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Abstract

There is a growing interest in employing sub-soil sensing systems to support pre-
cision agriculture. This thesis presents the design of an RFID sub-soil sensing
system which is based on integrating passive RFID technology and sub-soil sens-
ing technology. The proposed RFID sub-soil system comprises of an above-ground
RFID reader and a number of RFID sub-soil sensor nodes. The key feature of
the system is that the sensor nodes do not require an on-board battery, as they
are capable of harvesting energy from the ElectroMagnetic (EM) field generated
by the RFID reader. The sensor nodes then transmit sensor measurements to the
reader wirelessly through soil. With the proposed RFID sub-soil system, the high
path loss of the sub-soil wireless channel is a significant problem which leads to
the challenge for the system to achieve an acceptable Quality of Service (QoS). In
this project, the path loss in soil has been characterised through CST simulations.
In the simulations, the effect of the soil on the sensor node antenna has also been
investigated. This thesis also presents the design and implementation of a pro-
grammable RFID reader platform and an embedded RFID sensor node prototype.
The RFID reader platform is implemented using a National Instruments (NI) PXI
system, and it is configured and controlled by NI LabVIEW software. The sen-
sor node prototype is capable of harvesting RF energy and transmitting sensor
measurements from a temperature sensor through backscatter communication. A
series of sub-soil experiments have been carried out to evaluate the performance
of the RFID sensor node prototype using the PXI-based RFID reader platform.
The experimental results are presented and analysed in this thesis. Additionally,
this work has explored trade-offs in the system design, and these design trade-offs

are summarised and described.
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Chapter 1
Introduction

More than 2.8 billion people around the World are affected by water scarcity.
This problem is becoming increasingly serious owing to the need for the use of
new agricultural lands, for example in the desert [9], to feed a growing World
population. There is a growing interest in implementing electronic systems using
emerging modern technologies for precision agriculture to tackle the challenge of
world food and water shortages. Precision agriculture is commonly defined as a
farming management concept, which merges modern technologies such as sensing
technology and wireless communication technology with farming methods [10].
The aim of developing precision agriculture is to optimise the field-level manage-
ment to improve farming efficiency and also enhance quality of the farm products
[11].

1.1 Motivations

The research described in this thesis is primarily motivated by the significant
benefits of tackling the challenge of world food and water shortage using sub-soil
sensing systems for supporting precision agriculture. Sub-soil sensing systems
enable farmers to monitor the sub-soil environmental parameters, such as soil
temperature, moisture and nutrients which are essential for crop growth. Sensor
measurements provided by these systems can be typically used to predict the
actual amount of elements, such as nutrients, water, herbicides and pesticides,
required by a field. Compared to traditional terrestrial sensing systems, sub-soil

sensing systems enable more precise control in adjusting suitable underground
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conditions for crop growth. For example, a sub-soil sensing system equipped
with moisture sensors is able to measure the soil moisture content at the vicinity
of the rhizosphere. This helps farmers to supply the amount of water actually

needed by the crops and also to avoid over-watering.

The other motivation of this work is the potential benefits to farmers from
a battery-free communication system being capable of wireless sub-soil sensing.
The vast majority of sub-soil sensing systems [3], 12} 13| 14! [15], 16}, 17, 18, 19} 20]
do not meet requirements of modern farming practice. These systems have two
common systems designs: 1) wired sensor nodes are used to avoid the problems of
wireless communication through soil, and 2) the sensor nodes are equipped with
an on-board battery to supply the sensor node. These two designs will give rise to
problems in practice. The wired systems are slow to deploy and are at risk of be-
ing damaged by farm machinery. There are farm fields, such as vineyards, where
the wired systems can be feasible. When using batteries to supply sub-soil sensor
nodes, it is infeasible to retrieve the sensor nodes from below the ground regu-
larly to charge or replace their batteries. In addition, there is a concern that most

batteries contain chemical materials [21] which are environmentally unacceptable.

1.2 Aims and Objectives

This PhD project aims to design, implement and evaluate a Radio-Frequency
[Dentification (RFID) sub-soil sensing system for supporting precision agricul-
ture. The proposed system integrates passive RFID technology and sub-soil
sensing technology. Passive RFID is an evolving technology which was originally
utilised for identification purposes [22]. With a passive RFID system, the RFID
tags are not equipped with an on-board battery, and the tag antenna harvests
energy from the EM field generated by the RFID reader. An on-tag microcon-
troller and RF circuit then transmit data back to the RFID reader. Passive RFID
technology provides a potential solution for the implementation of a sensor node

in environments where batteries are undesirable or prohibited.

The proposed RFID sub-soil system consists of an RFID reader (interrogator)

and a number of RFID sensor nodes. The key feature of the proposed system
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is that the sensor nodes do not contain an on-board battery and are capable of
harvesting energy from the ElectroMagnetic (EM) field generated by the RFID
reader. The sensor nodes transmit sensor measurements to the RFID reader
wirelessly through the soil. Chapter |3 describes and analyses the operational re-
quirements of the proposed RFID sub-soil system system. The high level design
of the proposed system is presented in Chapter [l

The primary emphasis of this research is on achieving effective RFID com-
munication through soil. A complete RFID communication involves two links:
the power link and the communication link. In the power link, a sub-soil sen-
sor node harvests energy from the RF field generated by the RFID reader. The
communication link refers to the transmission of sensor measurements from the
sensor node to the RFID reader. The development of sensing technology has not
been a focus in this research, but the energy budget of on-board sensors has been
considered in the system design. The main objectives of this work can be divided

into four categories as described below.

e EM modelling and simulation - The first objective was to develop an
EM model of the RFID sub-soil system. The EM model can be used to
investigate the effect of the soil on the performance of the sub-soil antenna

and the path loss in soil.

e Implementation of a programmable RFID reader platform - The
second objective was to implement a software-defined RFID reader plat-
form, which can be configured to implement a custom communication pro-

tocol and to perform system performance evaluation.

e Design and implementation of a passive RFID sensor node pro-
totype - The third objective was to design and prototype a passive RFID
sensor node by integrating passive RFID technology, embedded system tech-
nology and commercial sensors. The sensor node prototype is expected to
harvest energy from EM fields and transmitting sensor measurements wire-

lessly.

e Evaluation of the RFID sensor node prototype through practical

trials - The fourth objective was to evaluate the performance of the RFID
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sensor node prototype. The evaluation involves a series of practical experi-
ments. In the experiments, the following parameters should be considered:
the depth of the sensor node within the soil, the height of the reader an-
tenna above the soil, the transmission power of the RFID reader, and the
soil moisture content. Soil moisture contents stated in this work refer to a

soil volumetric moisture level.

e Exploration of design trade-offs of the system - The final objective
was to explore design trade-offs of the system by considering a range of
parameters such as: the depth of the sensor node, the volume of the sensor
node, the energy budget of the sensor node, the transmission power of the
RFID reader and the height of the reader antenna.

1.3 Challenges

The challenge for the proposed RFID sub-soil system is to achieve effective wire-
less communication through soil, and the high path loss of the sub-soil wireless
channel is a significant problem. The frequency band of 860 MHz to 960 MHz
[6] is a popular range in which most of commercial RFID systems operate. At
900 MHz, the path loss in soil can easily be 40 dB/m greater than in air due to
RF absorption by soil constituents [7].

Without an on-board battery, the RFID sub-soil sensor node must harvest en-
ergy from the EM field generated by the RFID reader which is positioned above
the ground surface. The harvested energy will be typically stored using an en-
ergy storage component and then converted to system voltages using a DC/DC
converter. Therefore, there will be a charging time for the sensor node to harvest
sufficient energy in order to meet the energy budget of the sensor node. The high
path loss limits the energy that can be harvested by the sensor node, and so can
lead to a long charging time. As will be presented in Chapter [4 the RFID reader
can be mounted on a moving tractor to interrogate the sub-soil sensor nodes
within a farm field. A long charging time of the sensor node requires the tractor
to move at an unacceptably slow speed. Thus, the energy harvesting efficiency
of the sensor node and the transmission power of the RFID reader need to be

maximised.
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In the communication link, the RFID sensor node transmits sensor measure-
ments back to the RFID reader using backscatter modulation. The high path loss
in the soil can result in a heavily attenuated signal arriving back at the RFID
reader. This would have a direct impact on the Bit Error Rate (BER) perfor-
mance of the communication link. Thus, there is a need to maximise the power of
the backscattered signal arriving at the RFID reader. Potential methods include:
increasing the transmission power of the RFID reader, decreasing the depth of

the sensor node, and lowering the height of the reader antenna.

In practice, a physically small sensor node is desirable, which makes the node
easy to deploy. The node antenna is the size-limiting factor. A larger antenna
is typically more efficient at harvesting RF power. However, a larger antenna
can lead to a larger sensor node enclosure which affects the system deployment
efficiency. Operating at higher frequency will reduce the size of antenna, but the
path loss in soil increases with increasing frequency. Hence, there is a need to ex-

plore the trade-off between the antenna size and the overall system performance.

With the proposed RFID sub-soil system, the sensor node antenna is posi-
tioned in close proximity to the soil which behaves as a lossy medium to EM
waves. The soil can affect the antenna radiation pattern, efficiency and resonant
frequency [23] 24, 25]. This has the potential to degrade the performance of the
proposed RFID sub-soil system. Hence, the influence of the soil on the node

antenna must be minimised.

1.4 Structure of Thesis

This thesis consists of 12 chapters, and the descriptions of these chapters are

summarised below.

e Chapter 1 - Introduction: describes the motivations, aim, objectives

and challenges of this project.

e Chapter 2 - Literature Review: reviews the development of precision

agriculture, the implementations of Wireless Sensor Networks (WSNs) in
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agricultural applications, passive RFID technology and the characterisation

of wireless underground channels.

e Chapter 3 - System Requirements Analysis: captures and analyses

the design requirements of the proposed RFID sub-soil system.

e Chapter 4 - High Level Design: illustrates the high level design of the
proposed RFID sub-soil system.

e Chapter 5 - CST Electromagnetic Modelling: presents the design of
CST EM models for simulating the proposed RFID sub-soil system.

e Chapter 6 - CST Simulations and Results: describes CST simulations
for investigating the impact of the soil on a sub-soil antenna and character-

ing the path loss in soil, and presents the simulation results.

e Chapter 7 - PXI-based RFID Reader Platform: shows the design and
implementation of an RFID reader platform using a National Instruments
(NI) PXI system.

e Chapter 8 - RFID Sensor Node Prototype: details the design, imple-
mentation and evaluation of a passive RFID sensor node prototype which is
capable of harvesting energy from EM fields and transmitting measurements

from a temperature sensor through backscatter modulation.

e Chapter 9 - Sub-soil Experiments: describes the methods and arrange-
ment of a series of sub-soil experiments for evaluating the performance of
the RFID sensor node prototype as well as characterising the path loss in
the soil.

e Chapter 10 - Experimental Results and Analysis: presents and anal-
yses the experimental results of the sensor node performance evaluation and

the path loss characterisation.

e Chapter 11 - System Design Considerations: considers the future

system design and provides design trade-off analyses.

e Chapter 12 - Conclusions and Future Work: summaries the achieve-
ments over the period of this project and describes the work which needs

to be undertaken in the future.



Chapter 2

Literature Review

2.1 Introduction

This chapter primarily reviews the existing research on developing precision agri-
culture and Wireless Sensor Networks technology for sub-soil sensing. Section 2.2]
describes the development of technologies in precision agriculture. In Section [2.3]
recent implementations of Wireless Sensor Networks (WSNs) systems for under-
ground sensing are reviewed. Section introduces passive RFID technology in
terms of near-field RFID systems and far-field RFID systems. Finally, the re-

search on sub-soil wireless channel is presented in Section

2.2 Development of Precision Agriculture

2.2.1 Technologies in precision agriculture

The development of precision agriculture was started in the late 20th century
when Johnson et al. [26] put forward the idea of implementing technologies in-
cluding automation, sensing and location systems in agriculture. The basis of
precision agriculture is summarised as - “the spatial and temporal variability in
soil and crop factors within a field [27]”. Since this variability is significantly
affected by soil conditions, such as soil moisture and soil temperature, there is an
increasing requirement in precision agriculture for collecting accurate information
about the variability of selected soil parameters within a field. Soil samples were

taken manually from regions of fields to a laboratory for analysing soil nutrients
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in the first application of precision agriculture developed by Soil Teq in USA [2§],
and this method is called soil sampling. Based on the analysed results, farmers
are able to map nutritional needs within a field. Fertilising efficiency can then
be significantly improved by meeting actual needs of crops and avoiding over-
fertilising. Soil sampling is still being used in precision agriculture [29], but it is

not an efficient method due to the manual nature of the sampling task.

Global Positioning Systems (GPSs), Geographic Information Systems (GISs)
and Remote Sensing systems can also provide technologies which maximise ben-
efits to farmers from precision agriculture. A GPS is able to provide accurate
location information which helps farmers map the measured data in a field and
analyse the in-field variability. A GIS enables farmers to visualise agricultural en-
vironments by collecting, computing and analysing background information such
as ecological conditions, actual physiognomy, and crops conditions [30]. There
is an increasing interest in developing Remote Sensing systems for large-scale
crop inventory and yield predictions [31],[32] [33] and [34]. Most of the Remote
Sensing systems typically integrate GPS technology, GIS technology and satellite
imagery or camera imagery. But using those systems is always expensive and
most of farmers cannot afford it. In addition, farmers will need training to ex-

tract useful information from these systems [31].

There are researchers who are seeking to develop sensors technology for achiev-
ing efficient sub-soil sensing. Those sensors generally convert physical quantities
into signals which can be measured by an observer or an instrument. Adamchuk
et al. [I1] reviewed the recent reported concepts for the on-the-go measurements
of soil mechanical, physical and chemical characteristics, and summarised five

sensors types:

e clectrical and electromagnetic;

optical and radiometric sensors;

mechanical sensors;

acoustic sensors;

pneumatic sensors.
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With the exception of electrical and electromagnetic, most of sensors tech-
nologies are still under development. For example, Electrical Conductivity (EC)
sensors have been already deployed in several commercial implementations for
precision agriculture [35], 36]. These sensors are designed to measure the soil EC
map which correlates with soil properties including soil texture, soil moisture,
organic matter level and salinity [37]. Two commercial EC sensing systems, Veris
3100 [38] and EM38 [39] designed for agricultural applications were described and
compared by Sudduth et al.[40]. The Veris 3100 system is equipped with six coul-
ters which are rolled through the field for measuring the Electrical Conductivity
(EC) of the soil [38]. The EM38 system measures the soil EC map using the
non-contact electromagnetic induction sensors which can be moved over a field

with farm machinery [39)].

These EC sensing systems provide an automated method of sampling soil
properties with farm machinery which is more efficient than manual soil sam-
pling. But the EC sensing systems still cannot significantly improve farming
efficiency as the information provided by the system cannot be directly used in
farming activities. For example, when using an EC sensing system for irrigation,
the farmers will need to firstly analyse and calibrate the collected soil EC data,
and then implement irrigation through controlling the volume of water outputs
based on the analysed result. However, the change of soil environments is dy-
namic, and the analysed data cannot reflect the actual soil moisture levels in real
time. In addition, factors such as farm machinery speed, soil temperature and
moisture can have significant effects on EC measurements in soil [40], which will

lead to an inaccurate analysis.

2.2.2 Wired and fixed sensor networks systems

Rather than the EC sensing system, an increasing number of farmers are consid-
ering commercial sensors which are capable of directly providing measurements
of environmental parameters. For example, the SM 150 moisture sensor [41]
provides the measurement of soil moisture level by generating a stable analogue
output which is a function of the soil moisture level. When burying the SM

150 moisture sensor within soil, the farmers can simply obtain the soil moisture
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measurements within seconds by electrically powering the sensor and then mea-
suring the voltage output from the sensor. The energy budget of the sensor is
approximately 90 mW with a warm-up time of 0.5 s - 1.0 s, and the sensor can
be powered using batteries. In addition to soil moisture, there are commercial
sensors which can be used in agriculture for measuring environmental parameters
such as temperature, pH value, pressure and oxygen which farmers are interested
in. Table presents the examples of the sensors.

Table 2.1: Attributes of commercial sensors.

Sensors Power budget (mW) | Maximum dimension (cm)
SM 150 soil moisture [41] 90 5.1
LMP91200-based pH [42] | 0.195 (pH mode) 0.66
ICT02 soil oxygen [43] 240 6.5
Honeywell pressure [44] 10 1.6
TMP 37 temperature [45] 0.165 0.5

The LMP91200-based pH sensor or the SM 150 soil moisture sensor requires
two electrodes to have a physical contact with soil for sensing soil pH values or
soil moisture levels. The use of the electrodes increases the size of the sensors. For
example the SM 150 typically uses the 9.1 cm long electrodes, which increases
the overall sensor size to 14 cm [41]. The ICT02 soil oxygen sensor does not
need to use electrodes for sensing soil oxygen content, but it is required to be
totally buried within soil [43]. Regarding the TMP37 temperature sensor [45]
and the Honeywell pressure sensor [44], they have to be enclosed by water-proof
materials when using them for measuring temperature and pressure in sub-soil
environments. Some of the sensors will operate with response time or warm-up
time which can lead to the high energy budget. The SM 150 soil moisture sensor
requires a warm-up time of 0.5 s - 1.0 s [41], the ICT02 soil oxygen sensor can
spend approximately 1 s [43] on logging sensor measurements, and the Honeywell

pressure sensor has a response time of 5 ms [44].

Current sensing technologies potentially provide a method of sensing farming

environments which is based on in-situ sensing using commercial sensors. Farmers
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can physically walk over a field to repeat the process of manually burying com-
mercial sensors and then logging sensor measurements from the sensors. But this
method has a low efficiency in achieving sub-soil sensing especially in large-scale
farms. Alternatively, a sensor network can be designed based on burying sensors
at various locations in soil and wiring the sensors to data-loggers on the surface
(as shown in Figure . The data-logger will store readings from the sensors
and then transmit the sensory data to a hub through cables. Farmers always use
fixed frames for planting grapes. A vineyard is a potential field for implement-
ing a wired sensor network system, where the sensors and the data-loggers have a
fixed deployment. However, for those farm fields which involve periodical farming
activities such as ploughing, seeding or crop harvesting with farm machinery, it is
hard to see any possibility of using the fixed and wired sensor network system in
the farm fields. In addition, the wired system has the risk of mechanical damage

from farm machinery and the risk of theft.

THin

Figure 2.1: A CR5000 data-logger from Campbell Scientific is capable of moni-
toring up to 40 sensors and communicating with a PC via direct connection [3]

In order to find a more efficient solution to the implementation of sub-soil
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sensing systems for supporting precision agriculture, there is an increasing focus

on integrating sensing technology and wireless communication technology.

2.3 Wireless Sensor Networks Systems

2.3.1 About wireless sensor networks

The development of sensing technology, wireless communication technology and
computation technology in recent years has lead to increasing research in devel-
oping wireless data-collection devices for supporting precision agriculture, and
Wireless Sensor Networks (WSNs) system is one example [46]. A WSN system
shown in Figure comprises of a number of sensor nodes which are capable of
measuring physical and/or environmental conditions (e.g. temperature, pressure,
humidity or vibration) at different locations, and a data-logger which interrogates
the sensor nodes. The sensor measurements are transmitted from the sensor nodes

by an on-board communication unit to the data-logger through wireless links [47].
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Figure 2.2: WSNs system diagram [4].

Johnson et al. [48] reviewed and compared six of the currently available WSN
node (mote) platforms: TelosB/Tmote Sky [49], Mica2/MicaZ [50], SHIMMER
[51], IRIS [52], Sun SPOT [53] and EZ430-RF2500 [54]. Those node platforms are
compatible with the majority of commercial sensors, and they primarily include
a microcontroller for data-logging sensor information and a radio integrated cir-

cuit for transmitting the logged sensory data. Table presents the summarised
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attributes of the node platforms in physical size, communication protocol, and

current consumption of the on-board radio integrated circuit.

Table 2.2: Attributes of the commercial node platforms.

Node Physical Size Communication | Current Consumption
Platform (cm) Protocol (mA)
TelosB/Tmote Sky | 3.2 x 6.55 x 0.66 Zigbee 174
Mica2/MicaZ 3.175 x 5.72 x 0.635 ISM 10.4
SHIMMER 2.03 x 4.45 x 1.2 | Zigbee/Bluetooth 17.4
IRIS 3.175 x 5.72 x 0.64 Zigbee 16.5
Sun SPOT 6.35 x 3.81 x 2.54 Zighee 174
EZ430-RE2500 2.95 x 8.06 x 1.09 Zigbhee 21.2

The current consumption in Table refers to the typical current consump-
tion of the on-board radio integrated circuit when transmitting data. Telos-
B/Tmote Sky, IRIS, Sun SPOT and EZ430-RF2500 motes primarily employ the
radio integrated circuits which are based on Zigbee technology [55]. In addition
to the Zigbee radio, SHIMMER mote contains a second Bluetooth [56] radio.
Mica2/MicaZ mote can operate in the Industrial, Scientific and Medical (ISM)
frequency range from 300 MHz to 1000 MHz, and its power consumption in Ta-
ble is measured at 433 MHz. All node platforms are powered using on-board

batteries.

WSNs technology can be an integral part of other system. Akyildiz et.al [57]

reviewed the applications of WSNs systems which primarily include:
e military applications;
e environmental applications;
e health applications;

e home applications.
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WSNs systems have also been considered as useful tools which can help de-
velop precision agriculture due to their potential benefits to environmental sensing
in farm fields. With a WSN system, farmers can achieve efficient environmen-
tal monitoring based on wirelessly logging sensor measurements from the sensor

nodes.

2.3.2 Wireless sensor network systems in precision agri-

culture

The implementations of WSNs in precision agriculture were reviewed by Ruiz-
Garcia et al. [12], and most of them were designed for farm environmental mon-
itoring. Greenhouses have strict requirements on environmental conditions in-
cluding temperature, humidity and soil properties. Yoo et al. [13] placed a range
of Agriculture sensor nodes (A-nodes) for monitoring the greenhouses in Dongbu
Handong Seed Research Centre. The A-node integrates various sensors includ-
ing ambient light sensor, temperature sensor and humidity sensor with a ZigBee
compatible transceiver which is able to transmit the sensor measurements to a
sink node wirelessly through air. The sensor measurements that are collected by
the sink nodes can be used to control the climate in the greenhouses within an

acceptable range.

Efficient water management is a major concern in precision agriculture, par-
ticularly when problems of drought have been increasing in seriousness. Kim et
al. [14] developed and tested an in-field distributed WSN system for remote sens-
ing and site specific irrigation. The system provides sensory data including soil
temperature, moisture, humidity, and solar radiation level. All sensor measure-
ments are transmitted from the sensor node to a control station using a low-cost
Bluetooth wireless radio unit above ground. The received sensory data is then
used to control the volume of water output using an irrigation controller. The
daily energy consumption of the sensor node is estimated as 23.8 Wh, which is
based on a data logger that is running at a scanning interval of 10 s and the

Bluetooth radio transmission at a downloading interval of 15 min.
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Garcia-Sanchez presented an integrated WSNs system for small-size and scat-
tered crops monitoring, video-surveillance and process of cultivations control [I5].
The system communicates wirelessly using IEEE 802.15.4 technology [55] and
provides sensor measurements from a soil moisture sensor. The monitoring node
has a peak current consumption of 110 mA with a required power-on time of
2's. WSN systems have also been implemented in other farming applications,
for instance precision viticulture [16] and pest control [I7]. In summary, there is
a common design element to these systems in achieving sub-soil sensing, which

is based on using wired sensors in order to avoid communication links through soil.

2.3.3 Underground sensing systems

In addition to agricultural applications, WSNs can significantly facilitate the
communication in underground tunnels, such as caverns, road/subway tunnels
and underground mines. Underground mining is a hazardous industrial activity,
and the major factors leading to the risk of fatality in an underground mine

primarily include [58]:
e underground explosions and fires;
e geotechnical hazards;
e underground transport.

Reliable and efficient communication networks are needed to improve the safety
and productivity in underground mines by providing a communication link be-
tween the underground mine and locations above the ground [I§]. Since the tra-
ditional wired communication system is typically high-cost and hard to deploy,
there is increasing research in implementing WSNs systems in underground mines
or road/subway tunnels to achieve underground communication and monitoring
[59], [60], [61], [62], [63], [64]. It has been found that radio waves propagation
in underground mines or road tunnels can be affected by the bounding of the
passageway or the tunnel walls [59], [60]. The primary focus of most research is
either on analysing models for the wireless channel or on investigating EM wave
propagation behaviour in underground mines and underground tunnels [61], [62],
[63], [64]. For example, Sun and Akyildiz [61] analysed the typical structures

of current underground mine and road tunnels and theoretically investigated the
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wireless tunnel channel and the underground mine channel. Practical experiments
have been carried out in an underground gallery at a 70 m depth by Boutin et
al. [64] to investigate wireless propagation behaviours in the mine channel at
the frequency of 2.4 GHz and 5.8 GHz. Although the mine is underground, the
wireless communication of the system is through the air in the passageways of

the mine.

WSNs technology has also been used to implement the sub-soil sensing sys-
tems for predicting landslides [20] and detecting volcano activities [19]. The sys-
tem for predicting landslides used Mica2 [50] nodes which were interfaced with
stain gauges. Although the sensors were buried at depths ranging from 25 cm to
30 cm, the communication link of the system was through air. The communica-
tion devices of the sensor nodes for detecting volcano activities were buried in
soil, but the antennas of the sensor nodes were located above ground and so the
communication was still through air. There is no need to further review more
implementations of WSN systems for sub-soil sensing as the majority of them do

not have the same challenge as this project, which was described in Chapter

2.3.4 Wireless underground sensor networks

The concept of Wireless Underground Sensors Networks (WUSNs) was intro-
duced by Akyuldiz and Stuntebeck [65] to address the shortcomings of current
sub-soil sensing systems. The proposed WUSNs system comprises of a number of
sub-soil sensor nodes and an above-soil data-logger. The wireless communications
between the sensor nodes and the logger are through soil. They also described
four considerations for the design of WUSNs systems: 1) power conservation, 2)
topology design, 3) antenna design and 4) environmental extremes. All these

considerations come from the unique nature of underground environments.

Sun and Akyildiz [66] planned to implement underground wireless commu-
nications through magnetic induction, instead of ElectroMagnetic (EM) waves
as they thought the magnetic induction communication system could achieve a
better performance in soil. They proposed a waveguide technique in order to

maximise the sensing depth. With the waveguide technique, a number of coils
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are deployed in soil as relays between the sub-soil sensor nodes and the data-
logger above the ground. The simulated results showed the magnetic induction
waveguide technique could greatly improve the system performance in soil. How-
ever, the relay coils can be the obstacle of deploying the system in practice and
so affect the system deployment efficiency. In addition, the relay coils have to
be deployed vertically above the sensor nodes, which increases the difficulty in
deploying the system. Moreover, this is still a concept and there is little evidence

of practical implementations.

Silva [67] and Xu et al. [68] have designed and implemented the sensor nodes
which can be buried in soil for achieving wireless sub-soil sensing. These sensor
nodes were used to investigate wireless communication in soil through practical
experiments. In their research, the sensor nodes were buried with on-board bat-
teries for powering the sensor nodes. This design can bring problems in practice.
The use of a battery in a sub-soil sensor node limits the operating lifetime of
the sensor node. There is a potential need to retrieve the node from below soil
for charging or replacing the battery. In addition, batteries are environmentally
unacceptable as they typically contain heavy metal elements such as zinc (Zn),
nickel (Ni), copper (Cu) and lead (Pb) [21I] which could potentially leak and re-

sult in contaminations in soil. This will be further discussed in Chapter [3

2.4 RFID Technology

Radio Frequency IDentification (RFID) is a wireless communication technology
primarily used to identify specific objects [22]. RFID technology has been rapidly
developed and widely applied to various fields, ranging from retail industry and
public transport to sport events and medical applications [69]. RFID systems
are generally divided into two types according to the type of RFID tag: active
RFID systems and passive RFID systems [70]. Active RFID systems refer to
those systems employing active RFID tags which require on-board power sup-
plies (batteries) [71]. Passive RFID tags are able to harvest energy from the
RF field generated by the RFID reader, and so do not need any power supply
[72]. Passive RFID technology potentially provides a solution to the implementa-

tion of a wireless sub-soil sensing system which employs battery-free sensor nodes.
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Figure presents the diagram of a passive RFID system which consists of
an RFID reader and an RFID tag, where the RFID reader transmits RF signals
to power and interrogate the RFID tag. The block diagram of passive RFID tags
is shown in Figure 2.4, The tag harvests energy from the RF field generated
by the RFID reader through a tag antenna and an RF rectifier. The tag then
modulates and transmits the data which is pre-stored in an on-board memory
using a controller and a modulator. The operating principles of the modulator
will be described in Section 2.4.1] and Section 2.4.2]

Antenna Antenna

((({/
RFID RFID
Reader

Figure 2.3: Diagram of a basic RFID system
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Figure 2.4: Passive RFID tag diagram

For commercial passive RFID systems, RF energy harvesting is based on near-
field coupling or far-field coupling [72]. As shown in Figure , the near-field and

the far-field of a source antenna are two regions of radiation around the antenna.
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The near-field is the zone from the source antenna to the boundary where the
electromagnetic waves have formed and have been propagated into free-space [73].
The near-field is further divided into the reactive near-field and radiating near-
field. In the reactive near-field the reactive power density dominates, and the
relationship between the electric field and magnetic field components is unpre-
dictable [74]. Power starts to radiate in the radiating near-field and the radiating
power density is greater than the reactive power density [74]. The far-field is the
region which is dominated by radiated fields, where the electric field and magnetic
field components are perpendicular to each other [73],[75]. The most commonly

used criterion for minimum distance of far-field regions is determined by [74]
r>2D?*/\ (2.1)

where r (m) is a distance from the antenna, D (m) is the largest dimension of the
antenna and A (m) is the wavelength of the propagated signal. This equation is
typically used to approximate the far-field region of the antenna with an overall

length (the maximum dimension) greater than a wavelength [74].

RFID
reader

T~ Near field

Figure 2.5: Antenna near-field and far-field regions [5]

2.4.1 Near-field RFID

A near-field RFID system typically implements inductive coupling (magnetic cou-
pling) to transfer energy from the RFID reader to the RFID tag by using coil
antennas, and there are strong inductive effects from the currents in the antenna

[22]. The energy coupled from the magnetic field by the tag antenna is rectified
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and converted to a DC voltage which supplies the tag circuit. The tag modulates
the data pre-stored in the on-board memory through varying its load resistance
(as shown in Figure in order to generate a current variation in the tag coil
antenna. Therefore there will be a current variation induced in the reader soil
antenna due to the mutual inductance between the reader antenna and the tag

antenna. This process of communication is called load modulation [22].

The majority of the current near-field RFID commercial systems operate at
frequencies ranging from 30 kHz to 30 MHz. They have a wide range of applica-
tions including access security, transportation and contactless payment systems
[69]. One of the key advantages of the near-field systems is that the system per-
formance will not be significantly affected by lossy materials between the RFID
reader and the tag, such as soil [66] and water [5]. Near-field RFID technology
has been used to implement a remotely powered and implantable biosensing sys-
tem which facilitates treatments for diseases and conditions [76]. The system
employs swallow-able sensor nodes which harvest energy and transmit sensory
data through inductive coupling with a data-logger outside the body. However,
inductive coupling only works at short distances from the RFID reader antenna,
as the magnetic field strength in near-field decays inversely with the cube of the
distance from the antenna (—3) A typical operating range of the near-field sys-
tem is less then 20 cm [77, [78]. The operating range of a near-field system can
be improved by increasing the diameter of the tag coil antenna or increasing the
number of turns of the tag coil antenna [79], but this will lead to a large tag size.
For example, power was successfully delivered wirelessly to a 60 W bulb from a
distance of 2 m through inductive coupling, but the coil antennas had a size with
the diameter of approximately 1 m [80]. Neither a short operating range nor a
large tag size is desirable for designing a sub-soil sensing system based on RFID

technology.

2.4.2 Far-field RFID

In the region of far-field, EM waves are formed and the electric field and magnetic
field components are perpendicular to each other. With a far-field RFID system,
the RFID tag harvests energy from the EM wave through radiative coupling. The

harvested power is also rectified and converted to a DC voltage for supplying the
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tag circuit. Regarding the communication link, the RFID tag transmits data back
to the RFID reader through backscatter modulation [22]. Backscattering is the
reflection of waves back to the direction of the source. When the electromagnetic
wave emitted by the RFID reader antenna arrives at the RFID tag antenna, a
fraction of the wave is reflected back to the RFID reader, therefore the RFID
tag modulates data by varying the amplitude of the reflected power. A far-field
RFID tag also achieves backscatter modulation by switching its load between two
impedance states, and the design of backscatter modulator is typically based on
using a transistor as shown in Figure Switching on and off the transistor
affects the antenna-load reflection coefficient which determines the amount of the

wave reflected from the tag antenna [22].

_» Antenna
RF Transistor

%, Collector

- Base .
Control Signal Emitter

Figure 2.6: Design of a backscatter modulator based on RF transistor.

The Ultra High Frequency (UHF) band between 300 MHz to 3 GHz is a
popular range in which most of far-field RFID industrial protocols operate. For
example the RFID systems based on the ISO18000-6C protocol [6] operate at fre-
quencies from 860 MHz to 960 MHz. Based on the Friis equation [81], the power
of the EM wave propagating in free space attenuates inversely as the square of the
distance. Far-field passive RFID tags may reach an operating range of approxi-
mately 29 m at 916 MHz based on U.S. regulations [I], which is much longer than
near-field systems’ typical operating range (less than 20 cm [77, [78]). Most of the
commercial UHF passive RFID systems use compact printed paper tags that can
be conveniently attached to objects [82]. However, far-field RFID system per-
formance can be potentially affected by lossy materials between the RFID tags
and the RFID reader. The lossy materials will absorb energy from the RF signals
generated by the RFID reader, and so lead to a high path loss between the reader
and the tags. When applying far-field RFID technology in implementing sub-soil
sensing systems, it is essential to characterise the sub-soil wireless channel as will

be reviewed in Section 2.5
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Comparing the far-field RFID to the communication systems presented in
Table 2.2 and in Section [2.3], the far-field passive RFID communication system

is advantageous in the following aspects:

e Size - passive RFID systems use compact paper tags with a printed antenna,
and the tag chip (without the antenna) can have a dimension of 1.6 mm X
1.6 mm x 0.5 mm [82],[83].

e Power consumption - the typical power consumption of the passive tags is
less than 1 mW [83].

e Power requirement - the passive RFID tags do not need on-board batteries

and are capable of harvesting energy from EM waves.

It will be hard to integrate a commercial tag and commercial sensors for pro-
totyping an RFID-based sensor node as the circuit of commercial RFID passive
tags are typically integrated into an Integrated-Circuit (IC) and the tags strictly
operate based on industrial protocols. Chapter [§| will present the design and im-

plementation of a sensor node prototype based on far-field RFID technology.

2.4.3 Ultra High Frequency RFID protocols

Given the advantages of the operating range and the tag size, UHF passive RFID
systems are being widely applied in supply chain applications. Glidden et al. [84]
compared the first-generation protocol standards for UHF RFID systems includ-
ing Auto-ID Class 0, Auto-ID Class 1, ISO 18000-6A, ISO 18000-6B. In 2004, the
second generation UHF RFID standard ISO 18000-6C, or EPC Class 1 Genera-
tion 2 (C1G2) [6] was published by EPCglobal, and it has been widely selected
by most commercial RFID systems. The detailed specifications of this protocol

can be found in Appendix A.

2.4.3.1 The physical layer

A summary of the physical layer specified in the EPC C1G2 RFID protocol is
presented in Table 2.3] Based on the EPC C1G2 protocol, the RFID system
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Table 2.3: Summary of the physical layer of the EPC C1G2 RFID protocol.

Forward link Backward link

Modulation | Encoding | Modulation | Encoding

ASK PIE ASK/PSK FMO

implements Amplitude Shift Keying (ASK) modulation scheme in both the for-
ward link (from reader to tag) and the backward link (from tag to reader) of the
communication by varying the amplitude (power) of the reflected wave. When
the RFID tag switches its load between two impedances, it does not only vary
the amplitude but also alters the phase of the reflected wave. Thus, data can
be also modulated through Phase Shift Keying (PSK) modulation scheme in the
backward link. Detailed information on digital modulation scheme can be found
n [85]. The RFID reader implements Pulse Interval Encoding (PIE) format [0]
to encode RFID commands. The primary advantage of PIE encoding in passive
RFID technology over other encoding schemes is that it maximises the RF energy
transferred from the RFID reader to the RFID tag. In the backward link of the
communication the tag implements Bi-phase space (FMO0) coding format [6] to

encode data.

