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1. Introduction

Research Problem 

Sensors are used increasingly in a wide range of applications for gathering in-
formation about an environment or process. There are many applications which 
would greatly benefit from sensing elements, but sensors are not currently fea-
sible due to the requirement of an electrical energy source or data connection of 
some kind. Therefore, to enable widespread deployment of sensor systems in 
our world, they must be wireless and power autonomous. There is no universal 
solution to achieve such a device. Instead, a holistic and system level approach 
must be taken that considers the sensor, its readout and control circuitry, wire-
less communications and powering methods available in the context of the ap-
plication requirements and sensor system lifetime. 

Sensors can be interfaced with a wired connection which allows direct power-
ing and a robust communication interface. However, wired connections are 
costly, subject to wear and tear, and impractical or even impossible in some ap-
plications where the sensor has to move or is fully encapsulated. Therefore, 
wireless communication is highlighted as a key requirement to enable the wide 
adoption of Internet of Things (IoT) sensing devices. The wireless communica-
tion system, when active, often consumes an amount of energy an order of mag-
nitude greater than that required for sensor read out, signal conditioning and 
data processing. While short communication bursts can bring the average con-
sumption of radio devices to a more tolerable level, it is clear that intense atten-
tion must be paid to the wireless communication scheme in order to evolve the 
system towards power autonomy. 

A sensing system with electrical readout and wireless communication relies 
on the availability of an energy source of some kind. Accepting that fact, an en-
ergy autonomous sensor can be defined as “an electronic system (sensor) that 
has been designed to operate and/or communicate as long as possible in 
known/unknown environments providing, elaborating and storing information 
without being connected to a power grid” [1]. In the context of this thesis, a sen-
sor is considered energy autonomous if it can operate as required, throughout 
its measurement lifetime without the need for energy related intervention by 
the user. 

The research problem of this thesis is the investigation and demonstration of 
the feasibility of power autonomous sensors in a wide range of applications. 
Achieving power autonomy requires a two front approach; addressing both the 
need and the supply. The optimisation of power consumption requirement of 
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the sensor is considered a necessity, with special attention to the consumption 
in sleep modes for sensors measuring at significant time intervals. As stated 
above, and as subsequent sections of this thesis will demonstrate, the radio com-
munication infrastructure represents a critically important challenge in the 
power optimisation, which itself can also be exploited as a power delivery mech-
anism. The systems developed in the work allow the exploitation of energy 
sources appropriate for the application. The developed prototypes include bat-
tery power in the case of short lifetime devices, energy harvesting where reliable 
sources exist, wireless power transfer, and radio backscattering techniques. 
 

Motivation

Digitalisation is changing the world as we know it, at a rate faster than we have 
ever seen. Already, whole industries have been created and destroyed through 
the penetration of digital devices and services. The information age has already 
progressed to the stage of big data and artificial intelligence. Thus far, the digital 
revolution has been driven largely from the evolution and wide scale penetra-
tion of complex devices such as personal computers and smartphones. In paral-
lel, their distributed computational power and seamless connectivity contrib-
utes towards current and future digitalisation trends. In recent years, smaller, 
simpler and cheaper connected devices are evolving to the point of wide adop-
tion. As such, the lower level distribution of intelligence and connectivity gives 
rise to the emerging IoT, here proposed to be the key driver in the next wave of 
evolution in the age of digitalisation. 

An IoT device can be defined as a stand-alone, identifiable measurement or 
actuation device that can be connected to the internet. The extent of IoT devices 
is illustrated in Figure 1, reproduced from [2]. The nearest range devices in the 
Personal Area Network (PAN) include wearable and person peripheral devices, 
remote consumer electronics, short-range safety and control devices, automo-
tive devices, robotics and toys. These kinds of devices traditionally connect to 
the internet via short range radios (max few 10s of meters) such as Bluetooth, 
through a gateway device, like smartphone or personal computer.  At the next 
range, Local Area Network (LAN) devices achieve a range in the high 10s – 100 
m using Wi-Fi, or in some cases lower power radios such as Bluetooth. This cat-
egory of device largely applies to building level and includes connected instru-
ments, healthcare devices, entertainment devices, domestic appliances and 
building automation for domestic, commercial and industrial applications. A 
category of IoT devices is emerging in the Wide Area Network (WAN) scale. 
These exploit evolving long range radio technologies such as Low-Power Long-
Range (LoRa) and Narrowband Internet of Things (NB-IoT) to achieve readout 
ranges of 100s m to 10s km. These devices include automotive navigation de-
vices, agricultural and environmental sensors, industrial sensors, security de-
vices and infrastructural monitoring. The work of this thesis focuses on short-
range devices that fall under the categories of PAN and LAN. 
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Figure 1. IoT devices and applications, subdivided by network reach (PAN, LAN and WAN). Re-
produced from [2] using stock images.   

