each tag.

The real-world application of a network with soil moisture sensors targets
an outdoor field. Such environments exhibit great temperature variations,
that significantly affect the operation of the electronic circuits within the tag.
For example, the “CSS555” timer exhibits a temperature drift of 40 ppm/°C
and, thus, for a tag with nominal subcarrier frequency 50 kHz, a total change
of 15°C results to a frequency shift of 30 Hz. Hence, for a tag that occupies
a bandwidth of 2 kHz, this frequency shift amounts to 1.5 % of the tag’s
bandwidth and a %SM error of the same order (in percentage). It’s obvious
that the %SM error is not important in our case so it is unnecessary to be

compensated this effect with calibration process.

3.12 Ranges and Cost

A setup, which consists of a receiver, a node operating at 28.5 kHz and an
emitter which produced a carrier wave (CW) with 20 mW power, was utilized
in order to investigate the backscatter nodes’ communication performance.
The equipment was set up in bistatic topology with do, = 7.5 m and d;, =
100 m. The frequency value of the sensor was monitored using a data-logger
and it was compared with the corresponding estimated frequency at the
reader. An RMSE of 1.9 %SM was observed for a dataset of 1500 samples.
The cost of each sensor in quantities of 1 is 5 € (the SMA connector is
not included in the price, since the antenna will be integrated with the RF

front-end in future designs).

3.13 Testbed

Finally a bistatic topology, testbed with two sensor nodes (sensors 1, 2 in

Fig. 3.18)) was installed in a basil plant in the lab (Fig. 3.23)). The frequency
data that was collected for a period 3 hours are illustrated in Fig. |3.24. It is



3.13. Testbed 63

_;E USRP reader

Figure 3.23: Indoor setup testbed of the bistatic analog backscatter archi-
tecture.

observed that after the watering instance, the output frequency of the nodes

changes instantly, while it settles after approximately 20 minutes.
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Figure 3.24: Soil moisture measurements of two sensors for 3 hours.
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Chapter 4
Conclusions

4.1 Conclusion

In the first part of this thesis, a high efficiency, low-cost (with lossy FR-4
substrate), low-complexity (single diode in a series configuration) rectenna-
grid is presented. The performance is evaluated via two ways; the rectifier
is connected directly to a signal generator or the latter radiates through
a log-periodic antenna and the rectenna grid receives energy at far-field.
Measurements from both procedures agree with simulation and demonstrate
high efficiency rectification, for low-power density, low-power input and low-
cost. Emphasis was given on collecting and offering as much power as possible
at the load. Finally, the rectenna was connected to a DC-to-DC converter
and the energy stored in a capacitor is able to supply a node.

The second part develops a sensor network node that costs 5 € and con-
sumes power on the order of 100 4W. The backscatter sensor nodes consists
of a CtF implemented with a 555 timer that can be connected with two
sensing elements, a custom capacitive soil moisture sensor and a plant sig-
nal sensor. Soil moisture sensor was selected to be embedded on the tag.
Soil moisture is frequency modulated and the voltage pulses of the converter
are driven to the single-switch RF front-end that implements scatter-radio
communication. The scattered signals are received by the SDR reader that
converts frequency to %SM via a carefully calculated calibration function.
Soil moisture is measured by the nodes with an RMSE and MAE on the or-
der of 0.1 and 0.08 %SM respectively. For communication range of d;=7.5 m
and di;=100 m the RMSE is on the order of 1.9 %SM. For the networking
capability, the sensors utilize an FDMA scheme that is implemented via the

installation of specific passive components on each node.
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4.2 Future Work

Future work could target to extend the capabilities of the developed system
in terms of scale, greater communication range and even power. About
the scale, efforts will focus on developing and deploying an ultra large scale
network of such sensor nodes. Finally the goal is to be designed battery-less
sensor nodes embedded with RF power harvesters so they may be powered
wirelessly. In the wireless powering system, a single emitter or a network of
them will power multiple sensor devices. Power harvester receivers embedded
inside the sensor nodes will receive RF energy up to 7 meters away from the

emitters broadcasting radio waves at 868 MHz.
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Table 4.1: Plant signal sensor bill of materials.

# | Qty. Schematic ID Description Man. ID

1 5 R1, R2, P3, R4, R5 Res., 100 kS2, 603, RC0603JR-07100KL
21 2 R6, R7 Res., 50 kQ, 603, ERA-3AEB154V
3 2 RS, R9 Trimmer Res., 100 k€2, , 3314G-1-104E

1 1 IC1 IC OPAMP MCP6044 TSSOP14 | MCP6044T-1/STCT-ND
5 6 V1, V2, RFIN, VOUT, VREF, GND 2x1 DIP Header SSA-132-S-T

Table 4.2: Tag bill of materials.

# ‘ Qty. ‘ Schematic ID ‘ Description ‘ Man. ID

1 4 C1, C2, C3, C9 Cap., 0.1uF, 603, C0805C104K3RACTU
2 2 C4, C10 Cap., 1uF, 1206 C0805C105K8RACTU
3 1 BAT1 CR2032 Batt. Holder BS-7

4 2 JP_POW, JP_PV1 2x1 DIP Header SSA-132-S-T

5 2 U_R1.SWITCH | IC Switch SPDT 6-TSSOP | SN74LVC1G3157DCKR
6 1 D_VREF Voltage Ref. 1C REF3018AIDBZT

7 1 U555 CSS555 Timer 1C CSS555-1D

8 2 R_555_1, R.5552 Timing Res. N/A

9 2 C5, C6, C7 Timing Cap. N/A

10 1 ADG919 RF Switch 8-MSOP ADG919BRMZ-ND
11 1 L1, RF Chocke BLM18GG471SN1D
12 1 JP_SMA SMA RF Conn. 142-0701-806

13 2 JP_1, JP2JP3 2x1 DIP Header SSA-132-S-T
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Plant Signal Sensor
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Figure 4.1: Schematic of plant signal sensor.
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Figure 4.2: PCB layout of plant signal sensor.



70

Appendix

dI5N3A5T [ L0 H S04 50

ul

215D
A
GGG~

T

=z

(] [m]
2
LN J

oo 1|

=
%

2as awg w2 ¥a il
umm tcmm T HOLIMSTTH™N 2|

< @ aan £2
jasalyl X Twom

AL L0+

=
=
D-I
o
=

TLbg
I

[F==Va] # ] D
ul

438n f

TGS
0 \—||
]

HJILINS MOd dr

H._H_J_U.\_._”Q

Jsore1npoly housnbss4 boleuy yinoJ1) Riddng Jemod

Figure 4.3: Schematic of timer module, soil moisture sensor and power supply

circuit.
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Figure 4.4: PCB layout of timer module, soil moisture sensor and power
supply circuit.
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Figure 4.5: Schematic of RF front-end.
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Figure 4.6: PCB layout of RF front-end.
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Figure 4.7: The various tag and sensor prototypes that were fabricated.
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