2.4.3.2 Tag-identification layer

With an RFID system based on EPC C1G2 protocol, the RFID reader manages

the communications with the RFID tags using three basic operations [6]:

e Select: this operation is to select an RFID tag population for inventory and

access, and it can be neglected for managing a single tag.

e [nventory: the operation of inventory comprises multiple commands for

identifying the RFID tags, and detects a single tag reply.

e Access: this operation allows for getting access to the memory of an RFID

tag, such as reading from or writing to the tag.

The whole process of identifying and accessing a single RFID tag by the RFID

reader can be seen as a series of RFID reader commands and the tag responses,
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and the process can be primarily divided into two rounds: the Inventory round
and the Access round. Figure shows the complete communications for read-
ing the tag ID and writing data to the tag. In the Inventory round, the RFID
reader transmits the RFID commands to identify the tag and also initialises the
tag. Once the tag has been identified and initialised, the RFID commands in
the Access round can be used to access the tag’s on-board memory (as shown in

Figure[2.4]), such as reading data from the memory or writing data to the memory.

The RFID reader starts an Inventory round by transmitting a Query com-
mand to interrogate tags. Once a tag has received a valid Query command, it
transmits a random 16-bit number tag response RN16 to the reader. Then the
reader issues an ACK command to echo the received tag response RN16. The
tag will reply to a valid ACK command with a response including a specific
length of the pre-stored data in the tag’s memory, and this response is named as
PC+EPC+CRC16 in the protocol. Issuing the PC+FEPC+CRC16 tag response
means that the tag is ready for accessing its memory, and the RFID reader can
transmit the commands in the Access round to either read data from or write

data to the tag’s memory.

Regarding reading data from the tag’s memory, the RFID reader should trans-
mit a ReqRN command which echoes the prior RN16 as the start of an Access
round. Once a 16-bit number, termed as a handle has been replied to by the tag
as the response to the ReqRN command, the reader then issues a Read command
to specify the address of the tag’s memory as well as the number of data bits to
read. Finally, the RFID tag transmits the demanded data to the reader. Writing
data to the tag’s memory requires the RFID reader to issue an extra ReqRN com-
mand to echo the handle response. Once a new random 16-bits number response,
termed as New RN16 is given following the second RegRN command, the RFID
reader transmits a Write command which specifies the address of the tag’s mem-
ory and the data to write. The tag then will issue a final tag response, termed

as Feedback to indicate that whether the data has been successfully written or not.

When implementing an RFID-based communication system, there is a need
to investigate the effect on the system performance from the physical layer and

the frequency. However, commercial RFID readers provide limited abilities either
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Figure 2.7: Communications for reading and writing RFID tag [6]
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to modify the physical layer or to analyse the system performance in a wide fre-
quency range. Chapter [7| will describe the implementation of a Software-Defined
Radio (SDR) RFID reader platform.

2.5 Sub-soil Wireless Channel

As reviewed in Section the wireless communication of the majority of the sub-
soil sensing systems is through air, but the challenge of this work is to achieve
wireless communication through soil. This section reviews the research on sub-

soil wireless channels.

2.5.1 Dielectric properties of soil

The characteristics of sub-soil wireless channels were previously investigated for
landmine detection using Ground-Penetrating Radar (GPR) [86], [87]. A GPR
system transmits RF signals into the ground and detects a landmine by receiving
the reflected signal [8§]. It is found that the dielectric behaviour of the soil is
heavily affected by the water content and the texture [86], and the RF signals
propagating in soil can suffer energy loss (dielectric loss) due to RF absorption
by the soil.

Soil can be represented as a mixture of soil particles, air voids, and liquid water
which is a lossy dielectric medium to RF signals. Regarding the propagation of
plane waves in a lossy medium, the relative dielectric constant of the medium e

is a complex value and can be expressed as:

e=¢ —jé’, (2.2)

where the real part of the constant € affects the propagation speed and the
imaginary part €” gives rise to the dielectric loss - the energy loss due to RF
absorption. The energy loss in a lossy medium is also often specified by another

quantity loss tangent, tan(d):
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"
tan(0) = i (2.3)
A small value of the loss tangent tan(d) decreases the dielectric loss. If the loss
tangent is zero, there is no dielectric loss and the medium performs as an ideal

conductor.

Research on the microwave dielectric behaviour of wet soil was carried out
to evaluate the dielectric constants of the five soils through experimental mea-
surements over 1.4 to 18 GHz frequency range [89]. Those five soils contain
various textural compositions in terms of sand, silt, and clay percentages, and
those compositions are defined in [00]. The measurement results indicated that
the dielectric constant of the soil is primarily affected by the soil’s volumetric
moisture content, the soil’s textural compositions, and the frequency. For all five
soils, it was observed that both ¢ and €’ increase with increasing soil volumet-
ric moisture, and € decreases and €’ increases with increasing frequency. For a
given soil volumetric moisture, ¢ was proportional to sand content and inversely
proportional to clay content, and €’ was primarily affected by clay content below
5 GHz and by sand content above 5 GHz. Based on experimental data, two di-
electric models describing the dielectric behaviour of wet soil, the semiempirical
mixing model and the theoretical four-component dielectric mixing model were
developed and presented in [91]. The semiempirical dielectric model offers the
ability to predict the complex relative dielectric constant of a soil from the soil
physical parameters such as the soil textural composition and the soil volumetric

moisture level.

The relative dielectric constants of four soil mixtures over the 0.3 - 1.3 GHz
frequency range were measured by Peplinski et al. [2]. The measured results were
then compared to the calculated results according to the semiempirical mixing
model in [91], and a semiemprircal mixing model over the 0.3 - 1.3 GHz frequency
range was obtained. The semiemprircal mixing model over the 0.3 - 1.3 GHz will
be applied to design an EM model for the RFID sub-soil system as shown in
Chapter [p| which is expressed as [2]:
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e = L15[1+ 2 (e) 4 mf e, — m,) e — 0,68, (2.4)
¢ = [m?" e, (2.5)

where

m, is volumetric moisture content of the soil,

Py is the bulk density in grams per cubic centimetres (gem_3),

ps is the specific density of the solid soil particles equal,

€, is determined by an empirical fitting of experimental data,

elfw is the real part of the relative dielectric constant of free water,

e;w is the imaginary part of the relative dielectric constant of free water,

« is an empirically determined constant,

f and " are empirically determined soil-type dependent constants given by
[91]:

ﬂl = 1.2748 — 0.519S — 0.152C (2.6)
and

3" =1.33797 — 0.603S — 0.166C (2.7)

where S and C' represent the mass fractions of sand and clay. The complex

dielectric constants of free water €;,, and €, are calculated as [91]:
/ €wo — Cwoo
= ey w0~ Cwoo 2.8
o = oo T1 Grfr)? (2.8)
and

“fo T 14 (27 fry)? * 27, f

” 27Tf7—w(6w0 - 6wOO) Om, (29)

where
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f is the frequency in hertz (Hz),

€woo 18 the high-frequency limit of €,

€wo 1s the static dielectric constant of water,

T 18 the relaxation time of water,

Om, is the effective conductivity of water in Sm™!,

€, is the permittivity of free space equal. The detailed information about the

parameters in the two expressions are described in [92] and [93].

2.5.2 Path loss in soil

For a system which achieves the wireless communication through soil, the per-
formance of the communication link will be affected by the soil. Akyildiz [65]
analysed the properties of the underground wireless channel and identified five

main factors which could impact EM wave propagation in soil:

e Extreme path loss - power loss due to RF absorption by soil material.

e Reflection /refraction - power reflection when EM wave reaches the ground-

air surface.

e Multi-path fading - objects, such as plant root and rock in soil scatter RF

signals and produce fading.

e Reduced propagation velocity - EM wave propagation speed is slower in soil

than in air because of high dielectric constant of soil.

e Noise - sources of underground noise, such as power lines, lighting and

farming machinery.

Extreme path loss is the primary problem which hampers effective wireless
communication in soil. Li et al. [7] characterised the sub-soil wireless channel
by deriving the path loss of the sub-soil channel. In their work, a mathematical
expression was developed to estimate the path loss in soil L,,, which includes three

components:

Ly(dB) = Ly (dB) + La(dB) + L, (2.10)
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where L,,; is the power loss due to the change of the wavelength when RF signals
propagate into soil from air, L, is the dielectric loss due to RF absorptions,
and L, is the Free-Space Path Loss (FSPL). The component L, is determined
by the soil’s complex dielectric constant which is calculated based on the model
presented in [91]. The calculation of the FSPL is based on Friis [81] equation:

FSPL(dB) = 10loglo((4?7rdf)2), (2.11)

where f (Hz) is the centre frequency, d (m) is the distance between transmitter
and receiver and ¢ (m/s) is the speed of light. The FSPL is caused by the loss
in the RF signal strength while the signal is radiating to various directions from
the source. For a given propagation distance, higher frequency leads to higher
FSPL. The path loss in the soil was evaluated with MATLAB [94] simulations
over the 300 - 900 MHz frequency range. Figure presents part of the results
which show that the path loss in the soil can easily be 60 dB/m greater than in
air at 300 MHz, and the attenuation significantly increases with increasing soil
volumetric water content and frequency. It was also observed from the results
that the path loss is also affected by the soil type, where the calculated path loss
in the soil increases with increasing percentage of clay and sand particles in the

soil.
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Figure 2.8: Simulation results of the path loss in soil [7].
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Instead of measuring the path loss in soil through simulations, Yu [95] at-
tempted to evaluate the path loss in the soil through experiments by deploying
sensor nodes within a soil whose composition was 15 % clay, 35 % silt, and 50 %
sand particles. In the experiments, the path loss in the soil was measured at soil
moisture contents from 0 % - 25 % at three frequencies: 433 MHz, 868 MHz and
915 MHz. The experimental results also indicated that the path loss in the soil
increased with increasing frequency and soil moisture, and the path loss in the
dry soil can be 100 dB/m at 915 MHz. They also observed that the path loss
could decrease with increasing depth of the sensor nodes, and that there was no
obvious change in the measured path loss when the depth increased from 1 m to
2 m. However, the work provided limited information detailing the experimental
method and arrangements, and it did not describe the effect of the path loss on

the system performance.

When achieving wireless communication through soil, the high path loss can
lead to a heavily attenuated signal arriving at the receiver antenna. The atten-
uated signal will degrade the Signal-to-Noise Ratio (SNR), and therefore affects
the Bit Error Rate (BER) performance. Although an amplifier can be used to
amplify the received signal by the antenna, it will also amplify background noise
around the receiver. In this work, the path loss in soil is further investigated
through CST simulations as will be presented in Chapter [ and also through a

range of practical experiments as will be discussed in Chapter [9

2.6 Conclusion

This chapter has reviewed the research in terms of the development of precision
agriculture, the implementations of WSN systems for underground sensing, RFID

technology and the characterisation of sub-soil wireless channels.

Modern technologies have been used to support precision agriculture, which
include GPS, GIS, remote sensing systems, EC sensing systems and a variety of
commercial sensors. Also, there is increasing research into reliable and efficient
underground sensing systems by integrating wireless communication technology

and commercial sensors. WSNs technology has been implemented in agriculture,
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underground mines/tunnels and other sub-soil environmental monitoring fields.
All of these systems avoid sub-soil wireless channel and transmit data wirelessly
through the air. WUSN systems have been designed to achieve sub-soil sensing
with the communication link in soil. However, they employ sub-soil sensor nodes

with on-board batteries which have environmental concerns.

With a passive RFID system, the RFID tag is capable of harvesting energy
from the RF field generated by the RFID reader and transmitting data back
to the reader wirelessly. Passive RFID technology provides a potential solution
to the implementation of sub-soil sensing systems based on using battery-free
sensor nodes within the soil. Compared to other communication protocols, far-
field passive RFID systems, especially those operate at the UHF band have the

following advantages :
e small physical size;
e low power consumption for transmission;
e no requirement of using on-board battery.

The primary problem of achieving wireless communication through soil is the
high path loss. Based on the research characterising sub-soil wireless channels,
the path loss is primarily due to RF absorption by soil materials, especially soil
moisture content. In addition to soil moisture content, the path loss in soil is
affected by the frequency and the soil type. It is necessary to further investigate
the path loss in soil and the effect of the soil on the system performance through

practical experiments.



Chapter 3

System Requirements Analysis

3.1 Introduction

This chapter lists seven design requirements for the proposed sub-soil sensing
system. Details of the design requirements are described in Section [3.2] and the

analysis of the requirements is presented in Section

3.2 System Requirements Descriptions

A sub-soil sensing system will typically comprise a number of sub-soil sensor nodes
which are capable of measuring the sub-soil environmental parameters, such as
soil temperature and soil moisture. There are seven design requirements for the

proposed sub-soil system as summarised below:

1. Nodes are totally buried within soil at depths range up to 0.5 m.

2. Nodes do not contain on-board batteries.

3. Nodes are readily deployable with farm machinery.

4. The system is compatible with modern farming practice.

5. The system is able to achieve a successful reading rate higher than 80 %.

6. The system provides multiple sensor measurements based on state-of-the-

art sensing technology.

7. The system has an operating lifetime of more than 2 years.

o4
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3.2.1 Nodes are totally buried within soil at depths range
up to 0.5 m

The proposed sub-soil system employs sensor nodes which are totally buried
within soil and are not wired to any other devices. The sensor nodes are ca-
pable of measuring environmental parameters, for example soil moisture at the
vicinity of the rhizosphere. Compared to sensor measurements that are taken at
the soil surface, the sensor measurements that are provided by the system will be
able to reflect the actual needs of the crops. The depth of the sub-soil sensor nodes
will range up to 0.5 m, and this value is based on the effective rooting depths of
typical crops, such as potato, wheat and field corn [96], [97]. The proposed system
will also include an interrogator above the ground, which is used to interrogate
the sub-soil sensor nodes and to log sensor measurements from the sensor nodes.
There will be no wiring between the sensor nodes and the interrogator and the
sensor nodes will wirelessly transmit sensor measurements to the interrogator us-
ing on-board communication devices. The interrogator will include an antenna
for communicating with the sensor nodes and an in-built memory module for

logging the received sensor measurements.

3.2.2 Nodes do not contain on-board batteries

As reviewed in Section [2.3] most commercial Wireless Sensor Network (WSN)
systems employ sensor nodes which are equipped with on-board batteries. How-
ever, those batteries can contain heavy metals, such as zinc (Zn), nickel (Ni),
copper (Cu) and lead (Pb) [2I]. When burying a sensor node into soil with an
on-board battery, the soil can be potentially contaminated by heavy metals from
the battery. The contamination can decrease soil fertility and therefore affect
crop growth. More seriously, crops grown on the contaminated soil will finally
transfer the heavy metal contamination to human bodies, which could result in
sicknesses and health problems. Thus, the use of battery-free sensor nodes in soil
is environmentally friendly and also avoids a potential threat to human health.
Since energy will be required to supply the on-board devices of the sensor nodes,
such as the communication device and the sensors, the sub-soil sensor nodes will

harvest energy from the ambient environments using energy harvesting devices.



CHAPTER 3. SYSTEM REQUIREMENTS ANALYSIS 56

3.2.3 Nodes are readily deployable with farm machinery

The proposed sub-soil sensing system comprises a number of sub-soil sensor nodes.
These sensor nodes can be deployed into soil manually by hand, but this method
is inefficient, especially when there is a need to deploy hundreds of sensor nodes
in a large field. The sub-soil sensor nodes will be plough-able, and so they can
be readily deployed into soil, like when seeds planting with farm machinery. It
is desirable to design the sub-soil sensor nodes with spherical shape. A spherical
node is always smooth to deploy with mechanical tools and the node can auto-
matically roll into soil. The sensor nodes are typically not larger than a tennis
ball. Otherwise, the size of sensor nodes may not be able to fit into the width
of furrows that are ploughed by farm machinery, or the achievable depth of the

sensor nodes could be limited.

3.2.4 The system is compatible with modern farming prac-
tice

As described in the system requirement in Section 3.2.1, the proposed system in-
cludes an interrogator at above-ground for interrogating the sub-soil sensor nodes
and logging sensor measurements. Within a farm, it is not desirable to locate
the interrogator at the soil surface as there is the potential risk of mechanical
damage from farm machinery or the risk of theft. Some farmers may prefer to
interrogate sub-soil sensor nodes by manually moving the interrogator. However,
hand reading is always inefficient and it is hard to see this possibility in large
modern farms. The proposed system is compatible with modern farming prac-
tice, and it achieves a high efficiency in interrogating the sub-soil sensor nodes by
installing the interrogator on a piece of farm machinery. When the farm machin-
ery drives over a field, the on-vehicle interrogator automatically interrogates the
sub-soil sensor nodes and receives the signals from them. The interrogator then
demodulates the received signals and recovers the sensor measurements from the
demodulated signals. The whole process of the sub-soil sensing does not affect
normal farming activities by the farm machinery, such as fertilising, irrigating
and sowing. The height of the interrogator (including its antenna) should be at
least 0.5 m above soil surface as farming arrangements on ground may damage

the interrogator.
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3.2.5 The system is able to achieve a successful reading
rate higher than 80%

A major concern with sub-soil sensing system is the system communication per-
formance which can be assessed by the Successful Reading Rate (SRR). The SRR
of a sub-soil system is typically termed as the number of the successfully interro-
gated sensor nodes over the total number of the sensor nodes. For example: when
a farm machinery runs over a field where there are 100 sub-soil sensor nodes, the
SRR is 50 % if the on-vehicle interrogator receives valid readings from 50 sen-
sor nodes. The proposed sub-soil sensing system is required to achieve a SRR
higher than 80%. Otherwise, farmers can loose confidence in the capability of
the system as the logged sensor measurements by the system may not be able
to completely reflect sub-soil environments. The required performance has to be
achieved at normal farm machinery speeds and in extreme weathers, for example
when it is raining or the ground surface is frozen or is covered by snow. Both
the interrogator and the sub-soil sensor nodes hardware have to be water-proof.
There is a possibility to improve the SRR by moving the interrogator over the

field multiple times and repeating the interrogation of the sub-soil sensor nodes.

3.2.6 The system provides multiple sensor measurements

based on state-of-the-art sensing technologies

Regarding the proposed sub-soil sensing system, each sensor node consists of
multiple on-board sensors. These sensors are capable of measuring sub-soil envi-
ronmental parameters which are essential for crop growth and crop quality. The
potential parameters include: soil moisture, temperature, pH value and oxygen,
and Chapter [2| has presented the commercial sensors for measuring these param-
eters. Based on state-of-the-art sensing technologies, some types of sensors need
to contact the soil. For example, a soil moisture sensor typically measures the
soil moisture using two mental electrodes which needs to have a physical contact
with soil. The sensor node enclosure has to be compatible with those types of
sensors, and has to be water-proof, especially at potential intersections of the
sensor node enclosure and the sensor hardware. It is desirable to employ passive
sensors or low-powered sensors in a sensor node as the sensor node does not in-

clude on-board battery and the harvested energy from the ambient environments
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can be limited.

3.2.7 The system has an operating lifetime of longer than

2 years

Once a sub-soil sensing system has been deployed, it is always undesirable to
replace it, especially its sub-soil sensor nodes. The replacement of the sub-soil
sensor nodes in a field will typically involve retrieving them from below the soil
and then deploying new sensor nodes. This process results in an increase in
farming cost, and will cause problems when a replacement is needed during a crop
growth period. However, it is impossible to design a sub-soil system which can
operate with an infinite lifetime. With a sensor node, its operating lifetime can be
potentially affected by the lifetime of on-board electronic components, the ageing
of the sensor node enclosure material or the degradation of the on-board sensor
performance. The requirement for the length of the system operating lifetime
is at least 2 years. As for most of crops, such as vegetables, rice and wheat,
the length of their growing periods ranges from 1 month to 6 months [98] 99].
Therefore, the system with a minimum lifetime of 2 years can be used for at least
4 growing periods of most crops. Within the operating lifetime, the sensor nodes
are left in the soil without any maintenance and the system performance must

not degrade with increasing of the system operating time.

3.3 System Requirements Analysis

3.3.1 Nodes are totally buried within soil at depths range
up to 0.5 m

The environment in soil is very different from that in air, and a sub-soil sensor
node can be at risk from the soil. For example, a sub-soil sensor node will be
physically damaged if it cannot withstand the high pressure from the soil above
it. In addition, soil materials such as water content and living beings in the soil
such as insects can also threaten the sensor node circuit. Therefore the proposed
sub-soil sensor node enclosure must be able to protect the sensor node circuit

from potential threats in the soil. Although the design of sub-soil sensor node
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enclosure is not an emphasis in this thesis, the following factors are listed, which

will be necessary to be considered:

the physical strength of the material for making the sensor node enclosure;

the levels of pressure to the sensor node enclosure at the depths from 0 m
to 0.5 m.

the sealing of the sensor node enclosure;

the ability of the sensor node enclosure against corrosion or oxidation by

the soil ingredients.

As described in Section 3.2.1, the sub-soil sensor nodes include an on-board
wireless communication device to transmit sensor measurements to the interroga-
tor at above-ground. However, the wireless communication through soil can be
challenging due to the dielectric properties of the soil. As reviewed in Section [2.5]
the dielectric properties of soil behave differently from those of air [89], and there
is a high Radio Frequency (RF) path loss in the sub-soil wireless channel due to
RF absorptions by the soil materials [7]. With increasing depth of a sensor node,
the path loss between the sensor node and the interrogator will typically increase
[7] and so can affect the system communication performance as will be analysed
in Section 3.3.5. Therefore it is necessary to explore the following questions in

this research:

e Will the on-board communication devices, especially their antennas be af-
fected by the soil?

e What is the difference between the path loss in soil and in air?

e What is the level of the path loss per metre in soil? and how does it depend

on the soil?

3.3.2 Nodes do not contain on-board batteries

There are three potential sources where the sub-soil sensor nodes can harvest
energy: solar energy, thermal energy and RF energy. A solar energy harvesting

system typically uses a solar panel to harvest energy. However, the use of a solar
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panel leads to wirings between the above-ground solar panel and the sub-soil sen-
sor nodes, which are not desirable. Energy can also be harvested by the sub-soil
sensor nodes from thermal differences in the soil, however this source is limited in
the amount of energy that can be supplied to the sensor nodes. With an on-board
RF energy harvesting module in a sub-soil sensor node, there is no need to wire
the sub-soil sensor node to any devices. Energy can be harvested by the sensor
node from RF fields, and an RF field can be generated by an RF signal generator
at the above-ground. In practice, the RF signal generator can be integrated with
the interrogator. When the interrogator travels with a farm machinery over a
field, it firstly powers a sensor node and then receives sensor measurements that

are transmitted. Therefore RF energy seems to be an appropriate choice.

A problem of using RF energy harvesting is that the high path loss in the
soil will limit the energy that can be harvested by the sensor node. So the
harvested energy by the sensor node may not be sufficient to supply the on-board
sensors and the communication device. Increasing transmission power at the
interrogator helps improve the energy harvested by the sensor node. But care
needs to be taken as a high RF power will not be allowed if it exceeds the levels
that are specified in regulations, for example the UK Office of Communications
(OFCOM) requirements. With this problem, the explorations of the following

questions are required in this research:

e What will the maximum and the minimum energy budget of the sensor

nodes be?

e What is the maximum RF power that is allowed to be transmitted by the

interrogator? Is this maximum power different in various countries?

e Are there any other methods that are capable of improving the amount of

energy harvested by the sensor nodes?

3.3.3 Nodes are readily deployable with farm machinery

The proposed sub-soil sensor node will use an antenna to harvest energy from
the RF field that is generated by the above-ground interrogator. The antenna is

a size-limiting factor in the sensor node design. It is desirable to have a small
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antenna size which leads to a small node size. But a large antenna is typically
more efficient in harvesting RF energy, which helps improve the amount of energy
harvested by the sensor node. Operating at high frequency reduces the size of
the antenna, but the path loss in soil increases with increasing frequency. With

this conflict, the system design will need to investigate:

e the appropriate frequency for the proposed system;

e the differences of the path loss in soil at various frequencies.

When there is a need to use large sensor nodes, it will be necessary to consider
a ploughing tool design for deploying large sensor nodes. For example, a driller
may be required in the ploughing tool, which is able to drill large holes in the soil

surface.

Regarding the deployment of the sphere shape sensor nodes with farm ma-
chinery, it is hard to control the orientation of the nodes within soil as they will
roll into the soil from the farm machinery. Thus, directional antennas such as
the patch antenna are not appropriate in the sensor node design. Therefore, it is
also important to consider the design of an antenna for the sub-soil sensor node,

and following factors will need to be considered:
e type;
e gain;
e radiation pattern;

e size.

This thesis will not discuss the sensor node antenna design, but will analyse

the system performance based on using a dipole antennalI00].

3.3.4 The system is compatible with modern farming prac-
tice
When the interrogator of the proposed system moves with a farm machinery, the

speed of the farm machinery is one of primary factors which affects the system

performance in harvesting energy. Farming tractors typically run at the speeds
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ranging from 5.5 to 7.5 Kilometres Per Hour (kph) [I01]. With the speeds in
that range, the on-vehicle interrogator can easily travel more than 1.5 metres
per second. So the time when the sensor nodes can harvest energy from the RF
field that is generated by the interrogator, termed as the powering time becomes
limited. The powering time can be maximised by slowing down the speed of the
farm machinery, but farming efficiency will be affected at slow speeds. In addition,
the farm machinery can consist of other on-board electronic systems, for example
cellular communication device, so the system communication performance can be
affected by the noise that is generated by those systems. Based on the system

analysis, in this thesis system design is necessary to explore:

e the potential trade-off between the farming efficiency (the farm machinery

speed) and the powering time;
e the level of background RF noise around farm machinery;

e the methods of maximising the powering time.

3.3.5 The system is able to achieve a successful reading
rate higher than 80%

If the interrogator fails to get readings from a sensor node, there are two potential
causes of the failure: 1) the harvested energy by the sensor node fails to meet the
energy budget; and 2) the interrogator fails to detect the transmitted signal from
the sensor node. The path loss between the interrogator and the sensor node is
the primary concern for the both causes. Figure presents a diagram showing
the gains and losses of signal power with a communication system, where P; is
the signal output power of the transmitter, P, is the signal power received by
the receiver antenna, G; and G, are the gains of the transmitter antenna and the
receiver antenna, and the path loss between the antennas includes all power losses
during energy transfer between the antennas. In the forward link, the interrogator
transmits RF' signals to power the sub-soil sensor node and the path loss limits
the energy that can be harvested by the sensor node. In the backward link,
the sensor node transmits sensor measurements to the interrogator. The path
loss leads to an attenuation in the signal (from the sensor node) arriving at the

interrogator antenna, and degrades the Signal-to-Noise Ratio (SNR) performance
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at the interrogator receiver. The degradation of the SNR performance can make
the interrogator fail to detect the signals transmitted from the sensor node. Under
extreme weathers, such as cold weather, snowy weather and rainy weather, the
path loss between the interrogator and the sensor node will increase due to RF
absorption by the water content in the ice, the snow and the soil. Therefore it

will be necessary to explore:
e improving the energy harvested by the sensor node;
e enhancing the SNR performance at the interrogator receiver;

e the effect of the path loss in soil at various soil moisture contents.
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Figure 3.1: Diagram showing the gains and losses of signal power in a communi-
cation system.

As analysed in Sections 3.3.1 to 3.3.4, the factors that can limit the harvested
energy by the sensor nodes also include depths of the sensor node, sizes of the
sensor node (sensor node antenna), and speeds of the farm machinery. There will

be potential needs to make:

e the trade-off between the system communication performance and the depth

of the sensor nodes;
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e the trade-off between the system communication performance and the size

of the sensor nodes;

e the trade-off between the system communication performance and the farm

machinery speed.

3.3.6 The system provides multiple sensor measurements

based on state-of-the-art sensing technologies

The development of sensing technology is not a focus in this thesis, but energy
budgets of the on-board sensors will be considered. The proposed sub-soil system
employs battery-free sensor nodes which harvest energy from RF fields. Total en-
ergy budget of the on-board sensors is an crucial parameter in the system design.
High energy budget requires longer powering time, which can lead to unaccept-
ably slow speeds of the farm machinery. Therefore, it is always desirable to use
low-powered sensors. For example, the Analog Devices TMP 37 temperature
sensor [45] only consumes 50 pA at 3.3 V. There are no reported soil measuring
sensors at this level of power consumption. For example, the SM150 moisture
sensor [41] is widely used in various applications, which operates with a power
consumption of 18 mA at 5 V and also needs a warming-up time of 1 second. The
energy budget of the SM 150 moisture sensor is approximately 500 times higher
that of the TMP 37 temperature sensor. When using the sensors with high energy
budgets, there will be a potential need to either increase the transmit power or
to maximise the time when the sensor nodes can harvest energy. The following

trade-offs may be required when designing the system:

e the trade-off between the total energy budget of the on-board sensor node

and the system’s communication system;

e the trade-off between the total energy budget of the on-board sensor node

and the farming efficiency (the farm machinery speed);

e the trade-off between the total energy budget of the on-board sensor node

and the depth of the sensor node;

e the trade-off between the total energy budget of the on-board sensor node

and the size of the sensor node.
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3.3.7 The system has an operating lifetime longer than 2

years

The lifetime of a sensor node will primarily depend on four parts of the sensor
node which are the sensors, the wireless communication device, the RF energy
harvesting module and the sensor node enclosure. Most of the commercial wire-
less communication devices and RF energy harvesting modules can easily achieve
lifetimes longer than 2 years. A well sealed sensor node enclosure that is made
of strong material should be also able to protect the sensor node circuit for two
years. Regarding the sensors, the focus is not only on their lifetimes but also
on their performance, such as sensitivity and accuracy. Most commercial sensors
have the operating times more than 2 years, but their performance may not be
guaranteed for that length of time. The degradation of the sensors performance
can result in inaccurate sensor measurements, which is not acceptable for the
farmers. Therefore, it will be necessary to further explore the performance of the

on-board sensors as time increases.

There will be a problem when replacing the sub-soil sensor nodes - where are
the sub-soil sensors? Since some of the sensor nodes may fail working beyond
the operating lifetime, it will be difficult to interrogate and locate them. So it is
necessary to explore the integration of a GPS with the interrogator. When the
interrogator travels over a field with farm machinery, the location information
of the sensor nodes will be recorded whenever the interrogator has received the
readings. This will help locate the sensor nodes in the future when there is a

need to replace them.

3.4 Summary

In this chapter, the system design requirements have been described and analysed.
The proposed sub-soil sensing system will consist of an above-ground interrogator
and a number of sub-soil and battery-free sensor nodes. The sensor nodes are

plough-able and can be deployed like planting seeds with farm machinery. Once
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the proposed system has been deployed, it is expected to have an operating
lifetime longer than 2 years without replacing the sub-soil sensor nodes. The
sub-soil sensor nodes are capable of harvesting energy from the RF field that is
generated by the interrogator and transmitting multiple sensor measurements to
the interrogator wirelessly through soil. In practice, the interrogator is installed
on farm machinery. When the on-vehicle interrogator travels over a field, it
transmits RF signals to power the sub-soil sensor nodes and then receives sensor
measurements from the sensor nodes. The system should be able to achieve a
communication performance where the successful reading rate is higher than 80%.
Based on the system requirements analysis, a series of research questions or tasks
about the system design have been raised and listed, these need to be considered

and explored during the course of this research.



Chapter 4

High Level Design

4.1 Introduction

This chapter describes the high level design of the proposed RFID sub-soil system.
In Section [£.2] the system overview and design are presented. The details of the
RFID reader design and the RFID sensor node design are described in Section

4.3 and Section (4.4l

4.2 System Overview and Design

Figure[4.1|shows the concept diagram of the proposed sub-soil system which com-
prises a number of sub-soil RFID sensor nodes in a field and an above-ground
RFID reader. The RFID sensor nodes will be totally buried in soil and each
sensor node is not wired to any other devices. The depth of the sensor nodes
within the soil ranges up to 0.5 m, and the specific value will depend on the ef-
fective rooting depths of typical crops, such as potato, wheat and field corn [96].
The RFID reader is mounted on a tractor which is common farm machinery for
most farming activities, such as ploughing, fertilising and irrigating. The system
integrates passive far-field RFID technology, sensing technology and embedded
system technology, and each sensor node typically includes an RFID circuit and
sensors. The RFID circuit primarily consists of an antenna, a microcontroller
and RF components, which is capable of harvesting energy from electromagnetic
fields and transmitting sensor measurements from the on-board sensors to the

RFID reader wirelessly through backscatter communication.
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In practice, when the tractor that holds the RFID reader drives over a field,
the sensor nodes will harvest energy from the electromagnetic field generated
by the RFID reader, and the harvested energy will be typically stored using an
energy storage component, for example ordinary capacitor or super-capacitor.
For each sensor node, there will be a powering time when the generated elec-
tromagnetic fields cover the sensor node antenna and the sensor node is able to
harvest energy. Once the sensor node has harvested sufficient energy to supply
the on-board power-required components including the active on-board sensors,
microcontroller and RF components, it transmits sensory data to the RFID reader
wirelessly. The energy budget of a sensor node in this thesis refers to the total

required energy for supplying the components that require power.
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Figure 4.1: Concept diagram of the proposed RFID sub-soil system for agriculture

The RFID reader can be interfaced to other farming systems, for instance, as
shown in Figure 4.1 the sensor measurements can be used to control an on-board
spray boom for selective application of fertiliser. The sensor measurements can
also be shared to remote stations for monitoring via Wireless Local-Area Net-

work (LAN), or cellular mobile systems. An on-board GPS will typically provide
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sensory data with location information, which allows mapping of the sensor mea-
surements in a field. The proposed RFID sub-soil sensing system can also be
a part of a remote sensing system which helps farmers efficiently monitor farm

fields and improve the efficiency in farming activities.

4.3 RFID Reader Design

Figure presents the diagram of an RFID reader system which fundamentally
comprises a receiver and a transmitter. Similar to most commercial RFID system
designs, the transmitter generates Continuous Wave (CW) signals to power the
RFID sensor nodes and the receiver amplifiers and demodulates the backscat-
tered signal from the RFID sensor nodes. However, commercial RFID readers
are based on the industrial protocols, and they cannot be used to explore the
modification to the physical layer nor the system performance in a wide fre-
quency range. Chapter [7] presents the implementation of a software-controlled
RFID reader platform using a NI PXI system. An Radio Frequency (RF) circu-
lator [102] is typically used to isolate the transmitting signals and the receiving
signals. Since the RFID reader only transmits and receives signals to and from
underground sensor nodes, a directional antenna, such as patch antennas [74] is
an ideal choice for the reader antenna design. A directional antenna can be used
to maximise the radiated RF power in the direction of the sub-soil sensor nodes.
The demodulated sensor measurements are typically communicated to an embed-
ded computing system or a portable Personal Computer (PC) using an industry
standard serial or network interface. The power for the RFID reader system will

be supplied by an on-vehicle battery.

Due to the high path loss in soil [7], the sub-soil sensor node may not be able
to harvest sufficient energy within the powering time. Slowing down the tractor
speed helps maximise the powering time and improves the harvested energy by the
sensor nodes. However, slow speeds affect farming efficiency, which may not be
acceptable to farmers. Regarding this problem, there is a possibility of using two
RFID readers. Two RFID readers would be mounted in the front and rear of the
tractor separately. The front mounted system, as shown in Figure [4.3a] provides

the electromagnetic fields from which the sub-soil node harvests its energy, and
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Figure 4.2: Diagram of the RFID reader system.

the rear one, as show in Figure 4.3b] is primarily used for communicating with
the sub-soil sensor nodes, although it can also take over the role of providing
power to the sensor node. This approach efficiently maximises the powering time

without affecting the tractor speed.

(a) The front reader powers the sensor node (b) The rear reader continues to provide power
and communicates with the sensor node

Figure 4.3: System diagram of two-reader design

4.4 RFID Sensor Node Design

It is hard to design the RFID sensor nodes directly using commercial RFID tags

as they provide limited ability to integrate with commercial sensors nor to analyse
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their performance in RF energy harvesting. Prototyping a passive RFID sensor
node is described in Chapter [§ Figure presents the block diagram of the
passive RFID sensor node prototype design, where the antenna and rectifier cir-
cuit harvest energy from the electromagnetic field generated by the RFID reader.
An energy storage component accumulates the harvested energy and the stored
energy will be only discharged when the voltage of the energy storage component
increases to a specific level. At this level of voltage, the stored energy is sufficient
to meet the energy budget of the sensor node. A power management circuit then
provides the required system voltages using a DC/DC converter. A microcon-
troller interfaces with the sensors and provides data-logging and data-encoding
functions. The encoded sensor measurements are finally backscatter modulated
and transmitted by the antenna. Since soil temperature and soil moisture are two
key parameters that most of WSN systems [12] will provide, the energy budget
of the sensor node should be able to power at least a temperature sensor and a

soil moisture sensor.
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Figure 4.4: Block diagram of sensor node design

The whole sensor node circuit is contained inside an enclosure. The use of
the enclosure is primarily motivated to protect the sensor node from the sub-soil
environment. In soil, there are potential threats to a sensor node circuit, such
as water, roots and insects. A sealed and water-proof sensor node enclosure will
efficiently isolate the node circuit from the soil environment. The sensor node

enclosure has to be compatible with most of the commercial sensors as reviewed
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in Chapter 2] A temperature sensor or a pressure sensor will be completely
enclosed within the enclosure. Regarding a soil moisture sensor or a soil pH
sensor, the electronic circuit of the sensor has to be enclosed within the enclosure
and the metal electrodes of the sensor need to have a physical contact with the
soil surrounding the enclosure. Thus, there will be water-proof connectors on
the enclosure surface, and these connectors wire the electrodes and the electronic
circuit of the sensors. In addition, the material for fabricating the enclosure has
to be strong enough to withstand the pressure from the soil, and it also has to
be lossless to RF signals so that it will not affect the system communication

performance.

4.5 Summary

The proposed RFID system comprises an above-ground RFID reader and a range
of sub-soil RFID sensor nodes, which integrates passive RFID technology and
sensing technology. The system overview in practice has been presented, where
the RFID reader travels with a tractor to interrogate the sub-soil sensor nodes.
The sub-soil sensor node will not contain an on-board battery. It is capable of
harvesting energy from the EM field generated by the RFID reader and transmit-
ting sensory data wirelessly to the reader through backscatter modulation. Both
the designs of the RFID reader and the RFID sensor node have been illustrated
with the system block digram presented.



Chapter 5

System Electromagnetic
Modelling

5.1 Introduction

As described in Section [I.3] the sub-soil wireless channel brings the challenge of
achieving RFID communication through soil: the path loss in the soil limits the
energy that can be harvested by an RFID sub-soil sensor node, and also affects
the system performance in the communication link. It is important to investigate
the potential impact of the soil on a sub-soil communication system. The primary

objectives of the investigation are to characterise:

1. the path loss in soil,
2. the effect of the soil on the performance of a sub-soil sensor node antenna,

3. the effect of a sensor node enclosure and the associated air gap on the

performance of the sub-soil sensor node antenna.

There are two potential methods to carry out the investigation: by practi-
cal measurements or by simulations. The method of practical measurements is
typically based on fabricating system prototypes and setting up arrangements
for practical experiments. This method can lead to an unpredictably long re-
search time as the experiments will involve physical configurations of the factors
including soil moisture, frequency, the depth of the sensor node, and the size of
the sensor node enclosure. In addition, the experiments will potentially have the

problem of measuring the performance of a buried antenna. It is not always easy
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to transfer a massive amount of soil into a laboratory for implementing a soil en-
vironment nor to measure the antenna’s radiation efficiency or radiation pattern.
In contrast, the method of simulations provides the flexibility and convenience
in defining the physical structure of a sub-soil communication system as well as
dielectric properties of a soil environment. It will be efficient to characterise ei-
ther the path loss in soil or the performance of a buried antenna in simulations
where the soil moisture, the frequency, the depth of the sensor node, and the size
of the sensor node enclosure can be readily configured. In this work, the method
of simulations is used to provide a basic understanding of the path loss in soil
and the effects of the soil and the sensor node enclosure on the performance of a
buried antenna. The simulation results will then help narrow down the focus of

the practical experiments as will be presented in Chapter [9

As reviewed in Chapter[2] simulation works have been designed to characterise
underground channels. However, most of those works have the primary emphasis
on investigating behaviours of EM waves propagating in the soil and analysing
the path loss of an underground channel. They do not consider the effect of the
soil on a buried antenna. This chapter describes a method of modelling the RFID
sub-soil system using Computer Simulation Technology (CST) STUDIO SUITE
time-domain solver [103]. System models were constructed to characterise the
path loss in soil in the frequency band from 600 MHz to 1200 MHz, the effect
of the soil on a buried antenna, and the effect of an air gap around the buried
antenna, which will be discussed in Chapter [l CST STUDIO SUITE is an EM
3D simulation software package which has been widely used to provide charac-
terisations for 3D EM designs. CST EM models are designed within a visual
environment by creating multiple objects and defining the dielectric properties
and the dimensions of the objects. It provides a flexible and intuitive method
to customise and characterise EM designs. In this chapter, the design of a CST
EM model for the RFID sub-soil system is presented along with the methods of
characterising the performance of a half-wavelength dipole antenna and the path

loss between two antennas.
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5.2 Electromagnetic Model Design

5.2.1 RFID system model structure

The CST EM model in this work is designed based on the features of the pro-
posed RFID sub-soil system, which consists of an aboveground RFID reader and
a sub-soil sensor node. Figurelb.1al presents the screenshot of the CST EM model
and the schematic diagram of the model is shown in Figure 5.1b] The CST files
containing the model design can be found in Appendix B. The RFID system
is modelled using two antennas: a reader antenna and a node antenna. Typi-
cal antenna types used in commercial communication systems include the dipole
antenna, the patch antenna, the coil antenna and the monopole antenna. As
described in Chapter [3] it will be desirable to design a sensor node with an om-
nidirectional antenna as the sub-soil sensor node can be deployed into soil with a
random orientation. The CST EM model adopts the half-wavelength dipole an-
tenna for modelling both the reader antenna and the sensor node antenna. The
primary reason for using the half-wavelength dipole antenna is that the antenna
has been theoretically analysed and it is usually used as a reference antenna to
characterise antenna gain with a unit of dBd [74]. In practice, the half-wavelength
antenna has wide acceptance since the radiation resistance of a half-wavelength
dipole antenna is very near the characteristic impedance (75 ) of some trans-
mission cables [74]. Another reason for using the half-wavelength dipole antenna
in the model is due to its simple structure which makes it easy to construct in
CST models. An antenna with a simple structure always provides benefits in
simulation efficiency as a complex antenna structure will typically lead to long
simulation times. The dipole antenna in the CST model, as shown in Figure [5.2
is created by two straight wires oriented end to end on the same axis. A discrete
port with 1 Watt excitation is applied to the antenna. In theory, the whole length
of the dipole antenna has to be a half-wavelength long for resonance [74]. The
length of each of the two wire elements is defined as [ in the CST model, which

can be used for varying the resonant frequency of the antenna.

The reader antenna is placed above the top surface of a soil tank which is
designed in the shape of a cube with side length s. The height of the reader an-
tenna refers to the distance between the antenna and the top surface of the soil.

Based on the minimum distance of far-field regions as shown in Equation [2.1]
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Figure 5.1: CST EM model design of the RFID sub-soil system for the simula-

tions.
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Figure 5.2: Screenshot of the dipole antenna model in CST.

the reader antenna should be at least a half-wavelength of the signal above the
soil surface in order to ensure that the soil tank is in the far-field region. The
frequency band in this work is from 600 MHz to 1200 MHz, which is the band
that most passive far-field RFID systems operate in, therefore the value of the
height of the reader antenna is set to 0.5 m. It is not sensible to bury the node
antenna directly into the soil tank as the high relative permittivity of the soil
has a significant impact on the characteristics of the antenna, such as the band-
width, input impedance, resonant frequency and efficiency [104], 23, 25]. This
effect has been investigated through simulations, and the simulations results will
be shown in Section [6.3] In the model design, the node antenna is placed within
an enclosure, which is then buried within the soil tank. The enclosure provides
an air gap around the antenna. As shown in Figure the antenna is located
at the centre of the enclosure. The size of the enclosure is determined by the
air gap between the node antenna to each inner surface of the enclosure g, and
the parameter ¢ defines the thickness of the enclosure’s walls. The air gap will
potentially help the antenna performance in the soil and the effect of the gap g
on the node antenna performance will be investigated in Chapter [6l The depth
of the node enclosure, d refers to the vertical distance between the soil surface to
the node antenna. So the overall distance between the reader antenna and the
node antenna is h+d, and the thickness of soil layer above the node enclosure
is d — (g +t). All parameters for defining the model’s physical size are listed in
Table 511
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Table 5.1: List of parameters in the EM model design.

Symbols Descriptions
h height of reader antenna above soil surface
d depth of node antenna in soil tank
S side length of soil tank
g gap between enclosure surface and node antenna
t thickness of enclosure’s walls
[ half length of dipole antenna

5.2.2 RFID system model material and soil environment

The dielectric properties of the EM model are required to be defined, and the
objects of the EM model include the antennas, the enclosure, the air gaps (outside
the soil tank and inside the enclosure) and the soil. The CST package provides a
material library where the properties of typical materials for EM model designs
are given. The brief descriptions of the selected materials for the four objects
are shown in Table [5.2] where €, is the relative dielectric constant and tan(d) is
the loss tangent of the materials. The antennas of the EM model use the Perfect
Electric Conductor (PEC) which has zero electrical resistance, although PEC
does not exist in nature. A PolyVinyl Chloride(PVC) material is selected for the
enclosure design. PVC materials are widely used in underground sewage pipes
due to their low cost, chemical resistance and ease of joining [105]. The selected
PVC material is lossless to RF signals and has a relative dielectric constant e,
of 3.5. The air gaps in the model have typical free-space dielectric properties
with the relative dielectric constant €, of 1 and loss tangent tan(d) of 0. The
soil material modelling is the most complex work, as the microwave properties
of soil are affected by a range of parameters such as frequency, soil texture and
soil moisture. The CST material library only provides dry and wet sandy soils,
and the microwave properties of the soils are characterised at a single frequency
of 10 GHz. It is impossible to use the information provided by the CST material

library to simulate dielectric properties of a soil in a wide range of frequencies
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and at various moisture content levels. Thus, the soil material modelling in this
work is achieved by manually defining the soil dielectric properties based on the
semiempirical dielectric model of soil’s microwave behaviour [2] as presented in
Equations (2.4) and (2.5).

Table 5.2: List of materials used in the EM model.

Material Description

PEC zero electrical resistance
PVC | ¢ = 3.5 and tan(d)= 0
air e, = 1 and tan(§)= 0

As discussed in Chapter 3, the semiempirical dielectric model expresses the
complex permittivity (¢ and € ) of soils as a function of water content, frequency
and soil texture. Thus, given a specific soil type its complex permittivity at var-
ious moisture levels and frequencies can be calculated. The CST package allows
the creation of a new material by manually specifying its microwave properties:
the real part of the relative permittivity ¢ and loss tangent tan(9). The loss
tangent is the ratio of the imaginary part of the complex permittivity to the real
part of the complex permittivity. Thus, the method of modelling the soil material
can be summarised in two steps: 1) calculate the complex permittivity and loss
tangent of the soil material by considering the soil type, the soil moisture and the
frequency, and 2) define the microwave properties of the soil in CST by applying
the calculated results. For the simulations, the soil material was modelled based
on the properties of a sandy soil, which is one of the common soils in agriculture.
The properties of the sandy soil are provided in [89], whose sand percentage is
50 %, clay percentage is 15 %, the bulk density is 1.5 g/cm?, and the solid soil
particle density is 2.66 grams/cm?. Figure shows the calculated complex per-
mittivity of the sandy soil at 900 MHz. Both the real and the imaginary parts of
the permittivity rise with increasing soil moisture, which means that the moisture

content will significantly affect the dielectric properties of the soil.
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Figure 5.3: Calculated permittivity of the sandy soil at 900 MHz.

5.3 Simulation Method

In this section, the methods of characterising the performance of a buried an-
tenna and the path loss between two antennas through the CST simulations are
described. The antenna performance includes return loss, radiation efficiency and
radiation pattern. All simulation examples given in this section are based on us-
ing the two half-wavelength dipole antennas in air without the soil tank and the

sensor node enclosure.

Return loss performance of an antenna is typically characterised from the
S (Scattering)-parameter, Si;. S-parameters refer to the scattering matrix which
is a mathematical construct that has been widely used to quantify how elec-
tromagnetic signals propagate through a multi-port network [106]. Figure
presents the simplified block diagram of a two-port network, and its S-parameter

matrix can be expressed as:

by St S| |m
o)=L s

where a; and ay can represent the signal power inputs to port 1 and port 2, b; and
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Figure 5.4: Block diagram of the simplified two-port network.

b, can represent the signal powers exiting from port 1 and port 2, and S, Sia,

So1 and Syy are S-parameters. Two equations can be obtained from the matrix:

by = S11a1 + Si2a9 (5.2)
b2 = Sglal + 822(12. (53)

As presented in Equation [5.3] the signal power that exits port 2 consists of two
element: Syia; and Sosas. When ay = 0, Sy = —2, which indicates the power
loss or gain during the signal propagation throug%1 the network from port 1 to
port 2. When a; = 0, Soy = @, which is the reflection coefficient at port 2. With
the same principle, Sy exprcééses the power loss or gain from port 2 to port 1,

and Sp; expresses the return loss at port 1.

5.3.1 Antenna performance characterisation
5.3.1.1 Return loss and resonant frequency

The return loss of an antenna is also known as the reflection coefficient, which
measures the ratio of the power applied to the antenna and the power reflected
from the antenna to the source. The reflection loss is typically caused by the
impedance mismatch between the antenna impedance and the input impedance
of the feed cable at the resonant frequency. A high return loss in a transmitting
antenna limits the power radiated out from the antenna. More seriously, it also
leads to high reflected power, which can potentially damage components at the
power source. The return loss is typically expressed in decibels (dB), for example,
the return loss of commercial antennas is typically less than -10 dB over operat-

ing frequency bands, which means more than 90 % of the applied power can be
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radiated out from the antenna.
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Figure 5.5: Simulated S-parameters for two dipole antennas (900 MHz) in air.

The S-parameter, S, in CST simulations characterises the return loss of an
antenna, where x is the port number on the antenna. Figure[5.5|presents a screen-
shot of the CST simulation result showing the simulated S-parameters for the two
identical dipole antennas (as shown in Figure in free-space. The physical half
length, [ of the antennas is 72 mm and the antennas are separated by 1 m. As
shown from the plots of the S7; and S, in Figure the antennas both achieve
a lowest return loss value at 900 MHz (0.9 GHz), as this frequency is the resonant
frequency of the antenna. The simulated parameters of Ss; and Sis in Figure|5.5
show that the path loss between the antennas is -27.9 dB at 900 MHz, and char-
acterising path loss will be described in Section [5.3.2] The resonant frequency of
a dipole antenna will shift when varying the length of the antenna. Figure |5.6
shows the plot of the antenna model length versus the resonant frequency, which
is obtained through the CST simulations. It is observed in Figure that the
resonant frequency of a half-wavelength dipole antenna increases with decreasing
length of the antenna, and the overall length of the antenna is not exactly equal
to a half-wavelength in the simulations. For example, the antenna achieves reso-
nance at 900 MHz when its half length [ increases to 72 mm which is shorter than
the quarter-wavelength at 900 MHz, approximately 83 mm. Actually the half-
wavelength at a specific frequency is only used to estimate the physical length of

a have-wavelength dipole antenna, and the actual length of the dipole antenna
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for resonance is affected by the feeding gap between the antenna wires and the
radius of the wires [I07]. Details of constructing the dipole antenna will not be

further discussed in this thesis.
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Figure 5.6: Dipole antenna half length, [ versus resonant frequency.

5.3.1.2 Radiation efficiency and pattern

Assuming the impedance of the antenna is well matched to the characteristic
impedance of the feed cable connecting to a radio system, the radiation efficiency
is a measure of the ratio of the actual power radiated by the antenna to the power
supplied to the antenna. The radiation efficiency of an antenna is affected by the
conduction loss and the dielectric loss of the antenna [74]. The conduction loss
is a result of the finite conductivity of the antenna, and the dielectric loss is due
to RF absorption by the dielectric materials within or near the antenna. Since
the antennas of the EM model use the PEC material, the conduction loss can be

ignored in CST simulations.

An antenna radiation pattern is a graphic representation of the radiation
properties of the antenna, and it is typically used to present the three-dimension
spatial distribution of radiated energy as a function of space coordinates [74].

Antennas typically radiate energy with three pattern types: isotropic, directional
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and omnidirectional patterns [74]. An isotropic pattern has equal radiation in
all directions, but this pattern does not physically exist. A directional antenna
radiates EM waves more effectively in some directions, and one example of direc-
tional antennas is the horn antenna [74]. An omnidirectional pattern is a special
type of a directional pattern, but it has an essentially nondirectional pattern in
a given plane [74]. The half-wavelength dipole antenna is an example of an om-

nidirectional antenna [74].

Figure presents the screenshot of the CST simulation result showing the
performance of the dipole antenna model whose resonant frequency is 900 MHz
in free-space. The simulated performance includes radiation pattern, radiation
efficiency, total efficiency and gain. The total efficiency 7,4 of an antenna takes

into account the reflection loss and the radiation efficiency [74]:

Ntotal = nr‘ad(l - 77ref> (54)

where 7, s is the antenna reflection coeflicient (return loss) and 7,44 is the antenna
radiation efficiency. The gain of an antenna measures the ratio of the radiated
power from the antenna in a specific direction to the input power applied to the
antenna [74]. Typically, an antenna gain is expressed in the unit of dBi which
is based on using a lossless isotropic source as the reference antenna [74]. As
shown in the simulation result in Figure [5.7] the dipole antenna model has an
omnidirectional radiation pattern and it has a nondirectional pattern in the x-y
plane. The antenna achieves a radiation efficiency of 0 dB (100 %), and this
is because the antenna is created using an ideal PEC material and the antenna
radiates energy into free-space. The total efficiency is -0.22 dB (95 %) and the
power loss is because of the return loss. The simulated maximum gain of the
antenna is 2.17 dBi, and this value is comparable to the theoretical gain of a
half-wavelength dipole, which is 2.15 dBi [74].

5.3.2 Path loss characterisation

The path loss between two antennas typically refers to the overall power loss that
occurs during the transfer of energy between the antennas. With the proposed

RFID sub-soil system, the path loss between the reader antenna and the node
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Figure 5.7: Simulated dipole antenna 3D pattern with antenna performance at
900 MHz.

antenna is primarily due to the RF energy absorption in the soil. Free-Space Path
Loss (FSPL) will also contribute to the path loss, which can be expressed as shown
in Equation [2.11} The EM model of the RFID sub-soil system can be seen as
a two-port network where the reader antenna is port 1 and the node antenna
is port 2, So; measures the ratio of the received power by the node antenna to
the supplied power input to the reader antenna. If Ss; is equal to 0 dB, then
the node antenna receives all the power transmitted by the reader antenna. A
negative value of Sy; (dB) indicates that there are power losses between two
antennas. Based on Friis transmission equation [81], the path loss between two

antennas in free-space can be expressed as:

So1(dB) = P.(dB) — P,(dB) = G,(dB) + G,(dB) + FSPL(dB),  (5.5)
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where G; and G, are the gains of the transmitter antenna and the receiver an-
tenna, P, is the power input at the transmitter antenna and P, is the power
received by the receiver antenna. Similar to S, the plot of Sy versus frequency
is provided in the simulation result, as shown in Figure [5.5] Based on the Friis
equation, simulations have been designed to characterise the FSPL at 900 MHz
using two dipole antenna models (the port 1 and the port 2 of the simulation).
In the simulations, the distance between the antennas was varied in the range of
0.2 m to 1.4 m, and the corresponding S5; was characterised. Figure [5.8| presents
the simulated result, where the simulated FSPL is comparable to the calculated
result based on Equation It is observed in Figure that the simulated plot

and the calculated plot have a good agreement.
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Figure 5.8: Simulated and calculated Free Space Path Loss at 900 MHz.

5.4 Summary

This chapter presents a method of modelling an RFID sub-soil system using the
CST software package. The design of the CST electromagnetic model has been
described, which includes two half-wavelength dipole antennas, a sensor node en-
closure, and a soil tank. Except for the soil, the objects in the model use the

materials that are provided by the CST material library. The soil is modelled
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by deriving its complex permittivity according to parameters such as the soil
texture, the soil moisture, and the frequency. The simulation methods of char-
acterising the antenna performance and the path loss have been described. An
example EM model containing two half-wavelength dipole antennas in free-space
has been used in the simulations to illustrate how to characterise the antenna
performance of return loss, radiation efficiency and radiation pattern, as well as

how to characterise the FSPL between the two antennas.



Chapter 6

Electromagnetic Simulations and
Results

6.1 Introduction

To a certain extent, soil especially wet soil behaves as a lossy medium as reviewed
in Chapter [2| which will affect the performance of a buried antenna. For exam-
ple, the high dielectric constant of the soil surrounding an antenna can alter the
resonant frequency of the antenna. In addition, soil will absorb the energy of EM
waves and will cause dielectric power loss in the sub-soil wireless channel. With
an RFID sub-soil system, the soil around the sub-soil sensor nodes is one of the
primary concerns which will affect the system performance. CST simulations have
been undertaken based on using the EM model presented in Figure [5.1, which
have explored the impact of sandy soil on the performance of a half-wavelength
antenna. The simulations have also considered investigations which are not sen-
sible to carry out by practical measurements, such as the effect of a sensor node
enclosure and its size, and the impact of the soil tank size. In addition, the path
loss between the above-ground reader antenna and the sub-soil node antenna has
been investigated in the simulations. Parameters including frequency, the depth

of the sensor node and soil moisture content are considered.

This chapter describes the CST simulations and presents the simulation re-
sults. In the simulations, the depth of the sensor node ranges from 0.1 m to 1 m,
which covers the depth range proposed in the system design in Chapter (0.2 m to
0.5 m). The frequency band that is considered in the simulations is from 600 MHz

88
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to 1200 MHz. Choosing this frequency band is motivated by designing an RFID
sub-soil system at UHF frequencies which can provide an acceptable compromise
between antenna size and path loss in soil. The moisture content of the sandy
soil in the simulations for measuring the path loss ranges from 5% (dry) to 25 %
(wet). A moisture content higher than 25% is limited by the memory size of the

PC on which the simulations run, and the limitations are discussed in Section [6.2]

6.2 Soil Tank Size

Based on the EM model presented in Figure the required memory for run-
ning a simulation is primarily influenced by two factors: soil tank size and soil
moisture content. A larger soil tank or a higher soil moisture level will demand
a larger memory size and leads to a longer simulation time. In other words, the
memory size of the PC will limit the size of the soil tank or the soil moisture
content in the simulations. When the required memory size exceeds the PC’s
memory size which is 48 GigaBytes (GB), the simulation will abort with an er-
ror. For example, the simulation failed running when the size of the soil tank
increased to 7000 mm x 7000 mm x 7000 mm with 10% moisture sandy soil.
Although the problem can be solved by decreasing the the soil moisture content
to 5%, this will limit the investigation on the effect of soil moisture content on
the path loss in soil. With this limitation, it is not feasible to model the actual
size of a soil environment in the simulations. The primary concern of decreasing
the soil tank size is that the model does not match reality and so cannot provide
a certain fidelity of result. This section describes CST simulations which have
been undertaken to investigate the impact of the soil tank size. These simulation
results help choose the soil tank size for the simulations in Section - and
the size of a soil planter for the practical experiments as will be described in
Chapter [9]

Figure presents the diagram of the EM model for investigating the impact
of the soil tank size, where the depth of the sensor node d and the side length of
the soil tank s were varied in the simulations. The depth of the sub-soil antenna d
was firstly set to 500 mm and then set to 1000 mm. The side length of the soil tank
s gradually increased from 600 mm to 2500 mm when the depth d was 500 mm,
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and from 1100 mm to 2500 mm when the depth d was 1000 mm. The half length
[ of the antennas was adjusted to 72 mm for achieving a resonant frequency of
900 MHz in air. Regarding other parameters, the height of reader antenna h was
500 mm, the air gap width (sensor node enclosure size) g was 20 mm and the
thickness of the sensor node enclosure was 5 mm. As described in Chapter 5] the
soil tank will be positioned within the far-field region of the reader antenna, in
the frequency band from 600 MHz to 1200 MHz this requires the height of reader
antenna to be 500 mm. The setting of the air gap is motivated by reducing the
impact of the soil on the sensor node antenna. The value of the thickness is set to
the thickness of the PVC material that will be used to fabricate a sensor node en-

closure prototype for the practical experiments, as will be described in Chapter [9}
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Figure 6.1: Diagram of EM model for investigating the impact of soil tank size

Figure [6.2 shows the simulated path gain, S;; at 900 MHz in dry sandy soil
(5% soil moisture content) versus the soil tank size. It is shown in Figure
that the simulated path gain oscillates with increasing size of the soil tank and
then becomes a constant (less than £+ 1 dB error) when the side length of the
soil tank is longer than 1500 mm at the depth of 500 mm, and 2000 mm at the

depth of 1000 mm. This observation indicates that the simulation result can
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have an error higher than + 1 dB when using a soil tank with the size smaller
than 2000 mm x 2000 mm x 2000 mm at the depth range up to 1000 mm and
approximately 1500 mm x 1500 mm x 1500 mm at the depth range up 500 mm.
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Figure 6.2: Simulated path gain Sy, (at 900 MHz in dry sandy soil) versus the
soil tank size (side length s) at the depths of 500 mm and 1000 mm.

When using a small soil tank size for a simulation, the primary concern is the
potential power leakages along the side wall of the soil tank. The power leakage is
not desirable in the simulation as it will affect the degree to which the EM model
matches reality. Simulations then have been undertaken to investigate the power
leakage by using an EM model whose diagram is shown in Figure Comparing
the EM model as shown in Figure 6.1, the EM model for investigating the power
leakage includes four RF absorbers around the surface of the soil tank. The ab-
sorber dielectric properties were set to: € = 10 and tan(d) = 0.99. With the loss
tangent tan(d) of 0.99, the surface absorber behaves as a nearly perfect absorbing
material and is able to absorb the potential power leakages. In the simulations,
the absorber has a fixed size, of which the width was 500 mm and the thickness

was 200 mm.

Figure shows the plots of the simulated path gain, Ss; versus the side
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Figure 6.3: Diagram of EM model with RF absorbers at the top of soil tank.

length s of the soil tank with and without the surface absorbers. Both plots pre-
sented in Figure |6.4] show that the simulated path gain oscillates with increasing
size of the soil tank s from 600 mm to 1500 mm and that the simulated path gain
tends to be a constant, approximately -38 dB when the soil tank size s is longer
than 1500 mm. When using the surface absorbers around the soil tank, there is
an observation that the magnitude of the oscillation becomes lower, which indi-
cates the potential existence of power leakage when using a small size soil tank.
The reason for the oscillation could be due to the soil affecting the performance
of the sensor node antenna and the level of the effect varies when changing the
size of the soil tank. The effect of the soil tank on the simulation result will
not be further analysed through simulations, but it has been considered when

undertaking other simulations.

In order to improve the degree to which the model matches reality, the simu-
lations as shown in Section [6.3]to Section use the soil tank size of 2000 mm x
2000 mm x 2000 mm. As shown in Figure the simulation result tends to be
a constant with an error less than 4+ 1 dB when the side length of the soil tank

s increases longer than 2000 mm. With this size of the soil tank, the maximum
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Figure 6.4: Plots of the simulated path gain (at 900 MHz and the depth d of
500 mm in dry sandy soil) versus the soil tank size (side length s) with and
without surface absorbers.

achievable soil moisture is 25 % in the simulations, and this level represents a
relatively high moisture level in farm fields at depths from 200 mm to 700 mm
[T08]. A soil tank with the volume of 2000 mm x 2000 mm x 2000 mm is eas-
ily created in CST simulations, but it is challenging to implement in practice.
The soil volume of 2000 mm x 2000 mm x 2000 mm refers to at least 9 tons
of soil, and it is not sensible to transfer such a mass of soil into a laboratory
for practical experiments. As indicated from the simulation results in Figure [6.2]
and Figure [6.4] there are two potential factors which affect the required soil tank
volume at which the simulation result has an error less than 4+ 1 dB. One of the
factors is the depth of the sensor node. As shown in Figure [6.2] the required
soil tank size that leads to a simulation error less than 4+ 1 dB is decreased from
2000 mm x 2000 mm x 2000 mm to 1500 mm x 1500 mm x 1500 mm with
decreasing depth from 1000 mm to 500 mm. The second factor is the RF ab-
sorbers around the soil tank surface. The plots in Figure 6.4 show that the use
of the RF absorbers drops the required soil tank size, at the depth of 500 mm,
to 1000 mm x 1000 mm x 1000 mm. These two factors have been considered

when choosing the size of a soil planter for the practical experiments as will be
described in Chapter [9]
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6.3 Sub-soil Antenna Performance

As described in Section [5.3.1] the dipole antenna achieves a total efficiency of over
94.3% at 900 MHz in air. Since soil has different dielectric properties compared
to air, it is interesting to know how this 900 MHz dipole antenna will behave
in soil in terms of return loss, radiation efficiency as well as radiation pattern.
As analysed in Chapter [5] it is not sensible to investigate the performance of a
buried antenna by practical measurements due to the difficulty of configuring the
experimental arrangement. Therefore CST simulations have been undertaken to
characterise the performance of a half-wavelength dipole antenna which is directly
buried in dry sandy soil. The simulations were based on the EM model as shown
in Figure[5.1] but there was a modification to the model: the sensor node antenna
was directly buried within the soil tank without the sensor node enclosure, and

the updated diagram of the model is shown in Figure [6.5
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Figure 6.5: Diagram of the EM model for characterising the performance of a
buried antenna without sensor node enclosure.

The model shown in Figure[6.5allows for the characterisation of the complete
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impact on the antenna performance only from the soil. As shown in Figure [6.5]
the sensor node antenna was buried 500 mm below the soil tank top surface,
where the most of crops’ roots would be located [97]. The side length s of the soil
tank was 2000 mm. The reason for choosing this size has been discussed in Sec-
tion [6.2l The half length of the dipole antennas, [, was set to 72 mm, leading to
a resonant frequency of 900 MHz in air. The soil material used in the simulation
was the sandy soil with 5% moisture content. The soil dielectric properties are
¢ = 6.78 and ¢’ = 0.48, which are calculated based on the semiempirical model
as expressed in Equations - [2]. The reader antenna was not considered
in the simulations although it existed in the EM model.

Figure presents the simulation results where the simulated Sy, measure-
ment in the soil is compared to the simulation result in air. It is obvious that the
resonant frequency of the antenna is affected by the soil, and the antenna achieves
the resonant frequency at 1150 MHz in the soil. At 900 MHz, the simulated re-
turn loss of the buried antenna is only -5 dB, which means that over 31.6% of the
supplied power is reflected back to the source. The simulated antenna radiation
performance in the soil is shown in Figure [6.7] The radiation efficiency of the
antenna at 900 MHz drops to -14.77 dB (3.33%) in the soil compared to the value
of -0.01 dB (99.74%) in air. The sharp decrease in the radiated power is primarily
due to the RF absorption by the soil around the antenna. The 5% moisture sandy
soil behaves as a lossy medium, and so the soil around the antenna causes a high
dielectric power loss. The radiation pattern shown in Figure shows a more

directional pattern for the antenna in soil as opposed to in air.
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Figure 6.6: Comparison of the simulated Sy (return loss) of the antenna in air
and in the sandy soil.
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6.4 Sensor Node Enclosure

An enclosure has been proposed in the system design to contain the sensor node
circuit and the sensor node antenna. The original motivation of using the enclo-
sure is to provide the sensor node circuit with protection from the sub-soil en-
vironment since the nature of underground environment is complex, where there
are potential threats to the sensor node circuit such as water, roots and insects.
The effort to improve the performance of a buried antenna also motivates the
use of a sensor node enclosure, as it will provide an air gap around the antenna.
The air gap is expected to minimise the impact of the soil on the antenna per-
formance. In this research, it is necessary to investigate the effect of a sensor
node enclosure on the antenna performance by considering the enclosure size, the
enclosure material and the position of the sensor node antenna. The investigation
was carried out by undertaking CST simulations, both the simulations and the

simulation results are presented and discussed in this section.

Figure shows the EM model for the simulations, where the sensor node
antenna is enclosed at the centre of the sensor node enclosure. The thickness of
the enclosure walls, ¢, was set to 5 mm. Choosing this value is for matching the
thickness of the PVC material that was used to fabricate a sensor node enclosure
prototype as will be described in Chapter [0} Other settings, such as the side
length of the soil tank s, the depth of the sensor node antenna d, the height of
the reader antenna h and the soil dielectric properties of the model remain the
same as in the simulations described in Section[6.3] In the simulations, the gap, g
between the antenna and inner surface of the enclosure was firstly set to 10 mm,
a value that was originally motivated by the benefit of having a small enclosure
size when deploying the system. The gap was then gradually increased to 20 mm
with a step of 2 mm. The simulations only characterised the performance of the
sensor node antenna and did not consider the reader antenna. The half length of
the sensor node antenna was set to 72 mm for achieving a resonant frequency of
900 MHz in air.

Figure compares the simulated return loss of the sensor node antenna
at the enclosure sizes, g of 10 mm, 15 mm and 20 mm. As shown from the
plots in Figure the antenna’s resonant frequency is approximately 650 MHz

when using a small sensor node enclosure (¢ = 10 mm), which is decreased by
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Figure 6.8: Digram of the EM model for investigating the effect of the sensor
node enclosure.

250 MHz from the resonant frequency in air. With increasing of the enclosure
size, g to 15 mm, the characterised resonant frequency increases to approximately
850 MHz, and the antenna achieves the resonant frequency of 900 MHz when the
enclosure size, g increases to 20 mm. Figure shows the simulated return loss
at 900 MHz versus the enclosure size g, where it is found that increasing enclosure
size (air gap) improves the antenna’s return loss performance, and the simulated
Soo at 900 MHz drops less than -10 dB when enclosure size, g increases above

15 mm.

The effect of the sensor node enclosure on the antenna’s radiation performance
is shown in Figure [6.11], which plots the simulated antenna efficiencies versus the
enclosure size g. It is observed that large enclosure size helps to improve the
total efficiency, but the radiation efficiency has little change with increasing of
the enclosure size. When the gap g increases to 20 mm, the difference between the
total efficiency and the radiation efficiency becomes small, approximately 0.2 %.

This result indicates that the increase in the total efficiency is primarily due to the
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Figure 6.11: Simulated antenna efficiencies versus the enclosure size at 900 MHz

improvement in the antenna’s return loss performance. The simulated radiation
efficiency does not improve with increasing sensor node size as the dielectric
power loss due to RF absorption by the soil around the antenna is the primary
factor leading to the low radiation efficiency. In Section the overall path
loss between the reader antenna and the sensor node antenna will be investigated
through simulations. Figure [6.12] presents the simulated 3D radiation pattern
(gain) of the antenna with the sensor node enclosure whose size is g= 20 mm.
When using the enclosure, the simulated radiation pattern of the antenna has
little change comparing the pattern (as shown in Figure characterised in the

simulation where the antenna is directly buried without the enclosure.
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6.5 Path Loss in Soil

As discussed in Section the low radiation efficiency of the buried antenna is
due to the dielectric power loss in the soil. With an RFID sub-soil system, the di-
electric power loss will lead to a high path loss between the RFID reader and the
sub-soil sensor node. This section presents simulations and the simulation results
exploring the path loss in the sandy soil. Three factors, including the depth of the
sensor node in the soil, the centre frequency of the EM waves and the soil moisture
content have been considered in the simulations. As described in Section [5.3.2]
the overall path gain or loss between the above-ground reader antenna and the

underground node antenna refers to the S-parameter, So; in the CST simulations.

Figure shows the diagram of the EM model for characterising the path
loss in the soil, where the gap between the antenna and the sensor node enclosure
inner surface, g, was set to 20 mm in order to minimise the effect of the soil on
the return loss performance of the sensor node antenna. The height of the reader
antenna h was 500 mm, and this height positions the soil tank within the far-
field region of the reader antenna at frequencies from 600 MHz to 1200 MHz. The
thickness of the sensor node enclosure ¢ and the side length of the soil tank s have
the same settings as in the simulations as shown in Section [6.4] which were 5 mm
and 2000 mm respectively. In the simulations, the path loss was characterised at

depths d ranging from 100 mm to 1000 mm and the soil moisture content from
5% to 25%.

Both the free-space radiation and the dielectric absorption by soil degrade the
power density of the signal arriving at the sensor node’s antenna. Theoretically,
there will be higher path loss when the sensor node is buried at a deeper position
in the soil. Figure presents the simulated path loss at 900 MHz in dry sandy
soil (5% moisture content). As predicted, the path loss in the soil increases with
increasing depth, and in soil is 15 dB/m more than in air at 900 MHz. The sim-
ulations have also investigated the path loss in the sandy soil at the frequencies
from 600 MHz to 1200 MHz. The simulation results as presented in Figure [6.15|
show that the path loss in the dry sandy soil increases at high frequency. The
simulated path loss in the dry sandy soil at 600 MHz is 40 dB/m, and the path
loss then increases to 60 dB/m with increasing frequency to 1200 MHz.
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Figure 6.15: Simulated path loss (d=1 m) in the dry sandy soil (5% moisture
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In addition to frequency, soil moisture is another key factor affecting the path
loss in soil as the water in soil is the primary content leading to RF energy ab-
sorption. Figure presents the simulation results showing the power loss per
meter in the sandy soil compared to that in air. As shown from the results,
the high soil moisture significantly affects the simulated path loss, especially at
higher frequencies. At 1200 MHz, the simulated path loss in the wet soil (25%
soil moisture content) is 40 dB/m greater than in the dry sandy soil (5% soil
moisture content), and the power loss in the wet sandy soil (25% soil moisture
content) can be 60 dB/m. It is also found that the path loss increases slowly

when the soil moisture increases from 5% to 15%, especially at low frequency.

6.6 Summary

This chapter presents the simulations and results based on EM models for the
RFID sub-soil system. The simulation results show that the soil around the buried
antenna can impact the sub-soil antenna performance which includes the return
loss (the resonant frequency), the radiation efficiency and the radiation pattern.

In practice, the impact of the soil can degrade the performance of the proposed



CHAPTER 6. ELECTROMAGNETIC SIMULATIONS AND RESULTS 105

70
600 MHz
60 ,
900 MHz L’
”
50 | |=e=e=e1200MHz _eZ

40 -

30 - e

10

Power loss/m (dB)
\
\
\
\
\
\
\
\
l \

5% 10% 15% 20% 25%
Soil Moisture (%)

Figure 6.16: Simulated extra power loss per meter in the sandy soil at various
moisture levels from 5%-25% at 600 MHz, 900 MHz and 1200 MHz.

RFID sub-soil system. For example, the soil around the sensor node antenna
can vary the resonant frequency of the antenna from the value measured in air,
which limits the energy harvested by the sensor node. The simulation results also
indicate that the use of a sensor node enclosure for containing the sub-soil antenna
can help reduce the impact on the antenna’s return loss performance from the
sandy soil. However, the performance improvement only becomes obvious when
the gap between the sensor node antenna and the inner wall of the enclosure is
greater than 20 mm. Increasing the gap will expand the overall size of the sensor
node, and so it will affect the system deployment efficiency. The path loss in
the sandy soil has been measured and investigated through the simulations. As
summarised from the simulation results, the path loss increases when the sensor
node is deployed at a deeper position in the soil. Operating frequency of the
system and soil moisture both affect the path loss in soil, and there will be higher
path loss at higher soil moisture content and high frequency. In practice, the
high path loss in the soil can potentially affect the achievable depth of the sub-
soil sensor node. High transmission power can be required to improve the system

performance, especially in wet soil or at high frequency.



Chapter 7

PXI-based RFID Reader
Platform

7.1 Introduction

With the proposed RFID sub-soil system described in Chapter 4] the RFID reader
powers and interrogates the RFID sub-soil sensor nodes and logs sensor measure-
ments from them. In this research, there is a need to design and implement a
programmable RFID reader platform which is capable of not only communicat-
ing with an RFID sensor node prototype but also evaluating the performance of
the sensor node prototype in soil. However, commercial RFID readers are de-
signed based on industrial protocols. They provide limited ability to implement
a custom communication protocol and to evaluate the performance of the sensor
node prototype. During the design process of the RFID reader platform, the
sensor node prototype described in Chapter [§] had not been fabricated. Hence
commercial tags were used to substitute for the RFID sensor node. Commercial
tags are designed based on RFID industrial protocols, and the protocol selected
in this work was the EPC C1G2 protocol [6] as described in Chapter 2] The main

functional requirements of the RFID reader platform are described below.

e The RFID reader platform must be able to communicate with an RFID
EPC C1G2 RFID tag and to implement the functions of reading the tag ID
and writing data to the tag.

e The RFID reader platform will be used to evaluate a custom RFID sensor

node in this research. Thus the RFID reader platform must provide users

106
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with the ability to modify the physical layer protocol and must operate in

a wide frequency band.

e The RFID reader platform must be configurable and be able to perform
signal processing functions for tag performance evaluation, and the signal

processing functions must be readily modifiable.

In order to read the tag ID or write data to the tag, the RFID reader platform
has to meet the timing requirements specified in the EPC C1G2 protocol [6].
Figure presents the link timing parameters of the Inventory round in the
EPC C1G2 protocol, where T} and T5 are the two key timing parameters. T}
specifies the maximum allowable time in which the RFID tag must respond to
an RFID command signal and T specifies the maximum allowable time in which
the RFID reader must respond to a tag response by issuing a subsequent RFID
command. For example, with an RFID system, once the RFID reader has started
interrogating the tag by issuing a Query command, the tag has to respond to
the Query command by transmitting a RN16 tag response signal within 7.
When the RN16 response signal is received by the RFID reader, the RFID reader
then has to issue a Ack command signal within 75. The RFID tag can only be
successfully read from or written to when the RFID system meets both of these

timing requirements. 77 and T are dependent on Tari as:

T, = 10T are, (7.1)

Ty, = 20T arti, (7.2)

where Tari specifies the period of the encoded reader command [6]. As specified
in the EPC C1G2 protocol, T'ari ranges from 1.56 us to 25 us. Therefore, 77 has
a range of 15.6 us to 250 us, and T3 has a range of 31.25 us to 500 us.

Tag sensitivity is one of the typical parameters used to quantify tag perfor-
mance. Tag sensitivity refers to the minimum incident power at the tag which is
required for interrogating the tag. At a given transmit power of an RFID reader,
a tag with lower tag sensitivity can be typically read at a longer distance from
the RFID reader. In this work, the RFID reader platform aims to evaluate tag
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Figure 7.1: Link timing parameters in the Inventory round [0]

sensitivity over a frequency band. At a given operating frequency, the method
of tag sensitivity evaluation in a free-space environment is based on measuring
the minimum transmit power P,,;, of the reader platform at which the tag re-
sponds to the reader platform at that frequency. The tag sensitivity P4 is then

calculated as:
Pyog(dBm) = Pyin(dBm) + Gy(dB) — P(dB) (7.3)

where G, is the gain of the reader platform transmitting antenna and Py is the
Free Space Path Loss (FSPL) [81] between the RFID reader platform and the
tag. As shown in Equation [2.11] P is a function of the distance to the tag and
the operating frequency of the RFID reader. In order to measure the minimum
transmit power P,,;, needed to interrogate the tag, the RFID reader must have

a variable power output with an power accuracy of less than 1 dB.

This chapter presents the design and implementation of the RFID reader plat-
form which is capable of reading tag ID, writing data to the tag and evaluating
tag sensitivity. The RFID reader platform is built using a National Instruments
(NI) PXI system [109] and the motivation for using the PXI system is discussed
in Section [7.2] Section presents details of the RFID reader platform design,
and the implementation of the RFID reader platform is described in Section [7.4}
The operation of the implemented RFID reader platform has been validated, and
is illustrated in Section [Z.5
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7.2 Motivations

Using the PXI system to design and implement the RFID reader platform is
primarily motivated by the fact that commercial RFID readers do not meet the
design requirements of the RFID reader platform required for this work. With
a commercial RFID system, the RFID reader generates Continuous Wave (CW)
signals and RFID commands to power and interrogate the RFID tags respectively,
and then receives tag response signals backscattered from the RFID tags. Those
commercial RFID readers are strictly designed based on industrial protocols, and
they have limited ability for exploring modifications to the physical layer protocol
or operating over a wide frequency band. Therefore, a commercial RFID reader
is unable to communicate with a custom RFID sensor node whose design is not
based on an industrial protocol. In addition, when using a commercial RFID
reader to read an RFID tag, the RFID reader will only give the reading result
and can provide little information, for example about the power measurement of
the backscattered signal for analysing the tag performance. It is therefore diffi-
cult to use a commercial RFID reader to evaluate the performance of an RFID

sensor node or an RFID tag.

It is now becoming popular to develop RFID readers using Software Defined
Radio (SDR) techniques [I10]. Figure[7.2)presents the architecture of a SDR com-
munication system, where signal processing functions traditionally implemented
using hardware components are implemented using software executing on com-
putation devices, such as a Personal Computer (PC). As shown in Figure ,
the PC performs signal processing algorithms such as signal modulation, demod-
ulation, encoding and decoding. The digitally modulated baseband signal from
the PC is converted to an analogue baseband signal using a Digital-to-Analogue
Converter (DAC). Within the Transmitter (Tx) hardware, the baseband signal
is up-converted to RF and transmitted through an antenna. On the receiver
chain, the received RF signal by the receiving antenna is down-converted to an
Intermediate Frequency (IF) signal. The Analogue-to-Digital Converter (ADC)
then converts the IF signal to a digital signal which can be processed by the PC.
This SDR-based system enables users to modify the physical layer protocol and

to customise signal measurement algorithms.
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Figure 7.2: Simplified block diagram of a SDR communication system.

The LabVIEW-based Ultra High Frequency (UHF) RFID tag test and mea-
surement system [I11] is one example of implementing SDR-based RFID readers.
This system operates in the frequency range of 800 to 1000 MHz and is capable
of testing RFID tag performance using the EPC C1G2 protocol [6]. The RFID
tag test system is built based on the architecture shown in Figure [7.2] which
uses a PC-based controller to perform signal processing algorithms for encoding
and modulating reader command bits, and demodulating and decoding the dig-
ital baseband of the tag response signals. However, the communication between
the system and the tag is only based on a Query command signal and a RN16
tag response signal, and the system is unable to access the tag’s memory, such
as reading the tag ID or writing data to the tag. This limitation is due to the
fact that the RFID tag test system is unable to respond to a tag response signal
within 75 as specified in the EPC C1G2 protocol. In order to respond to a tag

response signal, the system software needs to:

1. fetch the baseband data of the signal from the system RF front-end hard-

ware;
2. implement digital demodulation and decoding;

3. generate bits of a subsequent command based on recovered bits from the

demodulated signal;
4. pass the modulated baseband data to the system RF front-end hardware.

The response time for issuing a subsequent command is primarily affected by the
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data buffering latency which is caused by data transfer between the system soft-
ware and RF front-end hardware. This buffering latency typically ranges from
milliseconds to seconds [112] which causes the system to fail in meeting the tim-

ing requirement 75, whose maximum value is 500 yus.

There is one SDR-based RFID reader solution by VISN [113] which is pri-
marily designed for RFID protocol conformance tests. This solution uses a Field-
Programmable Gate Array (FPGA) module, which comprises of thousands of
programmable logic gates. Those logic gates are configurable and can be used
to implement signal processing functions at a clock rate of up to 500 MHz [114].
Figure [7.3] shows the architecture of the RFID reader solution by VISN [I13],
where the PC is only used to pre-compile the FPGA module and log testing
results. As shown in Figure [7.3] the FPGA is used to implement the functions
of signal modulation, demodulation, encoding and decoding. Both digital and
analogue signal processing within the RFID reader solution are performed using
the hardware, which enables the RFID reader solution to meet the timing re-
quirement 75 as specified in the EPC C1G2 protocol. However, the solution by
VISN [I13] is designed based on RFID industrial protocols and does not support

a custom communication protocol.
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Figure 7.3: Simplified block diagram of an FPGA-based RFID reader.
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7.3 RFID Reader Platform Design

The RFID reader platform in this work is built using a NI PXI system [109], and
it is configurable and controlled using LabVIEW software [115]. The PXI system
consists of a NI PXIe-1075 18 Slot Express Chassis and PXI modules including
a NI PXTIe-8133 1.73 GHz Quad-Core controller, a NI PXIe-5673 6.6 GHz Vector
Signal Generator (VSG), a NI PXIe-5663 6.6 GHz Vector Signal Analyser (VSA)
and a NI PXIe-7965R FlexRIO FPGA. Figure presents the block diagram
showing the architecture of the PXI system. The PXI controller is a PC-based
controller which runs a Windows Operating System (OS) and LabVIEW. PC
peripherals, such as mouse, keyboard and monitor are interfaced to the PXI con-
troller through three USB connectors and a VGA connector. The key feature of
the system is that the PXI modules are configured and controlled using LabVIEW
executing on the PXI controller. The PXI modules are housed in the PXI chassis
which provides PCI buses for the PXI modules. The PCI buses are typically
used for Peer-to-Peer (P2P) data streaming between two modules. P2P stream-
ing enables direct, point to point transfers between the PXI modules without
sending data through the controller Central Processing Unit (CPU) or memory.
The maximum P2P streaming rate provided by the PXI chassis is approximately
800 MegaBytes (MB)/s [109] which significantly improves the data transmission
efficiency within the PXI system. The details of the PXI modules are shown

below.

1. NI PXIe-8133 1.73 GHz Quad-Core PXI Controller
e Windows 7 OS with LabVIEW 2011
2. NI PXIe-5673 6.6 GHz Vector Signal Generator

e 85 MHz to 6.6 GHz carrier frequency range

e Greater than 100 MHz of RF bandwidth

e Controllable RF power with 0.1 dB power accuracy
e Up to + 10 dBm RF power output

3. NI PXIe-5663 6.6 GHz Vector Signal Analyser

e 10 MHz to 6.6 GHz carrier frequency range
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e Less than -158 dBm/Hz typical noise floor at 1 GHz
4. NI PXIe-7965R FlexRIO FPGA

e DSP-focused Virtex-5 SX95T FPGA

e 512 MB on-board memory
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Figure 7.4: Block diagram of the platform hardware.

The VSG shown in Figure [7.4] can be used to generate an arbitrary signal.
Figure presents a block diagram showing the architecture of the VSG, where
the VSG converts the modulated In-phase (I) and Quadrature-phase (Q) base-
band data to a pair of I and QQ baseband analogue signals using two 16-bit DACs.
The two baseband signals are then independently mixed with two carrier signals
produced by the Local Oscillator (LO), each of which is 90 degrees out of phase.
The mixed signals are finally summed to produce an RF signal output. A variable
RF amplifier is used to control the power level of the RF signal (the VSG transmit
power). With the PXI chassis and controller, the transmit power and operating
frequency of the VSG and the sampling rate of the VSG DAC are configurable
using LabVIEW. The operating frequency of the VSG ranges from 85 MHz to
6.6 GHz, the maximum transmit power is +10 dBm with 0.1 dB power accuracy,
and the DAC has a maximum sampling rate of 400 Mega Samples (MS)/s. The
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sampling rate depends on the data rate of the digitally modulated I and Q signals,
termed as the 1Q) rate.
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Figure 7.5: Simplified block diagram of the PXI VSG module.

Figure|7.6|illustrates the architecture of the VSA module, where the RF signal
received by the VSA antenna is attenuated by the in-built attenuator. The VSA
module implements a two-stage signal down-conversion. In the first stage, a mixer
and a LO are used to down-convert the attenuated RF signal to an Intermediate
Frequency (IF) signal. The IF signal is then sampled using a 16-bit ADC. In the
second stage, the VSA digitally down-converts the IF signal to a pair of I and
Q baseband signals using a Digital Down-Converter (DDC) [116]. The operating
frequency of the VSA ranges from 10 MHz to 6.6 GHz and the on-board ADC
achieves a maximum sampling rate of 150 MS/s. Both the operating frequency
and the sampling frequency are configurable using LabVIEW. The VSA has a low
noise floor which is less than -158 dBm/Hz in the 120 MHz to 3.3 GHz frequency
range. This leads to a better receiver sensitivity performance than commercial

RFID readers.

The FlexRIO FPGA module is used for achieving the functions of reading from
or writing to the tag. The architectures of the FlexRIO FPGA and controller
modules are shown in Figure [7.7, where the FlexRIO FPGA module primarily in-
cludes a Virtex-5 SX95T FPGA [114] and a 512 MB on-board memory. P2P data
streaming provided by the PXI system enables direct data streaming between the
FPGA and the PXI controller memory independently from the controller CPU.
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Figure 7.6: Simplified block diagram of the PXI VSA module.

Therefore, the controller CPU can perform signal processing while waiting for
data transfer. The FPGA performs the signal processing for implementing the
physical layer. Signal processing algorithms are developed using LabVIEW and
then compiled into the FPGA. Figure [7.7] also presents the functional diagram of
the FPGA algorithm design. As shown in Figure the command builder algo-
rithm generates the data bits of a reader command, and the generated command
bits are then encoded and modulated by the PIE encoder algorithm and the ASK
modulator algorithm. The PIE and ASK modulation formats are based on the
specifications in the EPC C1G2 protocol [6]. The digitally modulated command
data is finally passed to the VSG through P2P data steaming. The response de-
tector algorithm continuously fetches and processes the digitally down-converted
data from the VSA aiming to detect a tag response signal from the fetched data.
Once a tag response signal has been detected, the baseband data of the signal
is buffered to the ASK demodulator algorithm which maps the baseband signal
samples to either a ‘0’ bit or a ‘1’ bit. The FMO decoder then implements FMO
decoding format [6] to recover data bits from the demodulated baseband signal.
The state machine plays the key role of controlling the sequence of generating the
reader commands based on the function of reading the tag ID and writing data to
the tag as shown in Figure 2.7 Through P2P data streaming, a LabVIEW Host
program executing on the PXI controller CPU controls the FPGA. The control
function primarily includes starting, stopping and resetting signal processing al-
gorithms performed on the FPGA. When the FPGA algorithms have been reset,
the FPGA is ready to perform a new round of the signal processing for reading

from or writing to the tag. The LabVIEW Host program can also control or read
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parameters that are set in the FPGA algorithms.
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Figure 7.7: Architectures of the PXI controller and FPGA modules and the block
diagram of the FPGA signal processing algorithms.

The signal processing functions for evaluating tag sensitivity are performed
in a LabVIEW program executing on the PXI controller. The FlexRIO FPGA
module is not used to perform the sensitivity evaluation algorithm due to the two

reasons mentioned below.

1. The measurement of the minimum power at which the tag responds to the
RFID reader is based on generating a Query command signal and receiving
an RN16 tag response signal. Hence, there is a relaxed timing requirement

compared to the timing requirement of T5;

2. Implementing a function on an FPGA is more difficult than on a host

program because of the limited resources available on an FPGA. Therefore,
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it is preferable that a function is implemented on a host program on a PC

if the timing requirements are met.

Without using the FlexRIO FPGA module, the signal processing functions of
signal encoding, modulation, demodulation and decoding are performed on the
PXI controller. Through P2P streaming paths shown in Figure [7.4] the PXI con-
troller directly sends the modulated baseband signal to the VSG and fetches the
digitally down-converted baseband signal from the VSA. Figure presents the
flowchart of the LabVIEW program which is designed to implement the tag sen-
sitivity evaluation algorithm. As shown in Figure [7.8] the power and frequency
loops are used to sweep the transmit power and operating frequency of the RFID
reader platform. The power loop enables the program to record the minimum
transmit power P,,;, at which the tag responds to the Query command signal
generated by the RFID reader platform. The design of the frequency loop aims
to measure the minimum power over an operating frequency band. Tag sensitiv-

ity is finally calculated from the measured minimum transmit power P,,;, based

on Equation

Hequenwmop

Power loop

Transmit Query command

v

Detect RN16 tag response

v

Record detection result

....... et .'_'.'_'.'.'_'.'_'.'.'_'.'_'_'.'_'.'_'_'.'_'i_'.'.'_'.'_'.'.'_'.'_' B

Calculate tag sensitivity

Figure 7.8: Flowchart of the algorithm design for evaluating tag sensitivity.
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7.4 RFID Reader Platform Implementation

7.4.1 Experimental arrangement

Figure [7.9]shows the block diagram of the experimental arrangement for evaluat-
ing a commercial RFID tag using the implemented RFID reader platform. This
experimental arrangement is only used for validating the operation of the imple-
mented RFID reader platform, the result of which will be described in Section
[7.5l The example tag being used for the operation validation is a UPM Rafsec
Dogbone passive RFID tag [117]. The reader employs two 2 dBi omnidirectional
antennas [118] which operate in the frequency range of 860 to 900 MHz. As shown
in Figure[7.9] one antenna is connected to the VSG and the other one to the VSA.
The two antennas are physically separated by 0.4 m, and the RFID tag is placed
at the mid-point between the antennas. Figure presents a photograph of the

experimental arrangement.

7.4.2 FPGA algorithms

The FPGA signal processing algorithms as shown in Figure have been de-
veloped using LabVIEW FPGA [I15], and the LabVIEW files are included in
Appendix C. LabVIEW provides a graphical programming environment. In-
stead of lines of code, users develop algorithms by creating and wiring a range of
functional blocks termed as LabVIEW FPGA Virtual Instruments (VIs). Each
LabVIEW FPGA VI includes a number of functional palettes such as numeric
calculation functions and logic operation functions. The process of compiling the
FPGA module consists of two stages. The LabVIEW FPGA firstly converts the
LabVIEW VIs to a file which can be read and consumed by a Xilinx compiler.
The Xilinx compiler then takes the requested logic from the file and analyses
it, synthesises it down to a lower-level representation and maps it to the FPGA

hardware resources [119].

Based on the design shown in Figure[7.7] the signal processing functions have
been grouped into two function loops which are presented in Figure [7.11; the
generation function loop and the recovery function. Using the two loops enables

the generation and recovery functions to be executed in parallel on the FPGA,
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Figure 7.9: Experimental arrangement for evaluating a commercial RFID tag
using the implemented RFID reader platform.

Figure 7.10: Photograph of the experimental arrangement.
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which helps to maximise the computation efficiency and to reduce the amount
of time taken to respond to a tag response signal. As shown in Figure [7.11] the
FPGA First In First Out (FIFO) buffer is used to transfer the recovered data bits
from the recovery function loop to the generation function loop. The digitally
modulated command data from the ASK modulator algorithm is passed to the
VSG through the VSG FIFO buffer. The response detector algorithm fetches the
baseband signal from the VSA FIFO buffer. The Host FIFO buffer is used to
transfer the baseband signal to a LabVIEW Host program in which the baseband

signal is processed for either monitoring or debugging purposes.
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Figure 7.11: Block diagram of the LabVIEW FPGA algorithms.

7.4.2.1 The generation function loop

As described in Chapter [2] the RFID reader is required to issue a sequence of
reader command signals for reading the tag ID or writing data to the tag. The
state machine algorithm in the generation function plays the important role of
controlling the sequence of issuing the reader commands. The command builder
algorithm generates the data bits of a command based on the command structure.
Table presents the summary of three command structures, where all of the
commands start with their elementary bits which are specified in the EPC C1G2
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protocol [6]. The Query command belongs to the first structure, to which a 5-bit
Cyclic-Redundancy Check (CRC-5) [6] needs to be appended to the elementary
bits. For the second and third structures, the commands are required to re-echo
the 16-bit data which is recovered from the most recent RN16 or Handle tag re-
sponse signal received by the RFID reader. The commands of the third structure
need to include a CRC-16 [6] at the end of the commands.

Figure presents the diagram showing the interconnections of the imple-
mented state machine and command builder algorithms. As shown in Figure
the Read/Write terminal ‘tells’ the state machine algorithm to perform
the function of reading from or writing to the tag, the Name_out terminal ‘tells’
the command builder algorithm the name of the command which needs to be
generated, the Indicate terminal is used to report if the tag is successfully read
from or written to. The Read/Write and Indicate terminals are linked to the
LabVIEW Host program using two LabVIEW Read/Write controls which enable
the LabVIEW Host program to control or monitor the parameters of the FPGA
algorithms. The Name_ out terminal outputs one of the five potential enumer-
ated values based on the names of the reader commands as shown in Figure
which are Query, Ack, Req RN, Read and Write. The command builder algorithm
shown in Figure uses the Name_in terminal to accept the value from the
Name_out terminal of the state machine algorithm, and the generated command

bits are passed to the PIE encoder algorithm from the Bits_out terminal.

Table 7.1: Structures of the RFID reader commands.

Command Structure
1 Query Elementary bits + CRC-5
2 Ack Elementary bits + RN16 or Handle
3 | Req_RN, Read and Write | Elementary bits + RN16 or Handle + CRC-16

During the implementation of the state machine algorithm, an important con-
sideration was that the state machine algorithm should only ‘tell’ the command
builder to generate a command (except for the first Query command) once a
tag response signal has been detected. Figure indicates the flowchart of the
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Figure 7.12: Connections of the state machine and command builder algorithms.

implemented state machine algorithm. As shown in Figure[7.13] the Name_out
terminal does not update its value until the recovered data bits of a tag response
signal have been passed to the FPGA FIFO buffer. A timer has been implemented
to count the waiting time for the recovered bits. Once the elapsed time exceeds
the timing requirement 7 (described in Section , the Indicate terminal up-
dates its value to ‘1’ which indicates that the tag has failed to respond to the
RFID reader platform. When performing the function of reading from the tag,
the Name_ out terminal updates its value following the sequence of Query, Ack,
Req_ RN and Read commands. For the function of writing to the tag the sequence
of commands needs to be changed to Query, Ack, Req RN, Req_RN and Write.
When responding to the Read command signal or the Write command signal, the
tag can issue an error response signal which indicates that the tag fails to be read
from or written to. The data bits of the error response signal starts with a ‘1’ bit.

4

Therefore the Indicator terminal only updates its value to ‘2" which represents
that the tag is successfully read from or written to when the first bit of the re-
covered data is a ‘0’ bit. Otherwise, the Indicator terminal updates its value to

‘1’ which indicates that the tag has failed to respond to the RFID reader platform.

The primary consideration in the implementation of the command builder al-
gorithm was the method of generating the elementary bits of a reader command.
In this work, the elementary bits of the reader commands were pre-set using
the LabVIEW Host program. The FPGA could directly fetch the elementary
bits from the Host program when performing the signal processing algorithms.
However, it was found that fetching data directly from the Host program caused

a delay which resulted in the failure in meeting the timing requirement T, as
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Figure 7.13: Flowchart of the implemented state machine algorithm.
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Figure 7.14: Flowchart of the implemented command builder algorithm.

described in Section [7.1] In order to address this problem, the elementary bits
of the commands were pre-written into the on-board memory of the FlexRIO.
The delay caused by fetching the data from the on-board memory did not have
a significant effect on meeting the timing requirements. Figure presents the
flowchart of the implemented command builder algorithm, where the command
builder algorithm only starts to fetch the command elementary bits from the
on-board memory when the value of the Name_In is updated. A CRC-5 cal-
culator has been implemented to calculate a CRC-5 for the Query command.
The CRC-5 calculator is based on using the polynomial of X5+ X3+ 1 [6]. Ex-
cept for the Query command, the state machine algorithm appends the most
recent 16-bit data recovered from the RN16 or Handle signals to the elementary
bits. The CRC-16 of the Req RN, Read and Write commands is calculated by
a CRC-16 calculator which was implemented based on using the polynomial of
X6+ X2+ X5+ 1 [6].

The PIE encoder algorithm has been implemented to encode the generated
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command bits from the command builder algorithm. Figure [7.15| shows an ex-
ample of the encoded signals of a ‘0’ bit and a ‘1’ bit which have different pulse
intervals. As shown in Figure [7.15] T'ari defines the data rate which refers to the
time for transmitting a ‘0’ bit. A ‘0’ bit symbol starts from logic 1 and ends with
logic 0, and PW defines the Pulse Width of logic 0 [6]. The overall interval for
transmitting a ‘1’ bit varies from 1.5 T'ar: to 2 Tari, and PW typically has the
interval of 0.5 Tari [6]. The values of T'ari, and PW are set in the LabVIEW
Host program. The PIE encoder algorithm uses two Read/Write controls for
reading the values of T'ari and PW. Using the Read/Write controls helped to
avoid re-compiling the FPGA when there was a need to modify the values of T'ari
and PW. The encoded signal is finally modulated by the ASK modulation algo-
rithm. The ASK modulator algorithm was easy to implement as the EPC C1G2
protocol uses the simplest form of ASK modulation which is also called On-Off
Keying. The implemented ASK modulator algorithm converts the encoded signal
to a pair of I and @ baseband components, where the I component follows the

value of the encoded signal and the Q component is always zero.

o Tari 0.5Tari - Tari
BINARY 0 PW

4

F Y
X

BINARY 1 PW

Figure 7.15: Encoded signals with PIE scheme.

7.4.2.2 The recovery function loop

Figure [7.16| presents the baseband amplitude of a captured tag response signal in
time domain, where the tag response signal has the higher Peak-to-Peak (P-P)
amplitude than the P-P amplitude of the Continuous Wave (CW) signal. The
implementation of the response detector algorithm is based on measuring the
amplitude of the baseband signal and evaluating the amplitude difference between
the baseband signal and the CW signal. The amplitude difference between the
baseband signal and the CW signal D is calculated as:



CHAPTER 7. PXI-BASED RFID READER PLATFORM 126

D = An] — Aew, (7.4)

where A refers to the measured baseband signal amplitude, n is the sample index
and A., is the CW baseband signal amplitude. Figure presents the block
diagram showing the implementation of the response detector algorithm, where

the signal amplitude is measured from the down-converted I and Q signals:

Amplitude = /1 + Q>. (7.5)

The unit of the I and Q components is the volt. As shown in Figure [7.17]
when the absolute value of the calculated amplitude difference is greater than a
threshold, the baseband signal is then buffered for demodulation. The selection
of the threshold value depends on the environmental noise. The author used the
PXI VSA to evaluate the strength of noise signals in the laboratory where the
testing arrangement was located. The peak amplitude of these noise signals was
measured, and the threshold value was then set to 20 times the peak amplitude

of the noise signal.
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Figure 7.16: Baseband signal of a captured tag response signal in time domain.

With the test arrangement as shown in Figure[7.10] the tag response signal ar-
riving at the receiving antenna contains DC parts which are primarily due to the
leakage power from the transmitting antenna. The ASK demodulator algorithm
demodulates the buffered baseband signal based on comparing the baseband sig-

nal amplitude to the threshold value used for detecting a tag response signal.
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Figure 7.17: Diagram showing the principle of the response detector algorithm.

Detected?

Implementation of the FM0 decoder algorithm is based on measuring the time
intervals between neighbouring edges (rising or falling) of the demodulated tag
response signal. Figure gives an example of an encoded signal with the FMO
scheme. The measurement result was either a short time interval, Ts or a long
time interval, Ty, as shown in Figure [7.18 Two continuous short intervals were

considered as a ‘0’ bit and a long interval represented a ‘1’ bit.

Bit 0 Bit 1 Bit 1

| TwoTs =Bit0

<> ,  Single T =Bit 1
Ts Ts T|_ TL

Figure 7.18: Encoded signal with FMO coding scheme.

7.4.3 The FPGA clocks

As shown in Figure[7.11] the generation and recovery function loops are controlled
using two FPGA clocks. A high clock rate is typically desirable as it leads to
a high FPGA execution rate and therefore helps the RFID reader platform to
meet the timing requirement 75. However, a high clock rate increases the rate
of writing data to the HOST FIFO buffer or the VSG FIFO buffer, which could
result in buffer overflow. When the problem of buffer overflow happens, the VSG
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or Host FIFO buffers was overwritten, and therefore part of the data stored in the
buffer was lost. Increasing the buffer size could be helpful, but there is limited
space for buffers on the FPGA. Finding the appropriate clock rates for the two
loops is based on tuning the two clock rates from high to low frequency. Whenever
a buffer overflow error was reported, there was a need to reduce the clock rate.
Through the LabVIEW Host program, the response time to a tag response signal
was measured from the baseband signal in order to check if the RFID reader
platform met the timing requirements at two clock rates. Figure [7.19| presents a
sceenshot of the LabVIEW Host program showing the received baseband signal
amplitude (time-domain) at the clock rates of 40 MHz for the recovery function
loop and 5 MHz for the generation loop. As shown in Figure the measured
responding time to the RN16 tag response is approximately 150 us (when Tari

is 25 ps), which is shorter than the timing requirement T5.
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Figure 7.19: Screenshot of the LabVIEW Host program showing the RFID base-
band amplitude signal at the clock rates of 40 MHz for the recovery loop and
5 MHz for the generation loop.

7.4.4 Tag sensitivity evaluation algorithm

As descried in Section [7.3] the signal processing functions for evaluating tag sen-

sitivity are performed in a LabVIEW program running on the PXI controller.
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Figure shows the flowchart of the implemented LabVIEW program. The
program initially configures the PXI system, and the parameters of the config-
uration include the starting transmit power of the VSG, the starting operating
frequency of the VSG and VSA and the sampling rates of the VSA and VSG (I1Q
rate). Once the PXI system has been configured, the program encodes and mod-
ulates a Query command signal based on using the PIE coding format and the
ASK modulation format. The VSG is then controlled by the LabVIEW program
to up-convert the modulated baseband signal. The up-converted signal is finally
transmitted through the transmitting antenna. The transmission of the Query
command signal triggers the VSA to start down-converting signals arriving at
the receiving antenna. The program fetches and processes data from the VSA
for detecting a tag response signal, and the detection result is recorded locally.
When the transmit power has reached the ending power which is set by the user,
it is initialised to the starting power and the operating frequency increases to the
next level. Based on the recorded results, the program searches for the minimum
transmit power at which a tag response is detected. The data processing in the

LabVIEW program also provides following measurements:
e the power level of the tag response baseband signal,
e the peak-peak amplitude of the tag response baseband signal;

e the link frequency of the tag response baseband signal, termed as the
Backscatter Link Frequency (BLF).

Graphic User Interfaces (GUI) have been implemented for operating the RFID
reader platform and reporting the evaluation and measurement results by using
a number of controls and indicators on the LabVIEW front panel. Figure
presents a screenshot of a LabVIEW GUI where users are able to set the power
and frequency sweeping parameters for evaluating tag sensitivity. The RFID
reader platform only starts to operate when the ‘Sweep’ button control has been
pressed by the user. Through the ‘Status’ window shown in Figure[7.21] users can
monitor the evaluation progress by checking the transmit power and operating
frequency at which the tag performance is being measured. Two meter indicators
are used to report the measured BLF and P-P amplitude of the tag response
baseband signal. A down-converted RFID baseband signal and a zoomed tag

response baseband signal in time-domain are also presented in Figure [7.21]
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Figure 7.20: Flowchart of the implemented LabVIEW program for evaluating tag

sensitivity.
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Figure 7.21: Screenshot of a LabVIEW GUI showing that the RFID reader plat-
form is performing tag sensitivity evaluation.
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7.5 RFID Reader Platform Validation

With the experimental arrangement as shown in Figure [7.10, the RFID reader
platform was used to firstly write a 32-bit integer number ‘0X00000000’ to the
tag, and then read the number back from the tag by accessing the tag’s memory.
Figure presents a LabVIEW GUI screenshot showing the baseband signal
of the RFID transmissions when writing to the tag. On the LabVIEW GUI,
the number being selected to write is represented by a LabVIEW colour con-
stant whose length is 32 bits. The corresponding number for the colour black
in LabVIEW is ‘0X00000000’. The reason for using colour constants is just for
demonstration purpose. Two circular power meters on the GUI report the power
measurements of the CW baseband signal and the backscattered signal. A screen-
shot of the GUI as shown in Figure[7.23| presents the result of reading the number
from the tag. It is shown in Figure that the tag is successfully read and that

the colour read from the tag matches the colour which has been written to the tag.
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Figure 7.22: The LabVIEW GUI screenshot when implementing the function of
writing the colour 'Black’ to the tag at the operating frequency of 870 MHz and
the transmit power (VSG) 9 dBm.

Evaluation of the tag sensitivity was validated in the 865 MHz to 900 MHz

operating frequency range. The RFID reader platform was configured to sweep
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Figure 7.23: The LabVIEW GUI screenshot when implementing the function of
reading tag at the operating frequency of 870 MHz and the transmit power (VSG)
9 dBm.

the operating frequency from 865 MHz to 900 MHz with an increment of 5 MHz
and the transmit power (from the VSG) from 2 dBm to 6 dBm with an incre-
ment of 0.5 dBm. Figure [7.24] presents the screenshot of a GUI showing the 3D
plot of the measured P-P amplitude of the tag response baseband signal versus
the transmitted power (from the antenna) and operating frequency of the RFID
reader platform. The unit of the amplitude in the plot is the volt, and the pink
area in the plot indicates that the tag did not respond to the RFID reader plat-
form. As shown in Figure the measured peak-to-peak amplitude of the tag
response signal increases with increasing transmit power and decreasing oper-
ating frequency. Figure presents the evaluated tag sensitivity in 865 MHz
to 900 MHz operating frequency range, showing that the lowest value of the tag
sensitivity is approximately -12.5 dBm when the operating frequency is 900 MHz.
The evaluated result is comparable to the tag sensitivity measured by a recent
research activity [120], although more accurate evaluation results can be obtained
by improving the experimental arrangement, for example by using an anechoic

chamber.
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Figure 7.25: The plot of the evaluated tag sensitivity versus the centre frequency.
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7.6 Summary

This chapter describes the design and implementation of a PXI-based RFID
reader platform. The PXI-based RFID reader platform enables users to cus-
tomise a communication protocol using software, and has a wide operating fre-
quency range from less than 100 MHz to 6.6 GHz. One key feature of the PXI-
based RFID reader platform is that the platform is configured and controlled
using LabVIEW software. This feature provides the ability to implement sys-
tem performance measurement and evaluation. In addition, the PXI-based RFID
platform includes an FPGA module which can be complied to perform real-time
signal processing functions. Algorithms for the FPGA are developed using Lab-
VIEW. The design and implementation of the RFID reader platform is based on
using RFID EPC C1G2 protocol. The RFID reader platform uses the FPGA to
perform signal processing functions for implementing the physical layer, which
enables the RFID reader platform to meet the timing requirements specified in
the protocol. With an RFID EPC C1G2 commercial tag, the implemented RFID
reader platform is capable of reading the tag ID or writing data to the tag, and
evaluating the tag sensitivity. The algorithms for the FPGA are challenging to

implement, and there are three factors leading to the challenge as described below.

e Algorithm design - There was no existing LabVIEW FPGA VI for imple-
menting the physical layer specified in the RFID EPC C1G2 protocol. The
algorithms needed to be developed independently by the author, who had

no prior experience in programming for FPGAs before.

e Timing consideration - The RFID reader has to issue the required command
for responding to a tag response signal within the maximum allowable time
of 500 us. There was a need to repeatedly modify and improve the code in

order to meet the timing requirement.

e Program compiling - Whenever making a modification to the FPGA pro-
gram, there was a need to re-compile the FPGA. With the developed Lab-
VIEW FPGA Vls in this work, the compilation process took up to 1.5 hours,
which lead to approximately 5 months of effort for developing the algorithms
for the FPGA.

The operation of the implemented RFID reader platform has been validated.
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At the time of implementing the RFID reader platform, there was no instrument
found which could perform the same functions. The PXI-based reader platform
will be used to evaluate the performance of a passive RFID sensor node prototype
whose design and implementation are presented in Chapter[8] In addition, it will

be involved in a series of practical experiments as will be described in Chapter [9]



Chapter 8

RFID Sensor Node Prototype

8.1 Introduction

This chapter presents the design and implementation of an embedded passive
RFID sensor node which is capable of harvesting energy from RF fields and
transmitting sensory data using backscatter modulation. The sensor node will
be used as part of the RFID sub-soil system prototype. The system prototype
performance will be evaluated in a sub-soil wireless channel, which is described
in Chapter [0} The motivation for designing the sensor node is discussed and the
basic design requirements are analysed in Section [8.2 The system design has
been described in terms of energy harvesting, energy storage and management,
and sensory data logging, decoding and modulation in Section[8.3] A sensor node
prototype has been fabricated and the detailed information on its implementation
is presented in Section [8.4] Section illustrates the functional testing of the
fabricated sensor node prototype, and the testing has investigated the charging
time of the sensor node, the power consumption of the sensor node prototype and
the backscatter wireless communication. Section presents the evaluation of
the charging time of the sensor node. The following elements are considered in
the evaluation: the power harvested by the sensor node, the sensor node antenna

and the capacitance of the on-board capacitor which is used for storing energy.
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8.2 Motivation and Design Requirements

8.2.1 Motivation

The proposed RFID sub-soil system described in Chapter {4 consists of an RFID
reader and a number of RFID sub-soil sensor nodes. Chapter [7| has presented a
PXI-based RFID reader platform. This work is primarily motivated by the de-
mand for a passive RFID sensor node prototype in developing the proposed RFID
sub-soil system. The sensor node prototype will be used as a research platform for
the system performance evaluation. The system performance includes the energy
harvesting capability and the performance of the communication link. Since this
research is not focussing on developing sub-soil sensors, the sensor node prototype
will be designed based on integrating passive RFID technology and commercial

SENSOors.

Commercial passive RFID tags have been widely used in applications such as
transportation and supply-chain management [70]. Those tags are able to achieve
the functions of RF energy harvesting and backscatter communication, and there
can be a potential method of designing the sensor node prototype based on using
an RFID tag. However, commercial RFID tags and readers provide the limited
information for analysing the system performance. With a commercial RFID
tag, the tag circuit is highly integrated to an Integrated Circuit (IC) and it does
not allow interfacing with commercial sensors or an external circuit for moni-
toring its system voltages. In addition, the tag is strictly designed based on an
industrial protocol, and so it cannot be used to explore the appropriate physical
layer protocols for wireless communications through soil. Some embedded RFID
sensor nodes have been developed which include a programmable RFID circuit
[121], [122]. The programmable circuit of the sensor nodes uses a microcontroller
and electronic components to sample and encode sensory data from commercial
sensors. The encoded sensory data is then modulated through a backscatter
modulator which is controlled by the microcontroller. However, these embedded
sensor nodes require on-board batteries to power the node circuit and are not

capable of harvesting RF energy.
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8.2.2 Design requirements

Chapter |3 has described the design requirements of the proposed RFID sub-soil
system from an application perspective. This section discusses the design require-

ments of the RFID sensor node prototype which is used for research purposes.

The sensor node prototype must be able to harvest energy from
RF fields. - The sensor node prototype must contain an antenna and a rectifier
which are used to harvest energy from the EM fields. The harvested energy is
stored using an energy storage device. The storage device will be triggered to

release the stored energy for supplying the sensor node circuit.

The operation of the sensor node prototype must be modifiable. -
The sensor node prototype is able to log sensor measurements from commercial
sensors. The logged data is then encoded, and the encoding format is modifiable.
An embedded system can be typically used to achieve data logging and encoding,

which is controlled through a programmable microcontroller.

The sensor node prototype must have a compact size. - The sensor
node must have a size of which the maximum dimension has to be less then 10
cm, and so it can be easily deployed in soil for the system performance evaluation.
The size of the sensor node prototype primarily depends on the node antenna and
circuit. This work does not consider the design of the sensor node antenna, but
will consider the trade-off between the antenna size and the sensor node perfor-
mance. The size of the sensor node circuit can be minimised by using Printed
Circuit Board (PCB) technology and Surface Mounted Devices (SMD).

The sensor node prototype must allow for monitoring its system
voltages. - The sensor node prototype will be interfaced with external devices
for monitoring its system voltages. The external devices must not create a signif-
icant power dissipation which distorts the voltage measurements. A supporting
circuit will be designed for electrically isolating the sensor node circuit and the

external devices.
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8.3 Sensor Node Design

8.3.1 Energy harvesting

Without an on-board battery, the sensor node harvests energy from the EM field
generated by the RFID reader in order to power the node circuit. Figure [8.1
presents the block diagram of the passive RFID sensor node design, where the
energy is harvested through an antenna, a matching circuit and a rectifier. The
antenna couples energy from RF fields, and the matching circuit matches the
impedance of the antenna to the rectifier. The impedance matching minimises
the RF signal reflections from the rectifier to the antenna, which maximises the
power of the signal input at the rectifier. The rectifier then converts the coupled

RF energy to a DC voltage supply.

Antenna
Capacitor
y fnergy —>| Sensor
- "_}[ Management]
v

Matching
Circuit

DC/DC
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1
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Figure 8.1: Block diagram of the sensor node design

With an RF energy harvesting system, the operating frequency and the RF
to DC conversion efficiency are two crucial factors which affect the energy har-
vesting. When operating at a high frequency, RF signals propagate with a high
path loss in air and in soil [7], which limits the energy that can be harvested
by the sensor node. Decreasing frequency helps reduce the path loss, but lower
frequencies require a larger antenna to achieve the efficient performance in energy
harvesting, which will lead to a larger sensor node size. The conversion efficiency

measures the ability to convert the harvested RF signal to a DC signal. It is
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always desirable to achieve a high conversion efficiency as it leads to a shorter

time for harvesting sufficient energy.

A Powercast P2110 RF power harvester [123] was chosen for the sensor node
prototype. The P2110 harvester operates in 902 to 928 MHz frequency range,
and this range is within one of most popular frequency bands, 860 to 960 MHz
which is adopted by one of the most popular RFID protocols: the EPC C1G2
protocol [6]. This frequency band provides an appropriate balance between the
path loss and the antenna size. The maximum achievable conversion efficiency of
the P2110 harvester is 70 % [123].

The node antenna is another factor which affects the amount of the energy
harvested by the sensor node. Since this work does not involve antenna design
and fabrication, it is necessary to choose an appropriate commercial antenna
for the sensor node. In terms of radiation pattern, antennas can be grouped
into omni-directional antennas, such as a dipole antenna, and direction anten-
nas, such as a patch antenna. Directional antennas typically have higher gain
than omni-directional antennas, which can enhance the sensor node’s efficiency
in energy harvesting . However, using a directional antenna can bring problems
in practice as the orientation of the sensor node is hard to control as described in
Chapter | For research purposes, an 1 dBi PCB dipole antenna [124] is selected,
which has a compact size with the maximum dimension of 16 cm. The antenna

interfaces to the sensor node through a SMA (SubMiniature version A) connector.

8.3.2 Energy storage and management

Since the development of sensing technology is not a focus in this research, the
sensor node uses off-the-shelf sensors. Soil moisture and soil temperature are two
key parameters for crops growth, and a temperature sensor and a soil moisture
sensor are two sensors of interest for the sensor node design. As presented in
Table 2.1], the anticipated peak power consumption of these sensors will be more
than 100 milli-watts. The converted DC energy from the P2110 harvester is
typically not adequate to supply the sensor node directly. This can be solved by
using a capacitor to accumulate the converted energy. When the voltage across

the capacitor increases to a threshold value, the stored energy is released from
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the capacitor for supplying the sensor node circuit. As shown in Figure [8.1]
the P2110 harvester includes an energy management module which compares the
voltage of the capacitor V.4, and two in-built threshold voltages V42, 1.25 V
[123] and Vi, 1.02 V [123]. The comparison result triggers the operation of
the DC/DC converter. Figure illustrates the triggering process, where the
DC/DC converter is only triggered to provide a system voltage V., 3.3 V [123]
when the capacitor has been charged to V,4,. When V., drops below V,;,, the
system voltage is stopped and the capacitor restarts accumulating the energy
converted from the rectifier. As shown in figure [8.2] T}; refers to the time when
Vinaz drops to V., and the sensor node circuit is supplied by V., termed as
the discharging time. T, is the time during which the capacitor is charged from
Vinin 10 Vinae, termed as the charging time. Both T, and T, are affected by the
capacitance of the capacitor. The theoretical energy that can be used to supply

the sensor node is given by:

1
Energy = §C'(V2 V2, (8.1)

where C'is the capacitance and V,,,, and V,,;, are the threshold voltages. A high
capacitance C' leads to large amount of energy stored in the capacitor which al-
lows the sensor node to have a long discharging time T} or a high energy budget.
However, increasing capacitance also leads to a long charging time 7, which is
not desirable as it will lead to an unacceptable speed of the farm machinery as
described in Chapter [ Thus, there is a need to select an appropriate capaci-
tance, and the selection will depends on the trade-off between the energy budget
of the sensor node and the charging time or the speed of the farm machinery as
will be discussed in Chapter [11]

Regarding the capacitor, it can be an ordinary capacitor or a super-capacitor.
In this work, the sensor node uses a super-capacitor. A super-capacitor is also
known as a Electric Double-Layer Capacitor (EDLC) or electrochemical capaci-
tor, which does not contain heavy metals, such as zinc (Zn), nickel (Ni), copper
(Cu) and even lead (Pb). The key feature of a super-capacitor is that it has
higher energy density than an ordinary capacitor [125, [126]. This feature en-
ables a super-capacitor to have a smaller physical size than an ordinary capacitor

with the small capacitance, which will allow the size of the sensor node to be
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reduced. In addition, super-capacitors, especially those that are being used in
the applications of memory back-up [125], have the characteristic of low leakage
current, which make them ideal components for energy harvesting systems. In
the sensor node design, the voltage rating of the super-capacitor has to be higher
than the maximum threshold voltage V... Most of commercial super-capacitors
[127, 128, 129, 130] have the Equivalent Series Resistance (ESR) ranging from
m{? to hundreds of mQ2. A lower ESR is desirable as it maximises the energy

output from the capacitor.

Vmax

le-l"l

Veae

Vout

Figure 8.2: The DC/DC converter is triggered based on comparing the super-
capacitor voltage V.ap and the in-built threshold voltages, V.. and V,,n.

8.3.3 Sensory data logging, decoding and modulation

In the node prototype design, sensory data is provided by a TMP 37 temperature
sensor [45]. The TMP 37 sensor can be directly interfaced to a microcontroller
without the need of using signal conditioning circuitry. The TMP 37 temperature
sensor outputs an analogue voltage linearly proportional to temperature in Cel-
sius. For power consumption considerations, the sensor node requires a low-power
microcontroller and the one selected for this work is Microchip PIC18LF14K22
microcontroller [131]. The PIC18LF14K22 microcontroller is designed with eX-
tremely Low Power (XLP) technology, and it only consumes 900 uA at 3.3 V
when running at 1 MHz [131]. It is capable of sampling sensory data from com-
mercial sensors through either 10-bit Analogue-to-Digital Converters (ADCs) or
the integrated communication buses, such as Serial Peripheral Interface (SPI) bus

and Inter-Integrated Circuit (I2C) bus. Through a C program running on the
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microcontroller, an on-board ADC of the microcontroller is configured to sample
measurements from the TMP 37 temperature sensor and also to encode the mea-

surement samples based on using the FMO encoder scheme [6].

With a passive RFID system, an RFID tag generates a modulated backscatter
signal by varying its antenna-load reflection coefficient. Following this principle,
an RF switch, SKYWORKS AS193-73 [132] is used to modulate the encoded
sensory data by varying the sensor node antenna-load impedance. Figure 8.3
shows the schematic of the backscatter modulator using an RF switch, where the
antenna can be switched to either a 50 €2 load or ground. The 50 €2 load re-
sults in a low antenna-load reflection, and negligible power is reflected back from
the antenna. When the antenna is grounded, the reflection coefficient greatly
increases, which generates a high power reflection. The RF switch is driven by
two digital control voltages, however a single voltage can be used in conjunction

with a digital inverter device to generate the opposite voltage.

Control signal from uC

Matchingl_J4 g Load
Circuit
= D<}<Control signal from uC
Inverter

Figure 8.3: Schematic of backscatter modulator using an RF switch

8.4 Sensor Node Prototype Implementation

8.4.1 Prototype hardware

Based on the sensor node design described in Section [8.3] the implementation of
the sensor node used two antennas in the first instance: one for energy harvesting

and the other one for backscatter modulation. However, using the two antennas
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led to a large sensor node size and the two antennas can potentially affect each
other. Therefore, the implementation was finally based on using a single antenna
for both energy harvesting and backscatter modulation. Figure presents the
schematic diagram of the implemented node prototype circuit, where the node
antenna is interfaced with the RF input of the RF switch, J;. One of the outputs
of the RF switch, J5, is connected to the RF input of the P2110 RF harvester,
and other output of the RF switch, J3, is grounded. Since the input impedance
of the P2110 RF energy harvester is matched to 50 €2, the harvester can be seen
as the 50 €2 load which is part of the backscatter modulator as shown in Figure|8.3|

Antenna
Vcap
Vi J2 P2110 RF S| Super-
Harvester < capacitor
RF
i
Switch Vout
J3
V. L /
A4
Microcontroller & Sensor
Inverter |€

Figure 8.4: Schematic of the sensor node prototype circuit

One concern with this design is that the RF switch is not electrically con-
trolled until the super-capacitor has been charged to the threshold voltage V,,4z,
and so there can be an uncertain path loss within the RF switch. The path
loss from the switch input J; to the switch output J; has been measured at
the frequency of 915 MHz using a National Instruments (NI) PXI system [109)].
Figure [8.5| presents the block diagram showing the experimental arrangement for
the path loss measurement, where the NI PXIe-5673 VSG and PXIe-5663 VSA
are interfaced with the port, Ji, and the port, J, and the two pins for the control

voltages are left open. The path loss is measured from the VSG transmit power
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P, and the received power P, at the VSA:
P.(dB) = P,(dB) — P,(dB). (8.2)
Vi P PXI
J r
> ysa
PXI P: RF
ey 1
VSG Switch
J3
V. 1

Figure 8.5: RF switch testing diagram

The measurement results are shown in Table [8.I] and it is observed that the
RF switch has a path loss between J; and Js; when it is not electrically powered.
The path loss in the switch will affect the charging time T, shown in Figure [8.2]
However, since the path loss is steady this will not affect the basic functions of

the sensor node prototype.

Table 8.1: Measured path loss (at 915 MHz) of the RF switch when it is electri-
cally isolated from the control voltages.

P,(dBm) | P.(dBm) | Measured Py, (dB)
20 22,6 2.6
-10 -12.6 2.6
5 7.6 2.6
0 2.6 2.6
2 0.6 2.6
4 1.3 2.7
5 2.3 2.7

The DC energy converted from the P2110 harvester is stored using a Cel-
lergy CLC04P010L12 10 mF super-capacitor [I30]. The nominal voltage of the
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super-capacitor is 4.2 V which is higher than the threshold voltage V... With
the capacitance of 10 mF, the stored energy (when the super-capacitor is charged
from Vi to Vinee) is approximately 2.6 mJ which is calculated based on Equa-
tion [8.I] The stored energy can easily maintain the peak power consumption
of hundreds milli-watts for milli-seconds. When the super-capacitor has been
charged to the threshold voltage V;,.4z, the in-built DC/DC converter is triggered
to provide the supply voltage V,,; of 3.3 V. The microcontroller then reads the
temperature sensor through an on-board 10-bit ADC. The ADC uses the supply
voltage, 3.3 V as its reference voltage, and so the resolution of the 10-bit ADC is
3.2 mV. The TMP 37 sensor provides a 500 mV output at 25 °C' and an output
scale of 20 mV /°C' [45]. Therefore the resolution of sensor measurements sampled
by the ADC is 0.16 °C' . The sensor measurements are encoded by the microcon-
troller with the FMO encoder scheme, and a stream of digital encoded output is
then generated by the microcontroller. The digital output is used as the control

signal to control the backscatter RF switch.

When prototyping the sensor node hardware, Surface Mounted Devices (SMDs)
are selected in order to minimise the sensor node size. Figure presents the
photograph of the fabricated sensor node PCB whose size is 35 mm x 80 mm.
A printed 1 dB 915 MHz dipole antenna as presented in Figure is connected
to the sensor node through a 50 2 SMA connector, and this connection method
provides the flexibility to evaluate the prototype performance by using various
antennas. The PCB is designed using Altium Designer software [133], and the
schematics and the Altium files of the PCB design are included in Appendix D.
The traces for RF signals on the PCB are designed as 50 {2 CoPlanar WaveGuide
(CPWG) transmission lines [134]. Two lines of pin headers are soldered on the
board, one is for programming the microcontroller and another one will allow

monitoring the voltage across the super-capacitor V., and the supply voltage
Vvout-

8.4.2 Microcontroller program

The microcontroller is programmed in C using MPLAB Integrated Development
Environment (IDE) toolkit [I35]. All the C code and the files for compiling the
microcontroller in this implementation are included in Appendix E. The micro-

controller program primarily consists of four steps and the flow of the program
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Figure 8.6: Photograph of the sensor node prototype PCB .
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Figure 8.7: Photograph of the sensor node antenna .

is shown in Figure [8.8f When the supply voltage becomes available, the micro-
controller initialises one analogue pin for sampling sensor measurements and one
digital pin for controlling the RF switch. The corresponding ADC interfaced to
the analogue pin is then configured to sample voltage outputs from the TMP
37 temperature sensor. Once the microcontroller has obtained a 10-bit sensor
measurement, it adds a five-zero preamble before and a two-zero ending after the
sensor measurement. As presented in Figure [8.9] the sensory data bits generated
by the microcontroller are ’00000000010001100" given to the 10-bit sensor mea-
surement of ‘0000100011°. The final step is to encode the sensory data bits by
implementing the FMO0 encoder scheme as specficied in RFID EPC C1G2 proto-
col [6]. The microcontroller then outputs the encoded signal via the digital pin to
drive the RF switch for implementing backscatter modulation. Once two sensor

measurements have been sampled, encoded and modulated, the microcontroller
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enters the sleep mode at which the power consumption of the microcontroller

drops to nano-watts [131]

The implementation of the microcontroller program includes two crucial pa-
rameters: the data rate of the encoded sensor measurements and the frequency
at which the microcontroller is clocked. Running at a higher frequency enables
a higher data rate, but it also requires a higher energy budget. The power con-
sumption of the microcontroller (core) can increase to 4 mW at 16 MHz, and the
power consumption is 0.9 mW at 1 MHz. A trade-off has been made between the
data rate and the power consumption. As specified in the EPC C1G2 protocol,
the minimum data rate fi,, of the tag-to-reader link is 40 kHz [6]. Since the
sensor node only transmits a single sensory data each time, the data rate in this
work is set to quarter of the fi,4, which is 10 kHz. This data rate allows the

microcontroller to run at 1 MHz.

o
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{ Initialise 1/0 pins J
—»[ Sample sensor measurements ]

v

[ Generate up-link bits ]

v

‘ Implement encoding }

No Two measurements Yes |
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transmitted?

Figure 8.8: Flow of the microcontroller program designed for logging and encoding
the sensor measurements.

8.4.3 Energy budget estimation

The power budget (at 3.3 V) of the sensor node prototype is shown in Table

B.2] where the power consumption of the microcontroller has been measured and
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Figure 8.9: Encoded waveform of the up-link bits, generated from the example
sensor measurement of ‘0000100011’

other power consumptions are provided by the manufacturers [45], [132] and [136].
The power budget information is only used to estimate and understand the peak
power consumption of the sensor node prototype. As shown in Table [8.2] the
power consumption of the microcontroller accounts for most of the budget and
the peak power consumption of the sensor node can reach 1.68 mW. For expected
sub-soil sensor nodes in practice, on-board sensors will account for most of the
energy budget. As presented in Table the power consumption of the soil
moisture sensor is 90 mW. The minimum required power-on time, 7,, during

which the sensor node circuit has to be supplied is estimated as:

1
Ton = (N+1)x L x o (8.3)
where N represents the number of sensor measurements that need to be trans-
mitted by the sensor node , L is the number of the sensory data bits (with the
preamble and ending), and D is the data rate. Given that the sensor node trans-
mits two 17-bit sensory data at the data rate of 10 kHz, the minimum power-on

time is calculated as 5.1 ms.
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Table 8.2: Power budget of the sensor node prototype

Device Peak power consumption (uW)

Microcontroller | 900 (at 1 MHz)
Sensor [45] 165

RF switch [132] | 495

Inverter [130] 120

Total 1680

8.5 Prototype Functional Testing

The fabricated sensor node prototype has been tested using the PXI/LabVIEW
RFID reader implementation as described in Chapter [7] and a NI myDAQ in-
strument [137]. The prototype testing has investigated the charging time of the
sensor node, the sensor node power consumption and the backscatter wireless
communication. The charging time refers to the time during which the on-board
super-capacitor is charged from the low threshold voltage, V,;, to the high thresh-
old voltage,V,,ax. Figure presents the diagram of the testing arrangement.
As shown in Figure .10 the PXIe-5673 VSG is used to generate Continuous
Wave (CW) signals for powering the sensor node, and the PXIe-5663 VSA re-
ceives and down-converts the backscattered signal from the sensor node. This
RFID reader implementation uses the monostatic antenna configuration which
uses a single 8 dBi Cellular path antenna [138] for both transmission and recep-
tion. The reception path is isolated from the transmission path using a Mini-
Circuit ZEDC-15-2B directional RF coupler [139]. The sensor node prototype is
located 0.4 m away from the patch antenna, at which the sensor node is within
the far-field of the reader antenna. The NI myDAQ instrument is interfaced to
the sensor node for sampling and recording the super-capacitor’s voltage V.4, and
the supply voltage V,,;. The PXIe-8133 controller executes a LabVIEW program
in which the data acquired by the VSA and the myDAQ are processed for the
performance testing. LabVIEW GUISs are designed for logging data and reporting
measurements, and the LabVIEW files are included in Appendix F.

When sampling the system voltages of the sensor node prototype, the key
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Figure 8.10: Block diagram of the experimental arrangement for testing the
sensor node prototype.

concern is that there will be a current leakage flowing from the sensor node sys-
tem to the myDAQ instrument. This current leakage leads to a power dissipation
and affects the fidelity of measurements. Therefore, two voltage buffers with high
input resistance are used to electrically isolate the sensor node power system from
the myDAQ instrument. Figure [8.11] presents the implemented voltage buffers
using two Texas Instruments LMC 6462 operation amplifiers [140] which have
high input resistance, typically greater than 10 T [140].

Vou
+
—>
Sensor |_ _ N NI
Operational Amplifier
node Veas myDAQ
+ —P

Figure 8.11: Implementation of two voltage buffers for sampling the system volt-
ages of the sensor node.

The prototype was tested at 915 MHz which is at the centre of the operating
frequency range of the P2110 RF power harvester [123]. The PXI reader imple-

mentation is configured with the settings as shown in Table [8.3 The operation
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frequency of the PXI VSG and VSA is 915 MHz. The transmit power of the PXI
VSG is 8 dBm, and the transmitted power from the reader antenna (8 dBi gain)
is 16 dBm. The PXI VSA receives signals with the sampling rate of 500 kHz
which is 25 times higher than the data rate of the demodulated signal in the sen-
sor node. The PXI controller processes the received data at the VSA every 6 ms

for detecting and demodulating the backscattered signal from the sensor node.

Table 8.3: Settings of the PXI reader implementation.

Settings Value

Operating frequency (VSG and VSA) | 915 MHz

Transmit power (VSG) 8 dBm
Acquisition time (VSA) 6 ms
Sampling rate (VSA) 500 kHz

The average power consumption P, (watts) of the sensor node prototype is
calculated according to Equation [8.4]

E;

Po:_7
Ta

(8.4)
where F (joules) represents the energy that is released from the super-capacitor
when the super-capacitor voltage V.4, drops from V,,q, t0 Vinin, and Ty (s) refers
to the time when the sensor node circuit is being supplied by V,,;. The energy Ej
is calculated from the capacitance of the super-capacitor and the two threshold
voltages according to Equation [8.I} The time T} is measured from the voltage
signal recorded by the myDAQ instrument. The communication link testing
includes the demodulation and recovery of the sensor measurements from the
backscattered signals that are received at the VSA. In addition, the power of
the backscattered signal, P,, is calculated from the I and Q components of the

baseband signal:

P
b 50 )

(8.5)
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where the unit of I and Q is the volt and 50 represents the characteristic impedance
of the VSA in ohms.

Figure [8.12| presents a screenshot of a LabVIEW GUI showing testing results.
The graph of the system voltage signals indicate that the sensor node has been
powered off and on for 10 periods within 1000 s. A zoomed screenshot of the
LabVIEW GUI is shown in Figure where the measured (average) charging
time T, is 110.6 s and the measured (average) discharging time Ty is 9.9 s. The
calculated average power consumption of the sensor node prototype is 264.1 uW.
Figure also presents a backscattered baseband signal from the sensor node,
where the unit of the baseband signal amplitude is the volt. The temperature
value recovered from the baseband signal is 19.7 °C', which is comparable to the
value measured by an off-the-shelf digital thermometer. The measured power of
the backscattered signal is -42.7 dBm.

The testing results show that the sensor node prototype successfully achieves
the functions of harvesting RF energy and transmitting sensor measurements
through backscatter modulation. Although the charging time performance, T, is
unsatisfactory from a practical view, it can be improved by increasing the trans-
mit power. In the prototype performance testing, the transmit power of the PXI
VSG is 8 dBm. In practice, the maximum Effective Isotropic Radiated Power
(EIRP) that is permitted in the UHF band is 36 dBm (4 W) [I]. A high trans-
mission power is typically achieved by using an RF amplifier. As presented in
Figure [3.1] increasing transmit output power, P;, of the RFID reader increases
the power harvested by the sensor node, P,, and therefore shortens the time for
harvesting a certain amount of energy. Section describes the charging time
performance evaluation of the sensor node prototype by considering the harvested
power. In addition to the transmit power, the power harvested by the sensor node
is also affected by the node antenna which is used to couple energy from the EM
field generated by the RFID reader implementation. The charging time perfor-
mance of the sensor node prototype has also been evaluated by using four various

commercial antennas, and the evaluation result is presented in Section [8.6.2]

As described in Section [8.3] the capacitance of the super-capacitor affects the

charging time 7,. Using a low capacitance helps shorten the charging time of
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Figure 8.12: Screenshot of the LabVIEW GUI showing the evaluation results.
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Figure 8.13: The zoomed screenshot of the labVIEW GUI showing system voltage
signals.

the sensor prototype. However, a low capacitance limits the amount of energy
stored in the capacitor at a given capacitor voltage. If the energy stored in the
super-capacitor does not meet the energy budget of the sensor node prototype,
the operation of the sensor node prototype will be affected. The sensor node
prototype uses a 10 mF super-capacitor to store the harvested energy. It is ob-
served from the testing result that the measured discharging time T, (9.9 s) is
approximately 2000 times the minimum required power-on time 7, estimated in
Section [8.4.3] This observation implies that the charging time of the sensor node
can be shortened by using a capacitor with a capacitance lower than 10 mF. This

has been investigated as described in Section [8.6.3]

8.6 Prototype Performance Evaluation

8.6.1 Harvested power

In order to measure the charging time of the sensor node at a specific power har-
vested by the sensor node, the testing arrangement shown in Figure has been
modified and the modified arrangement is presented in Figure As shown
in Figure [8.14] the signal output of the PXI VSG is directly linked to the RF
input of the sensor node through a coaxial cable. The power P, harvested by the
sensor node antenna is calculated by subtracting the cable loss from the transmit

power of the VSG P,. The myDAQ instrument is interfaced to the sensor node for
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recording the super-capacitor voltage V.q,. A LabVIEW program running on the
PXIT controller configures the VSG to increase the transmit power from -9 dBm
to 0 dBm with a step of 0.2 dBm. The charging time 7, is measured from the
recorded voltage signal. At each power, the charging time measurement has been

repeated by 50 times in order to determine the error bars of the measurement.

P P Veap
PXIVSG : | Sensor node myDAQ
Coaxial cable Vout
ih Voltage buffers
PXI
controller |

Figure 8.14: Modified testing arrangement for measuring the charging time T, at
a specific power harvested by the sensor node.

Figure presents the plot of the measured charging time 7T, versus the
harvested power. It is shown from Figure that the measured charging time
continues to decrease with increasing power. The rate of change of the charging
time with respect to the power reduces as the power increases. This means that
the same change in the power leads to a greater change in the charging time
at a higher power level. There is also an observation from Figure that the
error bound of the measured charging time decreases with increasing power. As
shown in Figure [8.15 the measurements have an error bound ranging from +1 s
to 10 s when the harvested power is less than -5.6 dBm. When the harvested
power increases above -5.6 dBm, the error bound of the measurements is less
than 0.5 s. The primary factor that gives rise to the error can be the stability
of the power harvesting efficiency provided by the P2110 chip-set. The power
harvesting efficiency provided by the P2110 chip-set is primarily dependent on
the conversion efficiencies of the on-chip rectifier and DC/DC converter. The
P2110 manufacturer provides limited information of the rectifier and the DC/DC

converter.
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Figure 8.15: Plot of the measured charging time versus the received power by the
sensor node prototype.

8.6.2 Sensor node antenna

With the testing arrangement presented in Figure [8.10] and the configuration of
the PXI system shown in Table 8.3 the charging time performance 7T, of the
sensor node prototype has been evaluated at 915 MHz by using various antennas.
In addition to the dipole antenna described in Section [8.3] three commercial an-
tennas have been selected for the performance evaluation, which include a patch
antenna [124], a blade antenna [141] and a monopole antenna [142]. The operat-
ing frequency bands of those antennas all cover the frequency of 915 MHz. The
reason for using commercial antennas is that this research is not focusing devel-
oping antennas. When using one of the selected antennas, the PXI system was
configured to power the sensor node until the sensor node was powered on and
off for 10 periods, and the average charging time was then measured. In the per-
formance evaluation, the orientation of the antennas was adjusted to ensure that
the peak gain of the antenna is at the direction of the reader antenna. Table [8.4]

shows details of the antennas and the charging time measurements.

As shown in Table the measured charging time when using the patch an-

tenna is approximately 88 s shorter than when using the dipole antenna. This is
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Table 8.4: Evaluation of the charging time performance using various antennas.

Antenna | *Dimensions (mm) Peak Gain (dBi) | Charging time (s)
Dipole 160 x 20 x 2 1 [124] 110.6

Patch 200 x 60 x 40 8 [124] 22.8

Blade 84 x 21.5 x 5 2 [141] 90.2

Monopole | 59 (length) x 10 (diameter) 2 [142] -

(* Dimensions excluding SMA connector.)

due to the patch antenna has a higher gain than the dipole antenna. However, the
patch antenna has the largest physical size which will lead to an unrealistic sensor
node size. In addition, its directional pattern is not desirable since the orienta-
tion of the sensor node is not controllable in practice as described in Chapter [3|
The quarter-wavelength monopole antenna has the smallest size, but it is not
efficient in harvesting energy. When using the monopole antenna, the voltage of
the super-capacitor, V,,, did not reach the threshold voltage V;,q, within 1000 s.
The measured charging time when using the blade antenna is shorter than the
measurement when using the dipole antenna, and the blade antenna has a smaller
size than the dipole antenna. The blade antenna seems to be a better choice for
the sensor node antenna than the dipole antenna. However, the blade antenna
requires to use a ground plane in order to achieve the efficient performance in
energy harvesting, which will bring the same practical problem as when using a

directional antenna.

8.6.3 Super-capacitor

There was a plan to use a 1 mF super-capacitor in order to shorten the charging
time T, of the sensor node prototype. With a capacitance of 1 mF, the en-
ergy that can be used to supply the sensor node prototype is 0.26 mJ which is
calculated based on Equation This amount of energy completely meets the
estimated energy budget as shown in Section[8.4.3] At the time when undertaking
this work, the minimum capacitance of off-the-shelf super-capacitors was 10 mF.

There are two methods of providing a capacitance of 1 mF. The first method is
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based on using ten 10 mF super-capacitors which are connected in series, and
the other method is based on using a 1000 uF ordinary capacitor. With the ex-
perimental arrangement presented in Figure [8.10, the sensor node performance
was firstly evaluated using ten Cellergy CLC04P010F12 10 mF super-capacitors
[130] and then using a 1000 uF aluminium electrolytic capacitor [I43]. Regarding
the evaluation results, the DC/DC converter failed to provide a 3.3 V output
when the the 10-capacitor pack has been charged to V... With the 1000 uF
electrolytic capacitor, the sensor node prototype operated successfully, and the
measured charging time 7, was 20 s, which was shortened by 90 s compared to the
measurement when using a single 10 mF super-capacitor. The evaluation result
implies that the 10 mF super-capacitor can experience a serious self-discharge
phenomenon. With the self-discharge phenomenon, there will be a voltage drop
across the super-capacitor when it is under an open-circuit condition [144], [145].
The self-discharge causes energy loss, and so affects the time for charging the
super-capacitor up to a certain voltage, and will also affect the actual energy

that can be used to supply the sensor node.

The self-discharge characteristic of capacitors has been investigated using a
measurement arrangement as presented in Figure [8.16] As shown in Figure [8.16]
the under test capacitor C' is firstly charged to Vi, 1.25 V, and the NI myDAQ
instrument is used to sample and log the open-circuit voltage of the capacitor.
A voltage buffer was implemented using a LMC6462 operational amplifier [140]
in order to provide high input resistance. The voltage samples are reported in
the GUI of a LabVIEW program running on the PC. In addition to the 10 mF
Cellergy super-capacitor and the 1000 uF electrolytic capacitor, the following
commercial super-capacitors have been tested: Panasonic EECF5R5H105 1 F
super-capacitor [127], PowerStor HV0810-2R7105-R 1F super-capacitor [128] and
AVX BZ015B303ZSB 30 mF super-capacitor [129]. These three super-capacitors
are advertised as low leakage super-capacitors which can be used in memory
back-up applications. Figure [8.17] presents a screenshot of the LabVIEW GUI
comparing the measured open-circuit voltage of the five capacitors over 6 hours.
As shown in Figure [8.17] the super-capacitors have a difference in self-discharge
characteristic. The open-circuit voltage of the 1000 uF electrolytic capacitor de-
clines slowly than the voltage of the Cellergy 10 mF super-capacitor and the AVX

30 mF super-capacitor. Only the Panasonic super-capacitor and the PowerStor
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super-capacitor have a lower self-discharge rate than the rate of the 1000 uF elec-
trolytic capacitor. However, these two 1 F capacitors will lead to a long charging

time.

NI s
myDAQ

\ 4

PC

= =  Operational Amplifier

Figure 8.16: Capacitor and super-capacitor self-discharge measurement arrange-
ment diagram.
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Figure 8.17: Screenshot of a LabVIEW GUI comparing the measured open-circuit
of the five capacitors using the experimental setup shown in Figure m

Recent research has explored the self-discharge characteristic of super-capacitors
[144], 145, 146]. Ricketts and Ton-That [144] describes the self-discharge of super-
capacitors in terms of two mechanisms: 1) the self-discharge due to Faradix
impurity reactions; and 2) the current leakage through the double-layer at the
electrolyte-carbon interface. It is analysed in their research that the first mech-
anism appears to dominate the self-discharge in the first 8 hours of the self-
discharge. Merrett [146] argues that the traditional leakage current is not sig-
nificant and the self-discharge phenomenon is in fact predominantly due to in-

ternal charge redistribution [146] which is also known as the dielectric relaxing
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phenomenon. The effect of the redistribution can only be eased when the super-
capacitor has been typically charged more than 2 hours. In Diab et al’s research
[145], the self-discharge of super-capacitors has been characterised through experi-
ments, and the experimental results show that the self-discharge rate is affected by

the factors including temperature and initial voltage across the super-capacitor.

8.7 Summary

This chapter describes the design and implementation of a passive RFID sensor
node prototype. The design of the sensor node prototype uses a P2110 module
to convert the RF energy harvested by the node antenna to DC energy. The
converted DC energy then is accumulated using a super-capacitor. Once the
super-capacitor has been charged to a threshold voltage V.., a DC/DC con-
verter provides a system voltage for supplying the sensor node circuit until the
capacitor voltage drops to a low threshold voltage V,,.;,. A low power microcon-
troller is used to sample and encode sensor measurements from a temperature
sensor, and the microcontroller is programmed using C. The encoded signal is
finally modulated by a backscatter modulator which is designed based on using
an RF switch. The fabricated sensor node prototype has been tested at 915 MHz
using a testing arrangement which primarily includes a NI myDAQ instrument
and the PXI reader implementation presented in Chapter [, The testing re-
sult shows that the sensor node prototype successfully achieves the functions of
RF energy harvesting and transmitting sensor measurements through backscatter
communication. Chapter [J] presents the implementation of a sub-soil sensor node
based on using the fabricated sensor node prototype and also describes practical

experiments for evaluating the the sub-soil sensor node performance in soil.

One of the key performance of the sensor node prototype is the charging
time during which the super-capacitor voltage increases from the low threshold
voltage V,in to the high threshold voltage V... The charging time performance
has been evaluated by considering the power harvested by the sensor node, the
sensor node antenna and the super-capacitor. The evaluation result shows that
the measured charging time decreases with increasing power that is harvested by

the sensor node antenna. The charging time measurement has an error bound
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higher than 1 s when the harvested power is lower than -5.6 dBm. A large or a
directional antenna helps shorten the charging time of the sensor node prototype.
However, a large antenna will make the sensor node hard to deploy in practice,
and a directional antenna can bring problems as the orientation of the sensor
node within the soil is not controllable. Thus, there is a need to make a trade-off
between the sensor node performance and size, as will be further discussed in
Chapter [[I, When choosing a super-capacitor for the sensor node design, there is
a need to consider the capacitance and self-discharge of the super-capacitor. With
the sensor node prototype, a low capacitance helps shorten the time for charging
the capacitor to the threshold voltage V... However, a low capacitance limits
the amount of the energy that can be used to supply the sensor node. Selecting
an appropriate value of the capacitance is essential in the system design, which
will be discussed in Chapter [[I] A high self-discharge rate is not desirable as it

leads to a high energy loss which affects the operation of the sensor node.



Chapter 9

Sub-soil Experiments

9.1 Introduction

The CST simulation results presented in Chapter [ show that the loss in soil can
be more than 50 dB/m and that the soil surrounding a sub-soil antenna affects
the antenna return loss, efficiency and radiation pattern. However, there is al-
ways a concern that the soil models in the simulations do not match reality. In
this research, a series of practical experiments have been performed to evaluate
the sub-soil performance of the sensor node prototype. The design and imple-
mentation of the sensor node prototype have been presented in Chapter [§ The
experiments are based on using the PXI-based RFID reader platform which has
been described in Chapter [/} In the experiments, the charging time of the sensor
node prototype and the power of the backscattered signal at the RFID reader
antenna have been used as two parameters for the performance evaluation of the
sensor node prototype. As described in Chapter[§] the charging time of the sensor
node prototype refers to the time taken to charge the super-capacitor from the
low threshold voltage V,,;, to the high threshold voltage V;,... Another objective
of the experiments is to characterise the path loss in the soil. The variables being
considered in the experiments are the height of the RFID reader antenna, the

depth of the sensor node prototype and the soil moisture content.

In this chapter, Section describes the experimental method for the perfor-
mance evaluation and the path loss characterisation. A data logging system has
been designed and implemented for recording the system voltages of the RFID

sensor node prototype. The design and implementation of the data logging system

164
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are presented in Section[9.3] Section [9.4] describes the experimental arrangement.
Section discusses considerations on the accuracy and repeatability of the ex-

perimental results presented in Chapter

9.2 Experimental Method

9.2.1 Soil environment

Originally, there was a plan to carry out the experiments in an outdoor environ-
ment such as a farm. Within a farm, the sensor node would be buried under-
ground and the reader platform would be located above the ground. However,
the outdoor environments will be challenging to carry out. It is typically hard
to get access to a mains power supply outdoors. High capacity batteries, such as
an vehicle battery can be used to power the experimental equipment including
the PXI system. However, the experiments can easily take a few weeks and the
typical vehicle battery is only able to supply the PXI system for less than a day.
Under adverse weather conditions, such as rain and wind, the experimental ar-
rangement is vulnerable to mechanical and electrical damage. In addition, there
can be a problem outdoors if the experimental equipment or the RFID sensor

node prototype failed to work.

In this work, the experiments were performed in the Dyehouse, a labora-
tory which is located in the basement of the Sackville Street Building, at the
University of Manchester. The Gardening Team of the University provided a
soil planter whose size is 1 m x 1 m x 0.5 m (length x width x height). An
important concern with the experiments in the Dyehouse is the size of the soil
planter. According to the CST simulation results shown in Chapter [0} signal
leakages can propagate along the side walls of the soil tank and arrive at the
sensor node antenna rather than travelling through the soil directly. Therefore, a
small size soil tank does not match reality and so can affect the fidelity of result.
The CST simulation results also show that using RF absorbers around the soil
tank surface leads to a negligible effect of power leakages when the side length of
the soil tank size is greater than 1 m. Hence, four pieces of RF absorbers were

attached to the side surfaces of the soil planter when performing the experiments.
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9.2.2 Sensor node performance evaluation

The performance evaluation of the sensor node is based on the scenario shown in
Figure[9.1] As shown in Figure[9.1] the sensor node prototype is deployed within
the soil planter at a depth D and the antenna of the RFID reader platform,
termed as the reader antenna, is located at a distance, H, above the soil surface.
The sensor node prototype was enclosed within an enclosure. The enclosure
creates an air gap for the sensor node antenna, which helps improve the antenna
performance. In the experiments, the sensor node performance has been measured
in the power link and the communication link. In the power link, the sensor
node prototype harvested energy from Continuous Wave (CW) signals that were
generated by the RFID reader platform, and the charging time of the sensor node
was measured. In the communication link, the sensor node transmitted sensor
measurements using backscatter modulation. The reader platform received and
down-converted the backscattered signals arriving at the reader antenna, and
measured the signal power. The following parameters have been considered in

the experiments:

e the transmission power of the RFID reader platform,

the depth of the sensor node within the soil,

the orientation of the reader antenna,

the height of the reader antenna above the soil surface,

the soil compactness,
e the soil moisture content,

where the transmission power, the depth of the sensor node and the soil mois-
ture content are the variables for the experiments. In the experiments, the reader
antenna was positioned parallel to the soil surface and the height of the reader an-
tenna was maintained at 0.5 m above the soil surface. According to Equation [2.1],
this height ensures the soil planter to be within the far-field of the reader antenna
at 915 MHz. It was desired to maintain the soil compactness throughout the ex-

periments. However, controlling the soil compactness is difficult, as discussed in
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Section [0.5] In order to compare the sensor node performance in the soil with
its performance in air, the performance evaluation of the sensor node was also
performed when the soil planter was not filled with soil. The performance eval-
uation in air has considered two variables: the transmission power of the RFID

reader platform and the distance between the reader antenna and the sensor node.

Reader antenna

Pt?T D

——

'N-...—/

="

D

Soil Planter

Sensor node PX|-based
: RFID Reader
/I\ Data logging system
Sensor node enclosure

Figure 9.1: Diagram of the experimental arrangement.

As described in Chapter [§, the charging time of the sensor node prototype
is measured from the system voltages of the sensor node, and the voltage sig-
nals are recorded by the NI myDAQ instrument. In the experiments, it is not
desirable to wire the sensor node prototype to a device outside the soil planter
for recording the prototype system voltages. The wires connecting the prototype
and the device would provide a leakage path between the reader antenna and
the sensor node antenna, and this affects the fidelity of measurements. Instead,
the method of measuring the charging time is based on using an independent
data logging system, shown in Figure [9.1] which is interfaced and attached to
the sensor node prototype. During the experiments, the sensor node prototype
was deployed within the soil planter along with the data logging system. The
data logging system continuously sampled the sensor node’s system voltages, and
stored the voltage samples onto a standard Secure Digital (SD) card. The data

logging system was powered using an on-board battery. The data logging system
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and the sensor node prototype were electrically isolated using a voltage buffer
with a high input resistance. When the experiments were completed, the system
was retrieved from the soil and the experimental data was exported from the SD
card to a PC for data processing and analysis. Details of the design and imple-

mentation of the data logging system are described in Section [9.3]

9.2.3 Path loss characterisation

The path loss in this work refers to the overall power losses of the RF signal
propagating from the the reader antenna to the sub-soil sensor node antenna.
The generic method of calculating the path loss between the antennas is based

on using the Friis equation [81]:
Pioss(dB) = Fi(dB) + Gy(dB) + G.(dB) — P.(dB), (9-1)

where P, is the transmit power of the RFID reader platform, G; refers to gain
of the reader antenna gain (measured in air), G, refers to the gain of the sensor
node antenna (measured in air) and P, is the power harvested by the sensor node.
The transmit power P, is configurable on the reader platform, and the gains of
the reader antenna and the node antenna are specified by the antenna manufac-
turers. But there is a problem in measuring the harvested power, P, which would
typically be measured with an RF cable connection between the node antenna
and a VNA. As discussed in the previous subsection, there is a possibility that
a leakage path could be caused by a cable connecting the sensor node prototype
and a device outside the soil planter. Instead, the power harvested by the sen-
sor node was deduced from the measured charging time of the sensor node. As
described in Chapter [§ the charging time of the sensor node prototype has been
used as a parameter to evaluate the performance of the sensor node prototype.
The plot of the measured charging time versus the power harvested by the sensor
node prototype is presented in Figure [8.14] The experiments have compared the
characterised path loss in soil and in air. The path loss in soil has been evaluated
by considering the height of the reader antenna, the depth of the sensor node and

the soil moisture content.
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9.3 Data Logging System

As described in Section [0.2] the data logging system is buried along with the
sensor node prototype, and is capable of sampling the system voltages of the
sensor node prototype and writing these samples to a standard SD card. This

section describes the details of the system design as well as its implementation.

9.3.1 System requirements descriptions

e The system must have an operating time of more than a week -
Once the data logging system has been buried within the soil planter, it is
not easy to retrieve it from the soil for replacing or charging the battery.
So the system must have an operating time of more than one week, as this
period will allow a series of experiments to be conducted without the need

to frequently replace the batteries.

e The system must be electrically isolated from the sensor node -
When sampling the system voltages of the sensor node prototype, there
could be a current leakage flowing into the data logging system from the
sensor node. This current leakage is not desirable as it would distort the
charging time measurements. The data logging system must have a high

input resistance in order to minimise the current leakage to less than 1 nA.

e The system must be able to keep track of time in order to provide
timestamp information along with the voltage samples - The data
logging system can continuously perform data recording in the soil over a
period of a week. The timestamp information provides a convenient way
to locate the corresponding item of data within a series of experiments.
During the experiments, the data logging system must not miss an item of

data. This can be indicated from the timestamp information.

e The system must be able to store all of the data sampled over the
experimental period - The SD card must have a sufficient size to store
all of the data over the experimental period. The required size, S,, (Byte)

of the SD card is estimated as:

Sm = [« x Length x Days x 86400, (9.2)
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where f, is the sampling frequency in Hz, Length is the number of bytes
in measurement data point, Days represents the number of days for which

the experiments will last, and 86400 refers to the number of seconds per day.

9.3.2 System design

Figure presents the block diagram of the data logging system design where a
battery is used to power the data logger with a system voltage V. The system
voltages of the sensor node, V,,, and V,,; are sampled using a microcontroller.
Two voltage buffers are used in the design to provide high input resistance and
to electrically isolate the sensor node prototype and the system. A Real-Time
Clock (RTC) is used to achieve time keeping, and the time information is read
from the RTC by the microcontroller. The sampled data from the sensor node
and the corresponding time information are combined to a data packet on the
microcontroller. All data over the course of the experiments are written to a

standard removable SD card.

Data logging system

Veap| I>_' 5| SDcard

Sensor . | Microcontroller

node Battery

Real-time é—[vb]—
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-.‘_VVOItage buffers

=

Figure 9.2: Digram of the data logging system design.
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9.3.3 System hardware implementation

Figure [9.3] presents a photograph of the implemented system hardware, where
the system PCB stacks on an EVE ER34615 Lithium battery cell [147], and the
sensor node prototype PCB is fixed to the data logging system PCB. The system
PCB size is determined by the physical size of the battery, and the stacking struc-
ture aims to minimise the horizontal area of the system hardware. The battery’s
nominal voltage is 3.6 V. The key feature of the battery is that it has an energy
capacity of 19 Ah [147] which is higher than most off-the-shelf batteries with the
same physical size. Two photographs of the data logging system PCB are shown
in Figure [9.4] and the schematics of the PCB design can be found in Appendix G.

_V

antenna

Sensor node

Sensor node

Data logging ’ ‘ <
system PCB . f " ok 11 cm

Battery cell

Battery holder

Figure 9.3: Photograph of the data logging system with the sensor node.
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Figure 9.4: Photograph of the data logging system PCB.
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As shown in Figure [9.4a] the voltage outputs of the sensor node are linked
to the inputs of the voltage buffers through a three-pin header acceptance. As
the core component in the system, a Microchip PIC18LF26K22 microcontroller
[148] implements data sampling using two in-built ADC channels to convert the
sampled voltages to digital signals. Since the system voltage V; that is provided
by the battery can slightly drop with the discharge of the battery, a MCP1525
[T49] precision voltage reference IC is used to provide the ADC channels with a
constant positive reference, 2.5 V, and the negative reference is grounded, 0 V.

There are two reasons for selecting the 2.5 V reference IC, which are that:

e its reference voltage covers the range of the super-capacitor voltage, Vi,

of the sensor node prototype;

e it can be supplied by the battery voltage, V, without the need to use DC/DC

converters.

With the selected precision voltage reference IC, there was a concern that the
system voltage, V,,; of the sensor node ranges up to 3.3 V which exceeds the
provided reference voltage. Hence, a voltage divider has been designed using two
10 M€ resistors to halve the buffered system voltage, V,,;. The halved voltage
is sampled by the in-built ADC of the microcontroller. When processing the ex-
perimental data, the system voltage has been recovered in software by doubling
the logged value. The implementation of the voltage buffer is based on using a
unity gain amplifier. The operational amplifier being selected in this work is the
Texas Instruments LMC 6462 [140]. This amplifier has a typical input resistance
greater than 10 T2 [I40], and is single-supplied by the battery voltage V, without
the need of employing DC/DC converters.

The microcontroller logs time information from an NXP PCF 8563 Real-
Time Clock (RTC) [I50]. Data is transferred between the microcontroller and
the RTC serially via a two-line bidirectional Inter-Integrated Circuit (I12C) bus.
A Transcend 2 GB SD card [I51] is connected to the microcontroller through the
Serial Peripheral Interface (SPI) buses. A switching circuit is designed using an
ADG 804 multiplexer [I52]. It is controlled by the microcontroller to power off
the SD card when the system is implementing data sampling, and it only switches

on the power when writing data to the SD card. This design helps to reduce the
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average power consumption of the system and to maximise the system’s operat-
ing lifetime. The data logging system is manually powered on and off through a
toggle switch mounted on the back of the PCB. When the PCB has been powered
on, the system only starts data sampling once its input port has received a rising

edge triggering signal from an external device such as a NI myDAQ instrument.

9.3.4 System software implementation

A C program running on the microcontroller controls the data logging system,
and the program is compiled using MPLAB Integrated Development Environ-
ment (IDE) toolkit [I35]. All files that have been created for programming the
microcontroller are included in Appendix H. The flowchart of the C program is
shown in Figure[0.5] When the data logging system has been powered on, the pro-
gram configures and initialises Input/Output (I/O) ports of the microcontroller.
These ports are primarily used for sampling the system voltages of the sensor
node, communicating with the RTC and the SD card, and accepting the trigger-
ing signal. Once a triggering signal has been received, the RTC is initialised and
then starts keeping time. Inside the loop of data sampling, the program firstly
fetches the voltage samples from the two ADC channels and then reads the time

information from the RTC based on using the I2C communication protocol.

Count=0 T Read ADCs

4 v
Initialise RTC Read RTC Timer
* v A

Count = Count +1
Initialise and

es
No Triggered? Generate data package No
v w

configure ports Yes
4 Write SD card || Count=0
Powered on . Loop

Figure 9.5: Flow diagram of the data logging system program.
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The basic time information includes four elements: days, hours, minutes and
seconds, and each element accounts for 1 byte. Before taking the next sample,
a data packet is generated in the program by combing the two samples from the
ADCs and the time information from the RTC. Figure presents the format
of a data packet whose overall length is 8 bytes, where the first 4 bytes are time
information and the next three bytes are two 10-bit samples from the ADCs. The
final byte is a pre-set symbol in the program, and it is designed for differentiating

two neighbouring data packets.

8 Bytes
__-F"\‘-__
Day Hour Minute | Second Data Data Data Symbol
1 Byte

Figure 9.6: Format of a data packet.

An internal timer in the microcontroller is used to control the frequency of
sampling data. The selection of the sampling frequency is based on a trade-off
between the system power consumption and the system capability. A higher
sampling frequency enables the system to perform more precise data sampling,
but it always leads to the microcontroller consuming more power. The sampling
frequency being used in this work is 10 Hz, which leads to an acceptable power
consumption that enables the data logging system to constantly operate for more
than a week. The sampling frequency of 10 Hz will be sufficient for sampling the
system voltages of the sensor node prototype as both the charging time 7, and
discharging time 7, of the sensor node described in Chapter [§| are longer than a

second.

According to the SD specification [I53], the SD card should be written to
with blocks of data, which are 512 bytes long. Thus, the generated data packet
(8 bytes) is temporarily stored in the internal memory of the microcontroller,
and they will be written to the SD card when 64 data packets have been gen-
erated. The program for writing to the SD card based on SD Specification
version 1.00 [I53]. The microcontroller is required to run at its maximum fre-

quency of 16 MHz in order to minimise the time for writing data to the SD card.
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However, running at a high frequency leads to the microcontroller consuming a
large amount of power, which shortens the operating lifetime of the system. In
this implementation, the microcontroller runs at 16 MHz only for writing to the
SD card, and the frequency is then switched to 1 MHz for sampling data and
processing data. The scheme of switching between the two frequencies aims to

maximise the operating lifetime of the data logging system.

Before writing data to an SD card, there is the typical need to format the SD
card based on using a formatting protocol, such as FAT32 which is recognised by
Windows Operating System (OS). This allows the stored data on the formatted
SD card can be read from files that are visible in Windows OS. However, the
implementation of the program for formatting SD cards by the microcontroller
can require a few months of effort. In this work, the SD card being used is
not formatted and data is written to the card in RAW format. Writing data in
RAW format means that Windows OS cannot directly recognise the data that
is stored on the SD card. So a software program, HxD - Freeware Hex Editor
and Disk Editor [I54] is used to get access to the card’s memory. Figure
presents a screenshot of the software user interface showing the stored data pack-
ets and the corresponding addresses of the card’s memory. Using the software,
the stored data can be selected over a range of addresses, and the selected data
can be exported to a ’.txt’ file for data processing. The SD card has a size of
2 GB. Given that the sampling frequency is 10 Hz and the number of bytes in a
data packet is 8, the 2 GB SD card enables the data logging system to store the
sampled data over 2485 days. This period is calculated according to Equation [9.2]

HxD - [Removable Disk 1]

|<d Fle Edt Search View Analysis Extras Window ?
[N 6| d
<3 Removable Disk 1 |

+4 16 « | ANSI v | hex v

14 4 b b sector

Offset(n) 00 01 02 03 04 05 06 07 08 09 OA 0B OC 0D OE 0F _, A data packet
00000000 00 00 00 05 A9 00 FD 11:00 00 00 06 BO 41 OC 11!
00000010 00 00 00 06 AB 41 02 11 00 00 00 06 A9 40 FE 11
00000020 00 00 00 06 BO C1 OD 11 00 00 00 06 AC 41 03 11
00000030 00 00 00 06 A9 80 FE 11 00 00 00 06 B2 41 10 11
00000040 00 00 00 06 AE 01 06 11 00 00 00 06 A9 40 FD 11

5 s

o e
¥

[

= =
T

Figure 9.7: Screenshot of the HxD disk editor.



CHAPTER 9. SUB-SOIL EXPERIMENTS 177

9.4 Experimental Arrangement

The design of the PXI-based RFID reader platform has been described in Chap-
ter [7, and the performance testing of the sensor node prototype using the RFID
reader platform is presented in Chapter [§ In the experiments, the path loss in
the soil limited the energy that can be harvested by the sensor node. Therefore,
a Mini-Circuit ZHL-1000-3W+ RF amplifier [I55] has been used to increase the
transmit power. Figure presents the block diagram of the reader platform

implemented for the experiments.

Reader Antenna

,| PXle-5673
VSG
PXle-8133 . RF amplifier RF coupler
Controller
| PXle-5663
VGA
. NIPXI System

Figure 9.8: Block diagram of the RFID reader platform in the experiments.

As shown in Figure[9.8] the ZHL-1000-3W+ amplifier amplifies the signal out-
put of the PXIe-5673 Vector Signal Generator (VSG), and the amplified signal is
transmitted through the reader antenna [I38]. The amplifier is powered using an
independent power supply unit with a supply voltage of 24 V. Signals received by
the reader antenna are coupled to the PXIe-5663 Vector Signal Analyser (VSA)
using a Mini-Circuit ZEDC-15-2B Directional RF coupler [139]. The reader plat-
form is controlled by LabVIEW software running on the PXIe-8133 controller.
The details of the RF coupler, the RF amplifier and the reader antenna are shown

below.
1. Mini-Circuit ZEDC-15-2B Directional Coupler

e 1 MHz to 1000 MHz frequency range

e 15 dB coupling factor
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2. Mini-Circuit ZHL-1000-3W+ High Power Amplifier

e 500 MHz to 1000 MHz frequency range
e 40.5 dB gain (measured at 915 MHz)

e +37 dBm output power at 1 dB compression
3. Cellular Patch Antenna (PATCH-A0007-01)

e 8 dBi gain
e 70 degree beamwith

e Linear polarisation

With the RFID reader platform, the transmission power P,,; that is trans-

mitted out from the reader antenna is expressed as:
Poi(dB) = P(dB) + Gamp(dB) + Gant(dB) — Py, (9.3)

where P, is the transmit power of the VSG, Gy, and G,y are the gains of the
amplifier and the reader antenna, and Py is the cable loss and the insertion loss of
the RF coupler. The power of the backscattered signal P, arriving at the reader

antenna can be expressed as:
P, (dB) = P.(dB) + C(dB) — Gy (dB) + P, (9.4)

where P, is the signal power measured at the VSA, C' is the coupling factor of
the RF coupler, G, is the gain of the reader antenna and P, refers to the cable

loss in the receiving path.

During the process of preparing the experimental arrangement, the size of
the sensor node enclosure was a key consideration. The CST simulation results
presented in Chapter [6] show that the soil affects the return loss of the sub-soil an-
tenna and that increasing the sensor node enclosure size helps reduce the effect of
the soil. As shown in Figure[6.9] the simulated return loss of the sub-soil antenna,
at 900 MHz, is comparable to the measurements in air when the air gap between
the sub-soil node antenna and each inner surface of the sensor node enclosure is
greater than 2 cm. In this work, the implemented sensor node enclosure is made
of a PVC material (lossless to the RF signals at 900 MHz), and its shape has
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been designed as a cube with a side length of 17 cm (excluding the thickness of
the enclosure walls). Figure presents a photograph showing that the sub-soil
node is placed diagonally across the implemented sensor node enclosure. The
minimum air gap between the node antenna and each inner side-surface of the
enclosure gn, shown in Figure [9.11] is 2.5 cm. As shown in Figure [0.3] the
overall height of the sub-soil node, including antenna, is 11 ¢m , and therefore
the air gap between the node antenna to the inner top-surface of the enclosure is
6 cm. The thickness of the enclosure walls is 5 mm, which makes the enclosure
strong enough to withstand the pressure from the soil. The enclosure is covered
by a lid with a waterproof design, and it was also sealed using water-proof tape

before deploying it into the soil.

Before deploying the sub-soil node in the soil planter for the performance eval-
uation, the RTC of the data logging system was initialised and synchronised in
time with the RFID reader platform. This process was aiming to match the time
stamps of the recorded data packets to the corresponding experiments. Figure [0.9]
shows the arrangement for initialising the RTC of the data logging system. The
myDAQ instrument shown in Figure was interfaced to the input port of the
data logging system. The PXIe-8133 controller was used to control the myDAQ
instrument to send a triggering signal to initialise the RTC of the data logging
system. At the same time, the controller recorded the actual time at its internal
clock when the signal was sent. Once the data logging system received the trig-
gering signal, the RTC started keeping time from 00/00/00/00 (days/hours/min-

utes/seconds).

Data
PXle-8133 N myDAQ > logging
Controller
system

Figure 9.9: Simplified diagram of the arrangement for initialising the RTC of the
data logging system .
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Figure 9.10: Photograph of the sub-soil sensor node - before burying.

Sensornode
enclosure

MNode antenna

17 cm

1
L J

Figure 9.11: Schematic diagram showing the top view of the sub-soil node within
the sensor node enclosure.
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In the experiments, the sensor node performance was firstly evaluated in air
and then in soil. Figure presents the simplified diagram of the experimen-
tal arrangement for the performance evaluation in air. The node enclosure was
fixed at the bottom of the empty soil planter. The propagation distance shown
in Figure refers to the vertical distance between the reader antenna and the
top surface of the node enclosure, which has been varied from 0.5 m to 0.9 m in

increments of 0.05 m.

Reader antenna
———1

Air Propagation distance

Sensor node

Soil Planter

Figure 9.12: Simplified diagram of the experimental arrangement for evaluating
the sub-soil system performance in air.

When completing the experiments for the performance evaluation of the sensor
node in air, the dry soil was shovelled into the soil planter without displacing the
node enclosure. Figure presents the simplified diagram of the experimental
arrangement for the performance in the soil. The reader antenna was placed
parallel to the soil surface and the RF signal was transmitted downwards. The
height of the reader antenna was always maintained at 0.5 m above the soil
surface. The depth of the sub-soil node refers to the vertical distance between
the soil surface and the top surface of the node enclosure. The depth of the
sub-soil node has been varied from 0 m to 0.4 m in increments of 0.05 m. At a
given depth, the corresponding propagation distance is: depth + 0.5 m, which
ranges from 0.5 m to 0.9 m with increasing depth from 0 m to 0.4 m. The 0 m
depth represents a scenario where the node is just inserted into the soil and there
is no soil above its top surface. Figure [9.14] shows the simplified diagram of the
experimental arrangement when the depth of the sensor node is 0 m, where the

propagation distance equals to the height of the reader antenna.
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Reader antenna

Air Height=0.5m Propagation distance

Soil

Depth

Sensor node

Soil Planter

Figure 9.13: Simplified diagram of the experimental arrangement for evaluating
the sub-soil system performance in the soil.

Reader antenna

Propagation distance
= Height
Air
Sail

Sensor node

Soil Planter

Figure 9.14: Simplified diagram of the experimental arrangement when the depth
of the sensor node is 0 m.

The experiments have considered two soil moisture levels: dry and wet. The
sensor node performance was firstly evaluated in the dry soil. The dry soil was
then watered with approximately 15 L of water for evaluating the sensor node
performance in the wet soil. With the size of the soil planter, this volume of water
is far more than the typical amount for gardening purposes, for example watering
flowers. Figure presents a photograph of the experimental arrangement in
the Dyehouse laboratory where the reader antenna is installed on a clamp stand
above the soil planter and the antenna height is varied through adjusting the

clamp.
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Soil planter \

RF absorber © " 4 .

Figure 9.15: Overview of the experimental setup in a laboratory.

The performance evaluation of the sensor node is based on using variable
transmission power up a maximum Effective Radiated Power (ERP) of 2 watts,
according to the Office of the communications (Ofcom) regulations [156]. A
LabVIEW program has been implemented for the performance evaluation, and
Figure [9.16| presents the flowchart of the LabVIEW program. The RFID reader
platform was controlled by the LabVIEW program to sweep the transmit power
with an increment of 1 dBm. At each transmit power, the RFID reader platform
was controlled to detect the backscattered signal from the sub-soil node. Once a
backscattered signal was detected, the signal power was measured and recorded
locally. The transmit power increased to the next level when this power had
been maintained for 500 s or the backscattered signal from the sub-soil node had
been detected times. Once this power sweep was completed the experimental ar-
rangement was then changed by varying the distance between the reader antenna
and the sensor node antenna, the the depth of sensor node, or the soil moisture

content.
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Figure 9.16: Flowchart of the LabVIEW program for the experiments.

Stop

9.5 Accuracy and Repeatability of Measurements

With the experimental arrangement shown in Figure 0.13] the method of increas-
ing or decreasing the depth of the sensor node is based on shovelling a certain
amount of soil into or out of the soil planter. The soil surface should be of equal
depth across the soil planter, which means that the soil surface is parallel to the
bottom of the planter. In the experiments, the depth of the sensor node and the
height of the reader antenna were manually measured using a tape measure. The
author found that the accuracy of either these measurements was within £+ 1 cm.
This was primarily due to the difficulty in validating that the top surface of the
node enclosure, the soil surface and the bottom surface of the reader antenna

were parallel to each other.

The reader antenna is a directional antenna. In the experiments, a slight
change of the antenna’s orientation or position affected the power of RF signal
arriving at the sub-soil sensor node, and therefore affecting the experimental re-
sults. A fixed antenna orientation was desirable over the duration of experiments

in order to minimise the affect of the changing antenna orientation. However,
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the reader antenna was frequently repositioned on the clamp stand in the experi-
ments for adjusting the antenna height with increasing or decreasing soil surface.
When reinstalling the antenna to the clamp stand, it was difficult to validate
the repeatability of the antenna’s orientation. The effect of the reader antenna
orientation has been evaluated in the experiments. With the experimental ar-
rangement shown in [9.12] the author has removed the reader antenna from the
clamp stand, and then installed the antenna on the clamp stand at the same po-
sition. This process has been repeated 5 times. A spirit level was used to ensure
that the reader antenna is parallel to the soil surface. The experimental results

indicate that the characterised path loss has an error bound within £0.5 dB.

The soil compactness and moisture content are also two concerns. The soil
compactness within the soil planter can potentially affect the experimental re-
sults. In the experiments. there were limited equipment and methods available
for measuring how compact the soil was. Moreover, the soil within the soil planter
was watered in the experiments for evaluating the system performance in the wet
soil. However it was difficult to validate that the soil moisture content was uni-
formly distributed at the depth from 0 m to 0.4 m.

The repeatability of the experimental results have been studied by repeating
the sensor node performance evaluation and evaluating the error bars for the
experimental results. In the experiments, the RFID reader platform has been
controlled to sweep the transmission power from the reader antenna at a given
depth of the sub-soil node. This process has been repeated 10 times by re-running
the LabVIEW program described in Section [9.4, The sensor node performance
was firstly evaluated with increasing depth from 0 m to 0.4 m. The performance
evaluation was then repeated by decreasing depth from 0.4 m to 0 m. Before
measuring the depth of the sub-soil node and the height of the reader antenna,
the soil surface was repeatedly patted using a shovel. This method was seeking
to maintain the soil compactness throughout the experiments and also to flatten
the soil surface. After watering the soil within the soil planter, the watered soil
has been left for 3 days before undertaking the performance evaluation of the
sensor node. This process allowed the soil moisture becoming more uniformly
distributed across the soil planter. Figure presents two photos comparing

the measurements of the dry soil conductivity and the wet soil conductivity using
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a HI 98331 direct soil conductivity meter [I57], where the measured conductiv-

ity in the wet soil is 0.08 mS/cm and the measurement in the dry soil is 0 mS/cm.

(a) Measured conductivity in the dry soil.  (b) Measured conductivity in the wet soil.

Figure 9.17: Measured conductivity in the dry soil and the wet soil.

9.6 Summary

This chapter describes the experiments for the sensor node performance evalu-
ation as well as the path loss characterisation. The charging time of the sensor
node and the power of the backscattered signal from the sensor node were used
as performance indicators for these experiments. The path loss characterisation
was based on deducing the power harvested by the sensor node. The follow-
ing variables have been considered in the experiments: the transmission power
of the reader platform, the distance between the reader antenna and the sensor
node antenna, the depth of the sensor node and the soil moisture content. The
design and implementation of a data logging system have been presented. The

implemented data logging system was deployed along with the sensor node in a
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soil planter. The data logging system recorded the system voltages of the sensor
node without the need of a wire connecting the sensor node to an external device
outside the soil planter. The details of the experimental arrangement have been
described. During the process of performing the experiments, the experimental
results were affected by a range of factors and these factors have been analysed.
A study of the accuracy and repeatability of the experimental results has been
conducted based on repeating the sensor node performance measurements and

evaluating the error bars. The experimental results are presented and analysed
in Chapter [10]



Chapter 10

Experimental Results and

Analysis

10.1 Introduction

This chapter presents the experimental results from the experiments described
in Chapter [0} Section presents the results of the sensor node performance
evaluation in air and in soil. Section [I0.3] presents the analysis of the results
of the path loss characterisation, where the characterised path loss in the soil is
compared to the results in air. The effect of the soil moisture content on the path
loss is also presented and analysed. The results imply that there is a near-field
coupling effect between the reader antenna and the sub-soil sensor node antenna.
Section describes the investigation of the existence of the near-field coupling

effect through an experiment, and presents an analysis of the results obtained.

188
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10.2 Sensor Node Performance Evaluation

As described in Chapter [9] the charging time of the sensor node and the power of
the backscattered signal from the sensor node were used for the performance eval-
uation of the sensor node. With the sensor node prototype presented in Chapter
B}, the charging time of the sensor node refers to the time when the super-capacitor
is charged from the low threshold voltage V,,;, to the high threshold voltage V..
In the experiments, the data logging system, presented in Section [9.3], was used to
measure the charging time of the sensor node. The PXI-based RFID reader plat-
form, presented in Chapter[7], was used to measure the power of the backscattered

signal.

10.2.1 Performance evaluation in air

Firstly, the sensor node performance has been evaluated in air. In Chapter[9] Fig-
ure [9.12 shows the simplified diagram of the experimental arrangement for the
performance evaluation in air, where the node enclosure was fixed at the bottom
of the soil planter and the soil planter was not filled with soil. The two variables
being considered in the experiments were the transmission power radiated from
the reader antenna and the propagation distance between the reader antenna and

the sensor node.

Figure[10.1]and Figure[10.2] present the measured charging time and the power
of the backscattered signal with increasing transmission power at a propagation
distance of 0.7 m. With increasing power from 21.5 dBm to 26.5 dBm, the charg-
ing time of the sensor node drops from approximately 65 seconds to 20 seconds,
and the backscattered power is increased by 10 dB. The experimental results
shown in Figure [10.1] and Figure [10.2| are expected. With a fixed path between
the reader antenna and the sensor node, a higher transmit power increases the
signal power arriving at the sensor node and so results in a shorter charging time

as well as a higher signal power backscattered from the sensor node.

The propagation distance is another factor which affects the sensor node per-
formance. Figure and Figure [10.4] present the plots of the measured charging
time and the measured power of the backscattered signal as a function of the

propagation distance at the transmission power of 23.5 dBm. It is observed that



CHAPTER 10. EXPERIMENTAL RESULTS AND ANALYSIS 190

80

70

60

50

40
30 5
N \

10

Charging time (s)

20.5 215 22.5 235 245 25.5 26.5 27.5

Transmission power (dBm)

Figure 10.1: Measured charging time of the sensor node with increasing trans-
mission power in air at a propagation distance of 0.7 m.
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Figure 10.2: Measured power of the backscattered signal with increasing trans-
mission power in air at a propagation distance of 0.7 m.
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Figure 10.3: Measured charging time with increasing propagation distance in air
at a transmission power of 23.5 dBm.

Signal power [dBm)

-60

0.5 0.6 0.7 0.8 0.9

Distance (m)

Figure 10.4: Measured power of the backscattered signal with increasing propa-
gation distance in air at a transmission power of 23.5 dBm.
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the sensor node achieves shorter charging time when the propagation distance
decreases and that the power of the backscattered signal is increased by 13 dB
with decreasing propagation distance from 0.9 m to 0.5 m. This is primarily due
to the Free-Space Path Loss (FSPL) which increases with increasing propagation
distance at a given frequency. A high FSPL limits the power harvested by the
sensor node and also attenuates the backscattered signal arriving at the reader

antenna.

As shown in Figure and Figure [10.3] it is also observed that the er-
ror bound of the measured charging time increases when either the transmission
power decreases or the propagation distance increases. This is due to the charac-
teristic of the sensor node that the charging time is more sensitive to the change
in the power harvested by the sensor node at a lower power level, as described in
Chapter [l The power measurements, shown in Figure and Figure [10.4], have
an error bound of + 0.6 dBm. The primary factors that affect the repeatability of
the measurements in air were the accuracy of recovering the reader antenna ori-
entation and measuring the distance between the reader antenna and the sensor
node. These factors have been analysed in Chapter [0] In conclusion, the results
of the performance evaluation in air show that a higher transmission power or a
shorter propagation distance leads to a shorter charging time and a higher power

of the backscattered signal arriving at the reader antenna.

10.2.2 Performance evaluation in soil

After completing the experiments for the performance evaluation of the sensor
node in air, dry soil was shovelled into the soil planter without displacing the node
enclosure. The aim of this process was to minimise the effect of the change in the
sensor node orientation on the experimental results. Figure has presented
the simplified diagram of the experimental arrangement for the performance eval-
uation in soil. The height of the reader antenna was maintained at 0.5 m above
the soil surface. The two variables being considered in the performance evalua-
tion in soil were the transmission power at the reader antenna and the depth of

the sensor node.
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Figure and Figure present the plots of the measured charging time
and the measured power of the backscatter signal against the depth of the sensor
node within the dry soil at transmission powers of 28.5 dBm, 29.5 dBm and
30.5 dBm. As shown in Figure [10.5 and Figure [10.6] both the transmission
power and the depth affect the measurements. As would be expected, a higher
transmission power leads to a shorter charging time and a higher power of the

backscattered signal arriving at the reader antenna at a given depth.

As described in Chapter [2 the power loss due to RF absorption has always
been considered as one of the primary factors which leads to the high path loss
in soil. Therefore, it was thought that a larger depth would lead to a higher
absorption loss, and result in a longer charging time and a lower power backscat-
tered signal. As shown in Figure [10.5 the measured charging time continues to
increase with increasing depth of the sensor node from 0 m to 0.25 m. In the
depth range of 0.25 m to 0.4 m, there is an observation from Figure that the
measured charging time does not necessarily increase with increasing depth. At
a transmission power of 28.5 dBm, the charging time drops by over 20 s when
the depth increases from 0.25 m to 0.35 m, and it subsequently increases to a
maximum value of 100 s at the depth of 0.4 m. When the transmission power
increases, the error bound of the measured charging time decreases. This is pri-
marily due to that the rate of change of the charging time with respect to the
power harvested by the sensor node reduces as the power increases. At trans-
mission powers of 29.5 dBm and 30.5 dBm, the measured charging time stops
increasing with increasing depth from 0.25 m to 0.35 m, which was not expected.
The measured signal power shown in Figure [10.6 indicates an overall decline of
5 dB with increasing depth from 0 m to 0.4 m at a given transmission power.
However,the measured signal power can increases with increasing depth in some
regions such as from 0.05 m to 0.1 m, 0.2 m to 0.25 m and 0.35 m to 0.4 m. This
does not meet the expectation that the measured signal power should decrease
with increasing depth. The experimental results shown in Figure [10.5| and Fig-
ure implies that the sensor node performance is affected by other factors in
addition to the power loss due to RF absorption. This will be further discussed
in Section [10.3
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Figure 10.5: Measured charging time with increasing depth in the dry soil at the
transmission powers of 28.5 dBm, 29.5 dBm and 30.5 dBm.
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Figure 10.6: Measured power of the backscattered signal with increasing depth
in the dry soil at the transmission powers of 28.5 dBm, 29.5 dBm and 30.5 dBm.
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As discussed in Chapter [2, water content is the primary material leading to
RF absorption in the soil. Therefore, there was an expectation that the increase of
the soil moisture content would result in a sharp increase in the measured charg-
ing time at a given transmission power and depth of the sensor node. Figure [10.
compares the plots of the measured charging time versus the depth in the dry soil
and in the wet soil at a transmission power of 29.5 dBm. Compared to the mea-
surements in the dry soil, the measured charging time in the wet soil is slightly
longer at a depth in the 0.05 m to 0.2 m range, and then becomes shorter in the
0.25 m to 0.4 m range. However, the error bounds of the two plots shown in
Figure [10.7] are overlapping when the depth of the sensor node is above 0.2 m.
This indicates that the increase of the soil moisture content does not significantly
affect the charging time, which was not expected before the experiments were

undertaken.
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Figure 10.7: Comparison of the measured charging time in the dry soil and in
the wet soil at a transmission powers of 29.5 dBm.

In conclusion, the experimental results presented in this section indicate that:

e the measured charging time does not necessarily increase with increasing

depth from 0 m to 0.4 m;
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e the measured power of the backscattered signal does not necessarily decrease

with increasing depth from 0 m to 0.4 m;

e the soil moisture does not significantly affect the measured charging time

at a given depth.

The experimental results imply that the sensor node performance in the soil is

affected by other factors in addition to the absorption loss of the soil.

10.3 Path Loss Characterisation

The method of characterising the path loss has been described in Chapter [0, and
is based on deducing the power harvested by the sensor node at a transmission
powers of 24.5 dBm in air and 29.5 dBm in the soil. The error bounds of the char-
acterised path loss was deduced from the error bounds of the measured charging
time. Figure [10.§ compares the characterised path loss in air and the calculated
Free-Space Path Loss (FSPL). The FSPL was calculated according to the Friis
equation [R1] at 915 MHz. The propagation distance in the calculation includes
the gap between the sensor node antenna and the top surface of the node enclo-
sure. It is observed from Figure that the two plots are in good agreement,
and the difference between the characterised path loss and the calculated FSPL
is within 4+ 1 dB. This proves the validity of the experimental approach of the

path loss characterisation.
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Figure 10.8: Comparison of the measured path loss in air and calculated FSPL.
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Figure has presented the simplified diagram of the experimental arrange-
ment when the depth of the sensor node is 0 m. At the depth of 0 m, the sensor
node enclosure was just inserted below the dry soil surface, and the propagation
distance between the reader antenna and the top surface of the sensor node enclo-
sure equals to the height of the reader antenna above the soil surface. Figure [10.9]
compares the characterised path loss in the dry soil, at a depth of 0 m, and the
characterised path loss in air with increasing propagation distance (in this case
reader antenna height) from 0.5 m to 0.9 m. When considering the error bounds
of the results shown in Figure [10.9] it is observed that the values of the charac-
terised path loss in the soil are approximately 5 dB higher than the measurements
in air. At the depth of 0 m, there was no soil above the sub-soil node, and there-
fore no power loss due to RF absorption by the soil. The only factor leading
to the increase of the path loss by 5 dB is the effect of the soil surrounding the
sensor node enclosure on the performance of the sensor node antenna. During the
calculation of the path loss according to Equation[9.1} the gain of the sensor node
antenna G, used the value measured in air. However, due to the effect of the soil,
the actual gain of the sensor node antenna in the soil was less than the measured
gain in air. The results presented in Figure [10.9]indicate that the actual gain of
the sensor node, towards the direction of the reader antenna, is 5 dB lower than

the antenna gain measured in air.
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Figure 10.9: Measured path loss across the propagation distance when the sub-soil
node is at a depth of 0 m .
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Figure shows the plot of the characterised path loss in the dry soil with
increasing depth of the sensor node from 0 m to 0.4 m. With the experimen-
tal arrangement shown in the height of reader antenna was maintained at
0.5 m above the soil surface, and so the depth range of 0 m to 0.4 m gives to a

propagation distance range of 0.5 m to 0.9 m.

40
35
-.-:En- 0T f z
a - = -
o 55 e -
= -
e
()
o
20 In air B
=& |n dry soil
15 T T T 1
0 0.1 0.2 0.3 0.4

Depth (m)

Figure 10.10: Measured path loss in the dry soil with increasing of the depth.

As shown in Figure the characterised path loss is compared to the path
loss characterised in air at a propagation distance of 0.5 m to 0.9 m. It is observed
that the characterised path loss in the soil has higher error bounds than that in air,
which is primarily due to the effect of the factors analysed in Chapter [J] including
the accuracy of measuring the depth and the soil compactness. As shown in Figure
10.10} the characterised path loss in the soil increases with increasing depth up
to 0.25 m. The path loss then does not increase and approximately remains
constant when the depth increases from 0.25 m to 0.4 m. The difference between
the values of the characterised path loss in the soil and in air decreases as the
depth increases from 0.25 m to 0.4 m. Figure [10.11| compares the characterised
path loss in the dry soil and in the wet soil with increasing depth of the sensor
node from 0.05 m to 0.4 m. It is observed that the error bars of the characterised
path loss in the dry soil and in the wet soil overlap, especially in the 0.2 m to 0.4
m depth range. This means that the characterised path loss may not be primarily

affected by the soil moisture content at a given depth.
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Figure 10.11: Comparison of the measured path loss in the dry soil and in the
wet soil.

The experimental results presented in Figure and Figure do not
agree the CST simulation results presented in Chapter [ The simulation results
show that the path loss between the reader antenna and the sub-soil antenna al-
ways increases with increasing depth or soil moisture content. The observations
in the experimental results imply that the energy transfer between the reader an-
tenna and the sensor node antenna is potentially affected by another mechanism

in addition to EM wave propagation.

With the size of the sensor node enclosure as shown in Figure [0.10] the soil
was within the near-field of the sensor node antenna. The reader antenna was
placed at a height of 0.5 m above the soil surface. This height exceeds the
minimum distance of the far-field region at 915 MHz which is calculated according
to Equation 2.1, However, it is hard to validate that the soil is within the far-field
region of the reader antenna in the experimental environment. Therefore, there
can be a near-field energy coupling between the reader antenna and the sensor
node antenna. With the effect of the near-field coupling, the energy is directly
coupled to the sensor node antenna from the reader antenna through the soil.
Due to the coupled energy, the power harvested by the sensor node does not
decrease with increasing depth or soil moisture content. Further investigation on

the near-field coupling effect is presented in Section [10.4
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10.4 Near-field Coupling Effect Investigation

In this research, an experiment has been performed to investigate the effect of
the near-field coupling effect described in Section [10.3] This experiment is only
designed for validating the existence of near-field coupling. Figure presents
the experimental arrangement, where the sensor node antenna is enclosed within
the sensor node enclosure and is wired to the PXIe-5663 VSA using an RF cable.
The sensor node enclosure was buried in the wet soil at a depth of 0.2 m. The
PXIe-5673 VSG and PXIe-5663 VSA were used to measure the path loss between
the reader antenna and the sensor node antenna (including the antenna gains) at
a frequency of 915 MHz. In the experiment, the depth of the sensor node antenna
was fixed, and the path loss was measured by varying the height of the reader an-
tenna in the range of 0.25 m to 0.75 m. This measurement process was repeated
twice. Since the depth is fixed, the variation of the reader antenna height should
only affect the FSPL between the reader antenna and the sensor node antenna.
If the near-field coupling effect did not exist, the plot of measured path loss with
increasing height would have the same rate of increase as the FSPL calculated

with the Friis equation [81].
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PXI Vector
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~ Generator
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Sensor node enclosure

Figure 10.12: Experimental arrangement for investigating the near-field coupling
effect.
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Figure [10.13| compares the plots of the measured path loss and calculated
FSPL versus the height of the reader antenna. Given a height, H, of the reader
antenna, and a sensor node depth of 0.2 m, the corresponding distance for cal-
culating the FSPL is: H 4+ 0.2 m. As shown in Figure the measured plot
is not in agreement with the calculated plot of the FPSL. Generally, both the
measured path loss and the calculated FSPL increase by 6 dB with increasing
antenna height from 0.27 m to 0.78 m. However, the measured path loss slightly
decreases when the height increases from 0.32 m to 0.43 m and from 0.55 m to
0.61 m. As shown in Figure [10.13] the distance between the two local minimums
is approximately half of the wavelength, 0.5\ (A =~ 0.33 m at 915 MHz). This
observation indicates that the measured path loss with increasing height is as-
sociated with the wavelength of RF signals, which can be due to the near-field
coupling effect. Due to the complex nature of near-field, this work did not further
investigate details of the near-field effect. However, it is important to consider the
near-field coupling effect for the RFID sub-soil system design and implementa-
tion. In practice, the system performance can be optimised by taking advantage
of the near-field coupling effect. The system performance optimisation will be

discussed in Chapter
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Figure 10.13: Path loss measurements for investigating the near-field effect.
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10.5 Summary

This chapter presents the results of the sensor node performance evaluation and
the path loss characterisation from a series of practical experiments. The results
of the sensor node performance evaluation in air show that a higher transmission
power or a shorter propagation distance results in a better sensor node perfor-
mance - a shorter charging time and a higher power of the backscattered signal
arriving at the reader antenna. When the sensor node is deployed within the
dry soil, the results show that the sensor node performance does not necessarily
degrade with increasing depth from 0 m to 0.4 m. A comparison of the measured
charging time in the dry soil and in the wet soil has been presented. It is shown
that the soil moisture content has limited effect on the charging time measure-
ment at a given depth. This implies that the power loss due to RF absorption

by the soil is not the primary factor that affects the sensor node performance.

The characterised path loss in the dry soil has been compared to the charac-
terised path loss in air. At a depth of 0 m, the characterised path loss is 5 dB
higher than the characterised path loss in air. This is due to the effect of the
soil on the sensor node antenna performance. There is also an observation that
the characterised path loss remains constant with increasing depth of the sensor
node from 0.25 m to 0.4 m, even though the increase of the depth increases the
FSPL and the power loss due to RF absorption by the soil. The characterised
path loss in the dry soil has also been compared to the characterised path loss
in the wet soil. It is observed that the increase of the soil moisture content does

not significantly affect the characterised path loss.

As analysed from the experimental results, the sensor node performance in the
soil can be affected by the near-field coupling effect between the reader antenna
and the sensor node antenna. With the near-field coupling effect, energy is di-
rectly coupled to the sensor node antenna from the reader antenna. The existence
of the near-field coupling effect has been investigated through an experiment. In
practice, the near-field coupling effect can be potentially used to optimise the
sensor node performance, and the method of the performance optimisation is
discussed in Chapter



Chapter 11

System Design Considerations

11.1 Introduction

With the proposed RFID sub-soil system described in Chapter ] the charging
time of the RFID sensor node and the power of the backscattered signal are
the key parameters which can be used to indicate the system performance. As
described in Chapter [§] the charging time of the sensor node prototype refers to
the time taken to charge the on-board super-capacitor from the low threshold
voltage V,,;, to the high threshold voltage V... Figure presents a system
concept diagram, where the following parameters will have an impact on the

system performance.

e The frequency of the RF signal generated by the RFID reader (the system

operating frequency)
e The type of the RFID reader antenna
e The height of the RFID reader antenna above the ground
e The transmission power of the RFID reader
e The ambient RF noise around the tractor
e The soil type and moisture content
e The depth of the sensor node within the soil

e The type and the volume of the sensor node antenna

203
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e The air gap around the sensor node antenna

The energy budget of the on-board sensors

The volume of the on-board sensors

The capacitance of the capacitor for storing the harvested energy

The tractor speed

Tractor speed
——

Ambient RF noise

Reader antenna

Reader antenna height

Soil type and moisture Sensor node depth

content Vs

Sengor node

Sensor node antenna

Sensors P2RFID circuit v Air gap

v

Capacitor

Sensor node enclosure

Figure 11.1: Block diagram showing the key elements in the system design.

In practice, the frequency of the RF signal, the type of the RFID reader
antenna, the height of the RFID reader antenna, the transmission power of the
RFID reader, and the tractor speed are the variables which can be controlled by
farmers. The soil type, the depth of the sensor node, the type and the volume
of the sensor node antenna, the air gap around the sensor node antenna, the

energy budget of the on-board sensors and the sensor node capacitor are the
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fixed parameters. The soil moisture content and the ambient RF noise around
the tractor are the two variables which cannot be controlled. In this chapter,
Section to Section describe the considerations of these parameters
on the system design. A series of trade-offs between the parameters can be

considered, and the information of the trade-offs is summarised in Section [11.13]

11.2 Reader Antenna Type

As described in Chapter[d] directional antennas are a solution for the RFID reader
system design as they typically have a high gain and can be used to maximise
power radiation towards the direction of the sensor node. The patch antenna is
one of the well-known directional antennas. Figure [11.2| presents the radiation
pattern, in a horizontal plane, of a linearly-polarized 900-MHz patch antenna [§].
As shown in Figure the peak gain of the antenna is 9 dBi and the horizontal
beamwidth of the antenna is 65 degrees. The beamwidth of an antenna typically
refers to the angle encompassed between the points where the gain has decreased
3 dB below the peak gain.

0 (degrees)

150 L’ s 30

210 N .’ 330

270 9 dBi gain

Figure 11.2: Radiation pattern of an example 900 MHz patch antenna [§].

With the proposed RFID sub-soil system shown in Chapter[d, the RFID reader

moves with the tractor to interrogate a number of sensor nodes. When using a
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patch antenna as the reader antenna, the beamwidth provided by the patch an-
tenna is one of the key parameters. At a given tractor speed, a wide beamwidth
leads to a long time when the sensor node can harvest energy, as described in
Section However, the beamwidth of an antenna typically increases at the
expense of the antenna gain. Table [11.1] compares the gain and the beamwidth
of the five commercial RFID reader antennas (linear polarised). It is observed
that the antenna with a higher gain has a smaller horizontal beamwidth or ver-
tical beamwidth. Therefore, the trade-off between the reader antenna gain and

beamwidth needs to be considered in the system design, which is described in

Section [11.13]

Table 11.1: Comparison of the commercial RFID reader antennas.

Antennas Gains | Horizontal Vertical
beamwidth | beamwidth
MTI MT-263006 [L58] 12.5 dBi | 42 degrees | 42 degrees
LAIRD PA9-12 [159] 12 dBi | 55 degrees | 40 degrees
MTI MT-263003 [160] 10 dBi | 50 degrees | 50 degrees
TIMES-7 A4030L [161] 7.5 dBi | 62 degrees | 62 degrees
IMPINJ THRESHOLD [162] | 5 dBi | 100 degrees | 50 degrees

11.3 Reader Antenna Height

The height of the RFID reader antenna is a key consideration in the system de-
sign. At a given depth of the sensor node, the Free-Space Path Loss (FSPL)
between the reader antenna and the sensor node decreases as the reader antenna
height decreases. Therefore, the system performance can be improved based on
lowering the reader antenna height. However, it is necessary to consider that
an unacceptably low height of the reader antenna can bring problems in some
circumstances. For example, the farming arrangements in a field can put the
reader antenna at risk, or the reader antenna can damage the crops which have

a body height above the ground exceeding the reader antenna height. Hence,



CHAPTER 11. SYSTEM DESIGN CONSIDERATIONS 207

the minimum allowable height of the RFID reader antenna will be depend on a

specific field.

In addition, in the system design it is important to consider the potential
near-field coupling effect when adjusting the reader antenna height. The experi-
mental results presented in Chapter [L0|indicate that the system performance can
be affected by the near-field coupling effect between the RFID reader antenna
and the sensor node antenna. With the existence of the near-field coupling effect,
a lower height does not necessarily result in a better system performance. This
has been validated through the experiments described in Section [10.4l In prac-
tice, it is worth considering the optimisation of the system performance by taking
advantage of the near-field coupling effect. The method of system performance
optimisation is based on tuning the height of the RFID reader antenna above the
soil surface. With this method, the RFID reader antenna can be held using an
on-tractor mechatronic system - a mechanical arrangement which is controlled
by an electronic system. During the optimisation of the system performance, the
reader antenna is positioned above the sensor node. The height of the reader an-
tenna is controlled through the mechatronic system to move it up and down. The
time taken to receive the signal from the sensor node is measured and compared

against the reader antenna height.

In addition to the RFID reader antenna height, the depth of the sensor node
is another dependent parameter of the near-field coupling effect. This means that
the tuned reader antenna height at which the system performance is optimised
can be affected as the depth of the sensor node varies. Within a large field, a num-
ber of sensor nodes can be deployed at various depths within the soil to achieve
sub-soil sensing for various crops. In this scenario, there is a need to repeat the
optimisation process in order to tune the reader antenna height for each of the
sensor nodes. When deploying a sensor node, the location information of the sen-
sor node can be provided by a Global Position System (GPS). The GPS system
can be also used to locate the sensor node. In practice, when the RFID reader
travels with the tractor to interrogate the sensor nodes, the on-board mechatronic

system adjusts the reader antenna height automatically according location data
provided by the GPS module.
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11.4 Transmission Power

In Chapter [10 the experimental results show that a higher transmission power
radiated from the RFID reader antenna leads to a shorter charging time of the sen-
sor node and a higher backscattered power arriving at the RFID reader antenna.
Therefore, in practice the system performance can be improved by increasing
the transmission power of the RFID reader. In the system design, the signal
generated by the RFID reader is amplified using an RF amplifier. As described
in Section the RFID reader can use a directional antenna which helps to

maximise power radiation towards the ground.

Various countries limit the maximum radiated power in a selected frequency
band, for example: the UK Office of Communication (Ofcom) limits the trans-
mission power in the 856.6 MHz to 867.6 MHz frequency band to 2 W Effective
Radiated Power (ERP) [156]. The proposed system can potentially use a power
level exceeding the power limits as long as the system complies with guidelines
for human exposure to EM fields. Table [11.2] summarises the minimum general
population /uncontrolled power density exposure limits, specified in Federal Com-
munications Commission (FCC) guidelines [1], in the frequency range of 0.3 MHz

to 100,000 MHz.

Table 11.2: Power density exposure limits [1].

Frequency Range (MHz) 0.3-1.34 1.34-30 30-300 300-1500 1500-100,000
Power Density (S)(mW/cm?) 100 100/2 0.2 £/1500 1.0

f = frequency in MHz

The system design needs to consider a minimum safe distance between the
reader antenna and any people surrounding the reader antenna, such as the trac-

tor driver. The minimum safe distance R can be estimated using Equation [L1.1}

PG
R=\|1—= (11.1)

where S (mW /cm?) refers to the power density limit, P (mW) refers to the power
delivered to antenna, G (dBi) refers to the antenna gain in direction of the trac-

tor driver, and R (cm) is the distance to the radiation centre of the antenna. As
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proposed in the system design, the RFID reader uses a directional antenna which
primarily radiates energy towards the ground, and so minimises radiation at other
directions. For example, when using a patch antenna with the radiation pattern
shown in Figure the antenna gain in the potential direction of the tractor
driver. Figure shows the calculated safe distance with increasing power, at
900 MHz, delivered to the reader antenna. The reader antenna is assumed to
have an antenna gain of 0 dBi at the direction of the tractor driver or people
surrounding the antenna. It is observed that the calculated safe distance, based

on the FCC guidelines, is 0.63 m when the power delivered to the antenna is 30 W.

0.7
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0.3

0.1

Safe distance (m)

O I 1 I 1 I 1 1
0 5 10 15 20 25 30 35

Power delivered to the reader antenna (W)

Figure 11.3: Plot of the calculated safe distance with increasing power, at 900
MHz, delivered to the reader antenna which is assumed to have an antenna gain
of 0 dBi at the direction of the tractor driver or people surrounding the antenna.

As described in Chapter the characterised path loss at a sensor node
depth of 0.4 m in the dry soil is 37 dB. Therefore, at a transmission power of
30 W (44.8 dBm) the received power by the sensor node prototype is 7.8 dBm.
According the plot of the measured charging time of the sensor node prototype
with increasing power received by the sensor node shown in Figure [8.15] a re-

ceived power of 7.8 dBm can lead to a charging time of a few seconds.
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Although a high transmission power helps improve the system performance,
the transmission power of the RFID reader still needs to be controlled within an
acceptable range. One of the primary concerns is that high EM radiation can
have an influence on crop growth. In practice, crops positioned close to a sensor
node can absorb RF energy, which can give rise to an increase in the temperature
within the crop body. This would not be conducive to crop growth. Therefore,
the effect of EM radiation on crop growth will need to be considered and ex-
plored in future work. There is also the need to consider the risk of using a high
transmission power if accidents occur. For example, if the reader antenna falls
down from the tractor or the driver forgets to turn off the RFID reader. With the
possibility of those accidents, an on-vehicle protection system has to be designed
and interfaced to the RFID reader. The protection system would be capable of
sensing the status of the tractor and the RFID reader. When either the tractor
or the RFID reader behaves abnormally, the protection system will cut off the
supply power of the RFID reader immediately.

11.5 Ambient RF Noise

Ambient RF noise around the proposed RFID reader system is one of the primary
concerns in the system communication link. As described in Chapter {4} the
RFID reader is mounted on a tractor. There is a concern that electromagnetic
disturbances come from the the vehicle itself as well as its Electrical Sub-Assembly
(ESA). ESA refers to an electrical and/or electronic device or set(s) of devices
intended to be part of a vehicle, such as on-board electronic or communication
systems. The typical strength of the electromagnetic noise generated by the
agriculture or forestry tractor is 55 dB (pV/m) [163] in the frequency band of
400 MHz to 900 MHz. This noise strength was measured at 3 meters from the
tractor. The power of the noise signal received by an isotropic antenna can be

estimated from a noise strength according to Equation [11.2] [164]:
P.(dBm) = E(dB(u/m)) + 20logiof (M Hz) — 77.2, (11.2)

where P, is the received noise power, F is the noise strength and f is the signal

frequency. At a noise strength of 55 dB (©V/m) and a frequency of 900 MHz ,
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the estimated noise power is -81.3 dBm. With the proposed system, the ambient
noise generated by the tractor can lead to a low Signal-to-Noise Ratio (SNR) at
the RFID reader antenna. This has a significant impact on the Bit Error Rate

(BER) performance of the system communication link.

In the system design, it is necessary to increase the backscattered signal power
in order to improve the system performance in the communication link. As de-
scribed in Section [11.4] one of the potential methods of improving the backscat-
tered signal power is based on increasing the transmission power. In addition, the
power of the backscattered signal arriving at the RFID reader antenna can be im-
proved by reducing the reader antenna height. This method seeks to shorten the
Free-Space Path Loss (FSPL) between the reader antenna and the sensor node
antenna. In the system design it is also worth characterising the noise generated
by farm machinery. Based on the characterisation results, there is a possibility
to filter the noise through a hardware filter or signal processing functions. The

noise characterisation and filter design are not part of research in this work.

11.6 Soil Type and Soil Moisture Content

In the proposed system shown in Figure the soil leads to: 1) the high path
loss between the RFID reader antenna and the sensor node antenna, and 2) the
effect on the performance of the sensor node antenna. The two problems are pri-
marily due to dielectric properties of the soil. As described in Chapter [2] soil is a
lossy dielectric medium to RF signals and its dielectric behaviour is significantly
affected by the water content and the texture. Li et al. [7] characterised the path
loss in sub-soil wireless channel. The characterisation results show that the path
loss in the soil increases with increasing soil moisture content and percentage of
clay and sand particles in the soil. Therefore, in the system design it is neces-
sary to consider the variation of the soil relative dielectric constant in various soil

types and at various soil moisture content levels.

Peplinski et al. [2] provided expressions of the relative dielectric constant of a
soil medium in terms of the soil’s textural composition (sand, silt and clay frac-
tions) and the volumetric moisture content. These expressions are presented in
Chapter [2l As described in Chapter [5] the calculated real and imaginary parts
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of the sandy soil dielectric constant increase with increasing soil moisture con-
tent. Table compares the texture and the calculated dielectric constant at
900 MHz of the four typical soil types specified in [2]. It is observed that the
variations of the real and imaginary parts of the dielectric constant in the four
typical soil types are less than 4.4 and 0.31 respectively in the soil moisture con-
tent range of 5% to 25%.

Table 11.3: Comparison of the real and imaginary parts of the relative dielectric
constant at 900 MHz of the four soil types [2].

Soil types | Sand (%) | Silt (%) | Clay (%) Moisture=5% | Moisture=25%
€ € € €'
Field 1 50 35 15 6.78 0.48 20.5 1.54
Field 2 40 55 5) 6.24 0.31 18.65 1.23
Field 3 30 60 10 6.0 0.31 17.53 1.32
Field 4 15 65 20 5.60 0.30 16.1 1.46

11.7 Sensor Node Depth

The depth of the sensor node within the soil is a key parameter which farmers are
interested in. In practice, the sensor node is deployed at a fixed depth below the
ground, and the depth depends on the effective rooting depths of the crops in a
field. For example, radish typically has a rooting depth of 0.1 m while the typical
rooting depth of potatoes is 0.4 m [97]. When designing the proposed system, it
is crucial to consider the potential effect of the sensor node depth on the system
performance. The experimental results presented in Chapter show that the
measured charging time of the sensor node increases by 70 s when increasing
the depth of the sensor node from 0.1 m to 0.4 m at a transmission power of
28.5 dBm. This increase of depth also results in a decrease of the backscattered

signal power by 12 dB.

In addition, the system design needs to consider the potential near-field cou-

pling effect between the sensor node antenna and the RFID reader antenna as
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described in Chapter With the near-field coupling effect, the system perfor-
mance does not necessarily degrade as the depth of the sensor node increases.
This scenario only exists at certain ranges of the sensor node depth. As discussed
in Section [I1.3] the system performance can be optimised by taking advantage
of the near-field coupling effect. The system performance optimisation is based
on tuning the height of the reader antenna. When a sensor node has been buried
within the soil, the depth of the sensor node can gradually change due to vibra-
tion in the soil environment. A change of the sensor node depth has a significant
effect on the tuned reader antenna height at which the system performance is
optimised. With this concern, there will be the need to implement the process of

the system performance optimisation monthly.

11.8 Sensor Node Antenna

In the system design, the sensor node antenna is one of the key parameters which
affects the performance and the physical volume of the sensor node. As described
in Chapter [§, the charging time of the sensor node prototype has been eval-
uated using the four different antennas: the patch antenna [I38], the dipole
antenna [100], the blade antenna [I41] and the monopole antenna [142]. The
evaluation results show that the measured charging time has the minimum value
when the sensor node used the patch antenna. However, the patch antenna
has the largest physical size, 200 mm x 60 mm x 40 mm which leads to an
unrealistically large sensor node enclosure. The sensor node enclosure can be
reduced by using the monopole antenna which has the smallest physical size,
59 mm (length) x 10 mm (diameter). However, the monopole antenna results
in an unacceptable sensor node performance, as described in Chapter [§ With
the monopole antenna, the on-board super-capacitor of the sensor node failed to
be charged to the high threshold voltage, V., within 1000 s. When using the
monopole antenna in the system design, it is necessary to consider the method of
improving the system performance by increasing the transmission power of the
RFID reader. The sensor node operated successfully with the dipole antenna
whose maximum physical length is 160 mm. Compared to the dipole antenna,

the blade antenna has a smaller physical volume, 84 mm X 21.5 mm X 5 mm,



CHAPTER 11. SYSTEM DESIGN CONSIDERATIONS 214

and achieves a better performance in energy harvesting. However, the blade an-
tenna requires a ground plane, and so has a directional radiation pattern. When
using the blade antenna in the system design, it is necessary to consider the con-
trol of the sensor node’s orientation during the system deployment. The sensor
node must have an orientation so that the main beam of the antenna is directed
towards the ground. Figure presents a concept diagram showing the deploy-
ment of a cone-shape sensor node, where the yellow area refers to the directional
radiation pattern of the blade antenna. This shape can help control the sensor
node’s orientation within the soil in order to direct the main beam of the antenna

towards the ground.

Figure 11.4: The concept diagram showing the deployment of a cone-shape sensor
node.

In the system design, it is desirable to reduce the physical size of the sensor
node. One potential method of reducing the sensor node antenna size is based
on increasing the operating frequency of the RFID sub-soil system. The physical
size of a half-wavelength dipole antenna versus the antenna resonant frequency
has been investigated through the CST simulations described in Chapter |5, The
simulation results show that the antenna length is shortened by approximately
40 mm when the frequency is increased from 900 MHz to 1.2 GHz. However, the
CST simulation results presented in Figure [6.16| show that the simulated path
loss increases by approximately 5 dB/m with increasing frequency from 900 MHz

to 1.2 GHz when the sensor node is deployed in dry sandy soil. An increase of
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the path loss leads to a longer charging time of the sensor node, and so can result

in a slower tractor speed.

11.9 Air Gap Around the Sensor Node Antenna

The air gap provided by the sensor node enclosure has an influence on the system
performance. The CST simulation results presented in Chapter [0] indicate that
a larger air gap helps reduce the effect of the soil on the resonant frequency and
return loss performance of the antenna. As shown in Figure the charac-
terised return loss of the antenna at 900 MHz increases from 5 dB to 10 dB with
increasing air gap from 10 mm to 20 mm. However, a larger air gap increases the

size of the sensor node enclosure.

The CST simulation results presented in Figure [6.9|show that the effect of the
soil leads to a shift in the antenna resonant frequency by 250 MHz from 900 MHz
at an air gap of 10 mm. Instead of increasing the air gap provided by the enclo-
sure, the return loss performance of the antenna can be improved through tuning
the physical length of the antenna. At a tuned length, the antenna is expected
to achieve resonance at 900 MHz in the soil. This method has been explored
through CST simulations. The simulations are based on the EM model for inves-
tigating the effect of the sensor node enclosure, as described in Section [6.4 In
the simulations, the air gap, g, provided by the sensor node enclosure was set to
10 mm, the half length [, of the dipole antenna and the soil moisture content were
the two variables. Figure [11.5] compares the simulated return loss of the dipole
antenna in the dry sandy soil, 5% moisture content, at the three values of the
antenna half length [. It is observed that the resonant frequency of the antenna
increases with decreasing length, and the antenna achieves resonance at 900 MHz
in the soil when the antenna half length is 54 mm. This proves the validity of
the method based on tuning the antenna physical length.

Figure [11.6[ shows the simulated return loss of the dipole antenna which has
the tuned physical length, [ = 54 mm, at an air gap, g, of 10 mm and the
soil moisture contents of 5%, 15% and 25 %. The simulation results indicate
that the soil moisture content does not significantly affect the antenna return
loss at 900 MHz. However, it is observed that the antenna bandwidth (-10 dB)
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Figure 11.5: Simulated return loss of the dipole antenna when the dipole antenna
half length, [ = 72 mm, 60 mm and 54 mm at an air gap, g, of 10 mm.

increases with increasing soil moisture content. This implies that the electrical
characteristics are affected by the increase of the soil moisture content. In the
system design, the method based on tuning the physical length of the antenna can
be used to improve the antenna return loss performance in soil without the need
of increasing sensor node size. However, one concern with this method is that
the tuned length could be affected by soil conditions, such as the soil moisture
content. This effect will bring problems in practice as it is not sensible to replace
the sensor node antenna with variations of the soil moisture content. In addition
to the soil moisture content, the tuned length of the antenna can be affected by

the factors shown below.
e The soil composition.
e The soil density.
e The depth of the sensor node.

The effects of these factors can be explored in future work.
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Figure 11.6: Simulated return loss of the buried dipole antenna whose half length,
[ is 54 mm at an air gap, g, of 10 mm and the soil moisture levels of 5%, 15%

and 25%.

Instead of tuning the antenna physical length, the system performance can be
optimised based on adjusting the operating frequency of the RFID reader. This
method seeks to match the operating frequency to the resonant frequency of the
sensor node antenna in the soil. With this method, it is necessary to explore
the range of change in the resonant frequency of the sensor node antenna in the
soil. The RFID reader antenna and the RF circuit of the sensor node must be
able to operate in a wide frequency range which covers the resonant frequency
of the sensor node antenna in the soil. During the process of the system per-
formance optimisation, the RFID reader antenna is positioned above the sensor
node. The reader system is then configured to sweep the operation frequency.
The time taken to receive the signal from the sensor node is measured, and com-

pared against the operating frequency.
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11.10 On-board Sensors

The sensor node prototype presented in Chapter [§ includes a TMP 37 tempera-
ture sensor [45] and the node’s peak power consumption is 1.68 mW. This power
consumption is not realistic for the case that the sensor node is required to mea-
sure the soil moisture content. As described in Chapter [ the proposed sensor
node will include a soil temperature sensor and a soil moisture sensor, and can
also include other sensors such as a pressure sensor, a soil pH sensor or a soil
oxygen sensor. Table 2.1 presented in Chapter [2] compares the typical power
consumption of the commercial sensors. In practice, the sensors that farmers
would like to use have a higher energy budget, for example, the SM 150 soil mois-
ture sensor [41]. However, the use of these sensors lead to a higher energy budget

of the sensor node, and so results in a longer charging time of the sensor node.

The SM 150 soil moisture sensor operates with a peak power consumption
of 90 mW [41] which is 546 times higher than the power consumption of the
TMP 37 temperature sensor. In addition, it requires a minimum warming-up
time of 1 second. When integrating the SM 150 moisture sensor into the sensor
node prototype described in Chapter [§ the energy budget of the sensor node
reaches 91.68 mW with a required power-on time of more than 1 s. With this
energy budget, the super-capacitor of the sensor node needs to have a capacitance
of at least 1.4 F. This capacitance is calculated based on Equation [I1.4] It has
been analysed in Chapter [§] that the charging time of the sensor node increases
as the capacitance of the super-capacitor increases. For example, as presented in
Figure [10.5] the measured time for charging up the 10 mF super-capacitor of the
sensor node is 50 s at a depth of 0.4 m and a transmission power of 30.5 dBm.
When increasing the capacitance to 1.4 F, the sensor node will have a charging
time of more than an hour. This will lead to an unacceptably slow tractor speed.
In order to improve the system performance, the design trade-offs described in

Section [[1.13 need to be considered.

The volume of the sensors is also one of the key parameters in the system
design. The maximum dimension of the five commercial sensors are compared
in Table which is shown in Chapter 2] The TMP 37 temperature sensor has
a maximum length of 0.48 cm [45]. The ICTO02 soil oxygen sensor [43] has the

largest volume with a maximum dimension of 6.5 cm. Increasing volume of the
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sensor leads to a larger sensor node enclosure, which would affect the system

deployment efficiency.

11.11 Sensor Node Capacitor

As described in Chapter 4] the sensor node uses a capacitor to store the energy
harvested by the sensor node antenna. The value of capacitance of the capacitor
is one of the key parameters that needs to be considered in the system design. As
shown in Equation[8.1] the capacitance determines the amount of energy that can
be stored in the capacitor. The capacitance also affects the charging time of the
sensor node. A higher capacitance allows the capacitor to supply the on-board
sensors with a higher energy budget. However, the charging time of the sensor

node increases with increasing capacitance. This leads to a slow tractor speed.

In the system design, it is important to consider a minimum value of the
capacitance at which the energy stored in the capacitor meets the energy budget
of the sensor node. As shown in Chapter 8, the sensor node prototype with
the 10 mF super-capacitor has a charging time of 110 s at a transmission power
of 16 dBm. The measured discharging time is 9.9 s, which is approximately
2000 times of the minimum required power-on time estimated using Equation [8.3
This indicates that the charging time of the sensor node can be shortened by using
a capacitor with a capacitance of less than 10 mF. The minimum value of the
capacitance can be estimated using Equation [11.3]

1
4><(Ppeak><T):§><C’><(V2 -V2

max mm) )

(11.3)

where P,e.r (W) is the peak power consumption of the sensor node, 7' (s) is the
required power-on time, C' (F) is the value of the capacitance, V., (V) and
Viin (V) are the two threshold voltages of the P2110 RF harvester, which are
1.25 V and 1.02 V [123]. The left side of Equation refers to the energy
required by the sensor node, where 4 is a factor for compensating the energy loss
within the P2110 RF harvester [123] and the energy loss due to the leakage current
of the capacitor. The right side of the equation represents the stored energy that
can be used to supply the sensor node. Through arranging Equation [I1.3] the
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minimum value of the capacitance is expressed as:
C =15 X Ppear, x T. (11.4)

When using the commercial sensors, shown in Table as the on-board
sensor, the peak power consumption of the sensor node prototype can range
from 1.68 mW to 250 mW. Figure [L1.7]shows the plot of the estimated minimum
capacitance, according to Equation with increasing peak power consumption
of the sensor node up to 250 mW at a required power-on time of 1 s. It is
observed that the estimated capacitance increases as the peak power consumption
increases. When the peak power consumption of the sensor node is 250 mW, the
sensor node needs a capacitor with a capacitance of at least 3.75 F. As described
in Section [11.10, a capacitance of 1.4 F can lead to an unacceptably slow tractor
speed. When using a 3.75 F capacitor for the system design, it is important to

consider the design trade-offs described in Section [11.13

Capacitance (F)

0 T T T T T 1
0] 50 100 150 200 250 300

Peak powe consumption (mWw)

Figure 11.7: Plot of the estimated value of the capacitance with increasing peak
power consumption of the sensor node at a required power-on time of 0.5 s.

In addition to the capacitance, there is a need to consider the self-discharge
of the capacitor in the system design. As described in Chapter [§, this project
has explored the self-discharge characteristic of super-capacitors and has also
compared the self-discharge of the 5 commercial capacitors. In the system design,
it is desirable to select a capacitor which has a low self-discharge rate. The

Panasonic 1 F super-capacitor [127] is one of the optimal capacitors. As presented
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in Chapter [8] the measured open-circuit voltage of the Panasonic 1 F super-

capacitor drops by less than 0.1 V over 6 hours.

11.12 Tractor Speed

As described in Chapter [d the RFID reader is mounted on a tractor, and travels
with the tractor to interrogate the sub-soil sensor nodes. The tractor speed is one
of the key parameters in the system design as it affects the powering time during
which the each sensor node can harvest energy from the EM field generated by
the RFID reader. Figure presents a diagram showing that a sub-soil sensor
node is within the coverage of the RFID reader antenna, where the yellow area

refers to the radiation pattern of the reader antenna.
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Figure 11.8: System concept diagram showing a sensor node is within the radia-
tion coverage of the RFID reader antenna.

Based on the scene shown in Figure [11.8] the powering time, T, (s) can be

estimated using Equation [11.5]

Dist
T, - zsycmce (11.5)
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where Distance (m) refers to the distance between the two locations at which the
sensor node just enters and leaves the radiation coverage of the reader antenna,
and the V' (m/s) refers to the tractor speed. The Distance (m) can be calculated

as:

0
Distance =2 x |(H + D) x tan(§) (11.6)

where H (m) refers to the height of the RFID reader antenna above the ground,
D (m) refers to the depth of the sensor node within the soil and 6 refers to the
effective beamwidth of the RFID reader antenna in degrees. The final expression

of the powering time, T, (s) is:

2x |(H+ D) x tan(g)
T, = : (11.7)

14

In practice, a tractor typically runs at a speed of 5.5 Kilometres Per Hour
(kph) for ploughing operations [101]. According to Equation , the calculated
powering time that is provided at the typical tractor speed is 0.8 s. The calcu-
lation is based on one of the realistic scenarios where the reader antenna height
is 0.5 m, the depth of the sensor node is 0.4 m, and the beamwidth of the reader
antenna, 6, is 70 degrees [138].

At the typical tractor speed, the sensor node can fail to harvest a sufficient
energy for triggering the on-board DC/DC converter within the powering time.
Therefore, it is necessary to slow down the tractor speed in order to maximise
the powering time. Figure [11.9| presents the calculated powering time based on
the realistic scenario with decreasing tractor speed from 5.5 kph to 0.1 kph. It is
indicated that the powering time is extended by 48 s with decreasing tractor from
5.5 kph to 0.5 kph. However, a decrease of the tractor speed can affect farming

efficiency, which may not be accepted.

Using a wide beamwidth antenna helps to maximise the powering time. Figure
11.10]shows the calculated powering time versus the beamwidth of the reader an-
tenna at a tractor speed of 5.5 kph. It is observed that the powering time increases

by 1 s when the antenna beamwidth increases from 40 degrees to 100 degrees.
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However, as described in Section [11.2] an antenna with a wider beamwidth typi-
cally has a lower gain which limits the energy harvested by the sensor node. In
addition, the powering time can be maximised by using the two RFID reader
design described in Chapter [} At a given tractor speed, this design doubles the

powering time compared to the design of using a single RFID reader.
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Figure 11.9: Plot of the calculated powering time against the tractor speed.
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Figure 11.10: Plot of the calculated powering time against the reader antenna
beamwidth.

Rather than mounting the RFID reader on farm machinery, farmers may
prefer to carry a hand-held RFID reader for interrogating the sensor nodes. The
system design with a hand-held RFID reader is described in Section [11.13
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11.13 Design Trade-offs

In the system design, it can be difficult to meet all design requirements described
in Chapter [3|as design requirements can conflict. For example, although a smaller
sensor node size helps improve the system deployment efficiency, it leads to a
longer charging time and so can result in an unacceptably slow tractor speed.
Hence, there is the need to consider design trade-offs. Table [11.4] summaries
the potential design trade-offs between the parameters including the operating
frequency band of the system (A), the beamwidth of the RFID reader antenna
(B), the gain of the RFID reader antenna (C), the height of the RFID reader
antenna (D), the transmission power of the RFID reader (E), the depth of the
sensor node (F), the volume of the sensor node antenna (G), the air gap around
the sensor node antenna (H), the volume of the on-board sensors (I), the energy
budget of the on-board sensors (J), the capacitance of the on-board capacitor
(K), the volume of the sensor node (L) and the tractor speed (M).

Table 11.4: Summary of the design trade-offs.

Parameters | B|C | D |E|F|G|H|I|J K| L |M
At S Mt R I S A el el IR IO A
BT R AR R AR
CT N e I R I N B O N e A R R
D S e [N I IO (RN E o O A )
E7T ul Fe A e IO IO el I A
E7 S A 2 I el A RN B
G7T S et Rl el ¢
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As shown in Table [11.4] 1 and | represent an increase and a decrease re-
spectively in the value of the parameters. These design trade-offs are described

below.

1. System operating frequency - The RFID system can operate at a higher
frequency, and this leads to a smaller physical size of the sensor node an-
tenna and a smaller physical volume of the sensor node. However, the path
loss between the RFID reader antenna and the sensor node increases with
increasing operating frequency. Therefore when using a higher operating

frequency, it is necessary to consider the following designs:

e to lower the height of the RFID reader antenna,

e to increase the transmission power of the RFID reader,

to deploy the sensor node at a smaller depth,

to use the sensors with a lower energy budget,

to reduce the tractor speed.

2. Reader antenna beamwidth - The RFID reader can use a wider beamwidth
antenna. This helps extend the time when the sensor node can harvest en-
ergy, and so can allow accelerating the tractor speed. However, an antenna
with a wider beamwidth typically has a lower gain which limits the energy
harvested by the sensor node. The following methods can be required to
improve the system performance:

e lowering the height of the RFID reader antenna,
e increasing the transmission power,

e deploying the sensor node at a smaller depth,

e using a larger sensor node antenna,

e increasing the air gap around the sensor node antenna,

e using the sensors with a lower energy budget.

3. Reader antenna gain - A higher gain of the reader antenna maximises
EM radiation towards the direction of the sensor node. This can potentially

allow:
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e increasing the height of the RFID reader antenna,

decreasing the transmission power,

deploying the sensor node at a larger depth,
e using a smaller sensor node antenna,
e decreasing the air gap around the sensor node antenna,
e using the sensors with a higher energy budget.
However, the gain of an antenna typically increases at the expense of the

antenna beamwidth. A narrow antenna beamwidth limits the time when

the sensor node can harvest energy, and this can lead to a slow tractor speed.

4. Reader antenna height - At a given depth of the sensor node, the FSPL
between the reader antenna and the sensor node antenna decreases with de-
creasing height of the reader antenna. Therefore the reader antenna height

can be lowered for:

e avoiding using a high transmission power,

deploying the sensor node at a larger depth,
e minimising the volume of the sensor node antenna,

e minimising the air gap around the sensor node antenna,

using the sensors with a higher energy budget,

e maximising the tractor speed.

As describe in Section [11.3] the system performance can be optimised based

on adjusting the reader antenna height.

5. Transmission power - A higher transmission power improves the system

performance, and it also provides the possibility to:

increase the height of the reader antenna,

deploy the sensor node at a larger depth,

minimise the volume of the sensor node antenna,

minimise the air gap around the sensor node antenna,
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e use the sensors with a higher energy budget,

e accelerate the tractor speed.

As described in Section [11.4] the effect of EM radiation on crop growth

needs to be assessed and considered.

6. Sensor node depth - When the sensor node is deployed at a larger depth
within the the soil, there is a higher path loss between the reader antenna

and the sensor node antenna. This will potentially lead to:

e a lower height of the reader antenna,

a higher transmission power of the reader,

a larger volume of the sensor node antenna,

e a larger air gap around the sensor node antenna,

a smaller energy budget of the sensor,

a slower tractor speed.

7. Volume of the sensor node antenna - The sensor node can use a phys-
ically larger antenna which is typically more efficient in energy harvesting.
With increasing antenna size:

e the reader antenna height can be increased,

e the transmission power can be reduced,

the sensor node can be deployed at a larger depth,

the sensor node can use the sensors with a higher energy budget,

the volume of the sensor node increases,

the tractor can run at a faster speed.

8. Air gap around the sensor node antenna - A larger air gap reduces
the effect of the soil on the performance of the sensor node antenna. This

improves the system performance, and can allow:

e increasing the reader antenna height,
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decreasing the transmission power,

deploying the sensor node at a larger depth,
using a physically smaller sensor node antenna,
decreasing the sensor node volume,

using the sensors with a higher energy budget,

accelerating the tractor speed.

In the system design, it is necessary to consider the method of optimising

the system performance based on adjusting the operating frequency, as de-

scribed in Section [11.9

9. Sensors energy budget - The total energy budget of the sensor node

significantly depends on the energy budget of the on-board sensors. With

increasing energy budget of the sensors, there can be the need to:

lower the height of the reader antenna,

increase the transmission power of the RFID reader,
deploy the sensor node at a smaller depth,

use a larger sensor node antenna,

increase the air gap around the sensor node antenna,
use a capacitor with a larger capacitance,

increase the volume of the sensor node,

slow down the tractor.

10. Sensor node volume - Farmers may deploy a limited number of sensor

nodes manually, and a large sensor node volume can be acceptable. This

scenario can allow:

increasing the volume of the sensor node antenna,
increasing the air gap around the sensor node antenna,

using the sensors with a larger volume.
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A larger volume of the sensor node antenna or air gap provides the possi-
bility to:

e increase the height of the RFID reader antenna,

decrease the transmission power,

deploy the sensor node at a larger depth,

use the sensors with a higher energy budget,

accelerate the tractor speed.

11. Tractor speed - Farmers may accept slower tractor speeds, and this in-
creases the time when the sensor node can harvest energy, which can po-
tentially allow:

e increasing the height of the RFID reader antenna,

e decreasing the transmission power of the RFID reader,

deploying the sensor node at a deeper position,
e minimising the volume of the sensor node antenna,

e minimising the air gap around the sensor node antenna,

using the sensors with a higher energy budget.

In the system design, it is also worth considering a scenario where farmers
would prefer to carry the RFID reader by hand and move it manually over a
field to interrogate sub-soil sensor nodes. For example, the proposed RFID sub-
soil system can be primarily used to measure soil temperature and soil moisture
content. Since the difference of these measurements at various locations within
an one-hectare field should not change significantly, the density of the sensor
nodes deployed in the field can be less than 5 nodes per hectare. In practice,
farmers can directly locate a sensor node using a GPS module. A hand-held
RFID reader then is used to dwell over the sensor node for interrogating the
node. Figure [11.11] shows a concept diagram of the system with the hand-held
RFID reader, where the hand-held RFID reader is configured to generate the
EM field to power the sensor node. As shown in Figure [[1.11] the reader user is

able to optimise the system performance by adjusting the operating frequency, as
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described Section 1.9, and increasing the transmission power of the hand-held
reader through the control panel. In addition, the system performance can be
optimised by manually adjusting the height of the reader antenna, as described
in Section Once the hand-held reader has received the backscattered signal
from the sensor node, the reader indicators notify the user to switch off the reader.

The user can then walk or drive to the location of another sensor node.

Control panel and indicators

Reader system

RF absorber

Reader antenna

Sensor node

Figure 11.11: The system concept diagram showing that the sensor node is in-
terrogated using the hand-held RFID reader.

With the proposed hand-held RFID reader, it can dwell over a sensor node
for a period of up to a few minutes. Therefore, in practice the hand-held RFID
reader provides a longer time when the sensor node can harvest energy than the
on-vehicle reader. In addition, compared to the on-vehicle reader, the hand-held
RFID reader is more flexible to control for implementing the system performance
optimisation, and leads to a lower cost. However, the key concern of using the
hand-held reader is the effect of the EM emission on the reader user. In the
system design, the hand-held RFID reader system must comply with the FCC

exposure guidelines [I]. The distance between the reader antenna and the user
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body must exceed a minimum safe distance calculated based on Equation[I1.1} A
directional and high gain antenna, for example the 12.5 dBi MTIT MT-263006 [15§]
antenna, is an optimal solution for the hand-held reader design. In practice, the
directional antenna is used to maximise the EM emission in the direction of the
sensor node. As described in Section [11.2] a higher antenna gain typically leads
to a narrower antenna beamwidth. This helps to minimise the EM emission in the
direction of the hand-held reader user. Additionally, as shown in Figure [11.11]
the RF absorbers can be positioned between the user and the reader antenna.

This method seeks to minimise the power density at the user body.

11.14 Summary

With the proposed RFID sub-soil system, the system performance is affected by
the parameters including the operating frequency of the system, the type of the
RFID reader antenna, the height of the RFID reader antenna above the ground,
the transmission power of the RFID reader, the ambient RF noise around the
tractor, the soil type and soil moisture content, the depth of the sensor node
within the soil, the type and the volume of the sensor node antenna, the air gap
around the sensor node antenna, the energy budget of the on-board sensors, the
volume of the on-board sensors, the capacitance of the capacitor for storing the
harvested energy, the tractor speed. The considerations of these parameters on
the system design are discussed. In the system design, two design requirements
can be conflicting. This brings the challenge to meet all design requirements. In
the system, it is necessary to consider a series of design trade-offs. These design

trade-offs are summarised and described.

In practice, the system performance can be potentially improved by 1) using
a reader antenna with a higher gain, 2) lowering the reader antenna height above
the ground, 3) increasing the transmission power of the RFID reader, and 4) re-
ducing the tractor speed. In addition, the system performance can be optimised
by 1) tuning the height of the reader antenna, and 2) adjusting the operating
frequency of the system. Rather than mounting the RFID reader on farm ma-
chinery, farmers would prefer to interrogate the sensor nodes using a hand-held

RFID reader. This scenario is analysed and described.



Chapter 12

Conclusions and Future Work

12.1 Conclusions

This thesis presents the research carried out into the development of an RFID
sub-soil sensing system for supporting precision agriculture. The recent imple-
mentations of Wireless Sensor Network (WSN) systems in agriculture have been
reported. The majority of these implementations have two common designs: 1)
the systems use wired sensor nodes to avoid the problems of RF communication
through soil; and 2) the sensor nodes are equipped with an on-board battery
to supply the sensor node. However, these two designs can lead to problems in
practice. The wired systems are always slow to deploy and are at risk of being
damaged by farm machinery, and batteries are environmentally unacceptable.
Passive RFID technology provides a solution for the implementation of a non-
battery and non-wired sensor node. The sensor node is capable of harvesting
energy from ElectroMagnetic (EM) fields and transmitting sensor measurements
wirelessly. In this research, the proposed RFID sub-soil system integrates passive
RFID technology and sub-soil sensing technology. The key feature of the system
is that the sensor node does not contain a battery. Thus, once a node has been
deployed, there is potentially no need to retrieve it for charging or maintenance.
However, the high path loss of the sub-soil wireless channel leads to the challenge
for the system to achieve an acceptable Quality of Service (QoS). The high path
loss can potentially limit the energy that can be harvested by the sensor node
and affect the Bit Error Rate (BER) performance of the communication link. A
larger node antenna can be used to improve the system performance, but this will

increase the sensor node enclosure size and so can affect the system deployment.

232
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The high level design of the RFID sub-soil system has been presented in
Chapter [} The proposed RFID sub-soil system comprises a number of sub-soil
sensor nodes and an RFID reader. The RFID sensor node is buried at a fixed
depth within the soil and the RFID reader is mounted on a farm machinery, such
as a tractor. The sensor node contains sensors and an RFID circuit that is used
to harvest energy from EM fields and to transmit the sensor measurements pro-
vided by the sensors. The RFID reader basically comprises a transmitter and a
receiver. In practice, the transmitter of the RFID reader generates a Continu-
ous Wave (CW) signal to power the sensor nodes and the receiver of the RFID
reader receives and demodulates the backscattered signals. The demodulated
sensor measurements can be shared with other precision agriculture systems via

a wireless local area network or a cellular mobile system.

The emphasis of this research is on achieving effective wireless communication
through soil. The objectives of this research have been described in Chapter [I

and the corresponding achievements for these objectives are summarised below.

e CST EM simulations have been undertaken to characterise the effect of the
soil on the sub-soil antenna performance and to investigate the path loss in
the soil.

e A Software Defined Radio (SDR) RFID reader platform has been imple-
mented using a National Instruments (NI) PXI system and NI LabVIEW

software.

e An embedded passive RFID sensor node prototype has been designed, im-

plemented and evaluated.

e Sub-soil experiments have been carried out to evaluate the performance of

the sensor node prototype and also to characterise the path loss in the soil.

e Considerations for the future system design have been analysed and design

trade-offs have been provided.

The CST simulation results presented in Chapter [0] show that the soil sur-
rounding the antenna affects the antenna return loss, radiation efficiency and
radiation pattern. This effect is not desirable as it limits the energy that can be

harvested by the sub-soil sensor node. The use of a larger sensor node enclosure
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helps reduce the impact on the antenna performance. However, a larger enclo-
sure increases the overall size of the sensor node, which would make the sensor
node difficult to deploy in practice. In the system design, a compromise between
the system performance and the sensor node size needs to be considered. The
simulations have characterised the path loss in the frequency band of 600 MHz
to 1200 MHz and at a soil moisture contents from 5 % to 25 %. The simulation
results show that the path loss increases with increasing frequency and increasing
soil moisture content. In practice, the high path loss in soil can result in an unac-
ceptable system performance. High transmission power can be used to improve

the system performance.

The PXI-based RFID reader platform is configured and controlled using Lab-
VIEW software. The platform includes an FPGA module which can be used to
perform real-time signal processing functions. This allows the reader platform
to meet timing requirements specified in the RFID EPC C1G2 protocol. The
RFID reader platform has been used in the trials of reading from and writing
to an example UPM Rafsec Doghbon RFID tag. In addition, the reader platform
has allowed the evaluation of the tag sensitivity. At the time of implementing
the RFID reader platform, there was no instrument found which could perform
the same functions. In this research, the RFID reader has been implemented to
evaluate the performance of the passive RFID sensor node prototype described

in Chapter |8|and has also been used for a series of sub-soil experiments described
in Chapter [9

The design of the RFID sensor node prototype in this work was motivated
by the fact that commercial RFID tags or sensor nodes do not meet the require-
ments of the desired RFID sensor node in this research. The implementation of
the passive RFID sensor node prototype employs a printed dipole antenna and a
P2110 module to harvest energy from EM fields at a centre frequency of 915 MHz.
The operation of the sensor node prototype has been successfully tested using the
PXI-based RFID reader platform. In addition, the sensor node performance has
been evaluated. One of the key parameters of the sensor node is the charging
time during which the capacitor voltage, V,,,, increases from the low threshold
voltage, Viuin, to the high threshold voltage, V... In the performance evalua-

tion of the sensor node, the charging time of the sensor node has been measured,
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and the following elements have been considered: 1) the power harvested by the
sensor node; 2) the sensor node antenna; and 3) the capacitance of the on-board
capacitor. The evaluation results show that the charging time decreases with in-
creasing power harvested by the sensor node. A larger antenna helps shorten the
charging time. However, increasing the antenna size can lead to an unacceptable
sensor node size. The evaluation results also indicate that the self-discharge rate
of the on-board capacitor affects the sensor node performance. In the system

design, it is desirable to select a capacitor with a lower self-discharge rate.

In the sub-soil experiments, the charging time of the sensor node prototype
and the power of the backscattered signal at the RFID reader antenna have been
used as two parameters for the performance evaluation of the sensor node pro-
totype. The following variables have been considered in the experiments: the
transmission power of the RFID reader platform, the height of the RFID reader
antenna, the depth of the sensor node and the soil moisture content. The method
of measuring the charging time is based on using an independent data logging
system which was deployed within the soil planter along with the sensor node
prototype. The use of the data logging system was motivated by the need to
avoid the potential leakage power along the wires linking the sensor node proto-
type to any devices outside the soil planter. During the experiments, the data
logging system continuously sampled the system voltages of the sensor node and
stored voltage samples on a standard Secure Digital (SD) card. The design and
implementation of the data logging system have been described in Chapter [9]

The experimental results of the sensor node performance evaluation in air
show that the sensor node performance is improved with increasing transmission
power or decreasing propagation distance between the reader antenna and the
sensor node. When the sensor node is buried within the soil, the experimental
results indicate that the sensor node performance does not necessarily degrade
with increasing depth from 0 m to 0.4 m. It is also shown that the soil moisture
content has a limited effect on the charging time of the sensor node at a given
depth. This implies that the power loss due to RF absorption by the soil is not
the primary factor that affects the sensor node performance. The experimental
results of the path loss characterisation show that the soil surrounding the sensor

node affects the node antenna performance. With this effect, the characterised
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path loss at a depth of 0 m is 5 dB higher than the characterised path loss in air.
The experimental results also indicate that the characterised path loss remains
constant with increasing depth of the sensor node from 0.25 m to 0.4 m, and that
the increase of the soil moisture content does not significantly affect the char-
acterised path loss. As determined from the experimental results, there can be
a near-field coupling effect between the reader antenna and the sensor node an-
tenna. With the near-field coupling effect, energy can be directly coupled to the
sensor node antenna from the reader antenna. This has a significant impact on
the sensor node performance. The existence of the near-field coupling effect has

been investigated through an experiment which has been described in Chapter [10]

With the proposed RFID sub-soil system, the system performance is affected
by the following parameters: the operating frequency of the system, the type
of the RFID reader antenna, the height of the RFID reader antenna above the
ground, the transmission power of the RFID reader, the ambient RF noise around
the tractor, the soil type and soil moisture content, the depth of the sensor node
within the soil, the type and the volume of the sensor node antenna, the air
gap around the sensor node antenna, the energy budget of the on-board sensors,
the volume of the on-board sensors, the capacitance of the capacitor for storing
the harvested energy, the tractor speed. In the system design, it is necessary to
consider these parameters. The considerations of these parameters on the system
design have been described in Chapter [11} In practice, farmers can improve the

system performance by using the methods summarised below.
e using a reader antenna with a higher gain,
e lowering the reader antenna height above the ground,
e increasing the transmission power of the RFID reader,
e reducing the tractor speed.

Farmers can also take advantage of the near-field coupling effect to optimise the
system performance. The process of the system performance optimisation is based
on adjusting the height of the reader antenna. In addition, there is the possibility
to optimise the system performance through adjusting the operating frequency
of the RFID reader. This method seeks to match the operating frequency to the

resonant frequency of the sensor node antenna in the soil. Due to the challenge
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to meet all design requirements, the trade-offs between the parameters will need
to be considered in the system design. These design trade-offs have been sum-
marised and described in Chapter [L1]

Over the period of this PhD project, the paper entitled “LabVIEW-Based
Emulation Platform for RFID Sub-soil System” was presented in the 1st Ap-
plied Radio System Research (ARSR) conference in April 2012. The author
presented a project poster in the Electrical and Electronic Engineering (EEE)
School Postgraduate Poster Conference, the University of Manchester, in Novem-
ber 2012. The poster was awarded the runner-up prize of the best posters. In
January 2014, the paper entitled “Development of Plough-able RFID Sensor Net-
work System for Precision Agriculture” was published in IEEE Radio Wireless
Week (RWW) conference. The author attended the conference and also demon-
strated the operation of the passive RFID sensor node prototype (as one of five
demonstratives in the conference). Following the conference presentation and
the technical demonstration, the research has received interests from academic
institutions and industrial companies. This research was also referenced by an
article, entitled “Ploughable sensors help farmers get more crop per drop” in New
Scientist Magazine on 30 January 2014. All of the experience has supported the
author to achieve the objectives of this PhD project.

12.2 Future Work

In this work, the sensor node performance evaluation has been based on practical
trials with a soil planter indoors. However, the laboratory environment can never
completely replicate a real application environment. The next phase of this re-
search could focus on evaluating the sensor node performance in a farm field. The
indoor experiments presented in Chapter [9 involved a sensor node depth range
of 0 m to 0.4 m which is limited by the soil planter being used in the experi-
ments. This range could be extended to a maximum depth of 1 m in the outdoor
experiments, which would be able to cover the depth of most of crop roots [96].
It was implied from the indoor experimental results that the near-field coupling
effect has an impact on the sensor node performance at a depth range of 0 m to

0.4 m. In the outdoor experiments, it will be necessary to further investigate and
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characterise the near-field coupling effect.

The dielectric behaviour of the soil is one of the dependent parameters of the
path loss in the soil. Due to the limitation on the time for this PhD research, the
practical experiments in this work have not considered the soil type. In practice,
there are many types of soil used for agricultural applications, such as peaty soil,
chalky soil, silty soil, clay soil, and sandy soil. All these soil types can affect
the system performance. Thus, future research could investigate the effect of
soil types on the path loss in soil. Practical experiments can be carried out to

evaluate and compare the system performance with various types of soils.

The sensor node prototype implemented in this work employs the printed
dipole antenna shown in Chapter [§. The choice of this antenna was primarily for
research purposes. The experimental results presented in Chapter [10] show that
the antenna performance is still affected by the soil even though the sensor node
enclosure provides an air gap of larger than 20 mm. Future work can include
the design of antennas for underground applications. There are three objectives
in the underground antenna design: 1) characterise the effect of the soil on the
antenna, 2) minimise the effect of the soil on the antenna performance; and 3)
minimise the physical size of the antenna. In the characterisation of the effect of
the soil, it is necessary to consider the following parameters: the soil type, the
soil moisture content, the soil compactness, the depth of the antenna within the
soil. The following parameters can be used to evaluate the antenna performance
in the soil: return loss, resonant frequency, gain, radiation pattern. Generally a
small antenna can lead to an unacceptable antenna performance. For example,
the sensor node can use a printed 900 MHz inverted F antenna [165] which has
a small size of 4.3 cm X 2.0 cm. The maximum gain of the inverted F antenna
is -0.12 dBi, which would lead to an unacceptably long charging time of the
sensor node in practice. Hence, it will be important to consider the trade-off be-

tween the antenna physical size and the system performance in the system design.

One of the key elements of the proposed RFID sensor node is the on-board
sensors. The development of sub-soil sensing technology can be explored in fu-
ture work. The potential sensors which farmers would be interested in include:

temperature sensors, soil moisture sensors, pH sensors, oxygen sensors, chemical
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sensors for measuring soil nutritional ingredients. Since the sensor node does
not contain a battery, the energy budget of the on-board sensors has a signifi-
cant impact on the sensor node performance. As described in Chapter [T} the
soil moisture sensor requires a high energy budget which would lead to an unac-
ceptably long charging time of the sensor node. In the development of sub-soil
sensors, the key objective is to minimise the energy budget of the sensors. The
energy budget of a sensor will be evaluated using two parameters: 1) the peak
power consumption of the sensor node; and 2) the response time or warm-up
time of the sensor. In addition, the energy budget for reading the sensor needs
to be considered. In the sensor design, a lower energy budget of the sensor node
can limit the sensor performance, such as the accuracy of sensor measurements.
Therefore, there can be a design trade-off between the sensor energy budget and

the sensor performance.

With the proposed system, there will be a sensor network system which con-
sists of a number of RFID sensor nodes in a field. One of key works in the future
is to design and evaluate an RFID sensor node network system prototype. The
design of the RFID sensor network system will need to investigate the following

issues.

e What should be the node topology in a field?
e What is the appropriate distance between two nodes?

e [f the nodes need to be closely spaced, how to avoid the problem of com-
munication collision when two nodes are transmitting sensor measurements

at the same time?

In addition to sub-soil sensing, the proposed RFID sensing system can be
used to achieve above-ground environmental monitoring. Greenhouse monitoring
is one of the potential applications. Within a greenhouse, passive RFID sensor
nodes can be deployed to measure temperature, humidity and pressure within
the greenhouse. These sensor nodes are wirelessly powered and interrogated by
using a hand-held RFID reader. In practice, farmers can carry the RFID reader
and move it manually within the greenhouse. The RFID reader can dwell over
the sensor node for collecting sensor measurements. This approach helps ensure

that the sensor node is able to harvest a sufficient energy that meets the energy
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budget of the sensor node.

Although the proposed RFID sub-soil system in this work is designed for preci-
sion agriculture, this technology can be also applied in many other applications in
environments where the use of batteries are undesirable or prohibited. Brownfield
monitoring is one of the potential applications. Brownfields are usually associ-
ated with hazardous waste or pollution. Governments have increased investment
on detecting environmental data of the brownfields for example by means of sen-
sor systems and Geographic Information System (GIS) tools in order to evaluate
redevelopment of these lands. An RFID-based wireless communication and sen-
sor systems can provide a low-cost solution for monitoring brownfields. With
an RFID sensing system, a number of passive RFID sensor nodes are deployed
in brownfield land. The environmental monitoring of the brownfield can be effi-
ciently achieved by using RFID readers to wirlessly power and interrogate these

sensor nodes.
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