The potential of IoT devices is far-reaching and it can be expected to impact 
almost every industry. A 2018 Statista dossier on IoT [3] reports the exponential 
growth of annual global generated revenue from $33 billion in 2012 to $94 bil-
lion in 2017.  The key segments that drive IoT are manufacturing, construction, 
retail, utilities, healthcare, automotive and health sciences. There are thousands 
of companies driving the IoT revolution by producing both devices and IoT in-
frastructures. The report [3] predicts that almost 80% of the global IoT revenue 
in 2017 was shared among 2 sub-sectors; Connected Cities (41%) and Industrial 
Internet (38%). The remaining share is predicted to be divided among Wearable 
Systems (13%), Connected Vehicles (5%) and Connected Homes (3%). Stasticia 
predicts the number of IoT devices installed to grow exponentially from 20 bil-
lion in 2015 to 75 billion in 2025. The revenue and predicted growth of the global 
IoT market is illustrated in Figure 2.  

The size of the IoT market worldwide was estimated to be valued just under 
$157 billion in 2016, and is projected to grow to $457 billion in 2020 [3]. Some 
of the companies at the forefront include Google, Apple, Microsoft, Amazon, 
IBM, Cisco, Verizon and GE. Many of these companies have developed IoT plat-
form infrastructures (Amazon Web Services, Microsoft Azure, and Cisco Con-
nect) in addition to devices.  
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Figure 2. Global generated revenue in IoT devices and applications, divided by sub-sector from 
2012-2017 and the projected exponential growth of IoT devices from 2015-2025, reproduced 
from [3]. 

As the number of IoT devices grows exponentially, so too will the challenges 
associated with their adoption. The factors which hinder the adoption of IoT 
devices are cost, size of the connected device, power, communication and ease 
of deployment. It is clear that the value provided by an IoT device must exceed 
the cost of its production, cloud based service, installation and maintenance. In 
the majority of cases the power source can be the physically largest and most 
expensive component of the system. In the case of battery powered devices, as 
applies to the majority in use today, the maintenance associated with the re-
placement of drained batteries can create a cost burden that can exceed the 
value produced by the device. Furthermore, battery technologies are made from 
scarce, and in many cases, toxic materials (such as lithium), which create diffi-
cult to handle waste. Considering the scale of IoT devices, in the tens of billions, 
it is clear that the battery powered solution equates to an environmental catas-
trophe.    

There is a clear and present need for the development of new and innovative 
IoT device powering schemes which can alleviate the effects of battery powered 
devices. The impact of removing batteries from IoT devices includes reduced 
size and cost, elimination of battery replacement, maintenance and reduction of 
difficult to process toxic waste.  
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Scientific Contribution 

The scientific contribution of this thesis includes the development of four 
novel and mutually exclusive systems. While each has their unique contribu-
tions to the state of the art, summarised in this section, they follow an evolution 
from a traditional battery powered system towards power autonomy. As the de-
velopment evolves beyond battery power, the systems exploit energy harvesting, 
wireless power transfer and backscattering sensors based on the third order in-
termodulation principle. 

The first of the developed systems relates to a wireless swallowable capsule for 
gastrointestinal disease diagnosis. Publication I includes a detailed review of the 
state of the art, both commercially and in research, in swallowable capsule tech-
nology. At the time of publication of this thesis, this article remains one of the 
most cited papers on the topic, with 75 citations as of 1st December 2018. The 
capsule developed in this work, described in Publication II, represents the 
world’s first swallowable device with an electronic tongue sensor and potenti-
ostatic readout technique. In addition to the system level description in Publi-
cation II, this work includes two conference papers; Publication VI describing 
the development of a wireless communication system for the swallowable device 
and Publication VII on the development of an integrated potentiostat circuit for 
readout of the electronic tongue sensor. The developed device enhances the pos-
sibility of in-vivo diagnosis of gastrointestinal diseases such as ulcerative colitis 
and Crohn’s disease. Furthermore, the device is currently being exploited in 
other applications such as the monitoring of reaction processes inside a closed 
bioreactor system. 

The second system developed in this work relates to energy autonomous valve 
leakage detection for petrochemical valves, as described in Publication III and 
live-demonstrated to peers in the field in [4]. A novel MEMS acoustic emission 
sensor is applied to detect minute vibrations caused by the turbulent flow of 
high-pressure fluid as it encounters micro fractures in the valve. The system is 
developed around a novel ultra-low-power wake-up topology based on passive 
down conversion mixing. The wake-up radio allows the sensor node to be fully 
deactivated, and triggered via a low power wake-up IC. Power autonomy is pro-
vided using a thermal energy harvester in the sensor node and an industrial cur-
rent loop energy harvester in the base station device. The developed system has 
the potential to detect valve micro fractures and highlight valve deterioration 
long before a catastrophic valve rupture. The sensor is shown to achieve im-
proved sensitivity when compared to a commercial sensor and the wake-up ra-
dio is compared with the state of the art in Publication III. 

The third system developed in this work relates to a wirelessly powered soft 
robotic caterpillar, described in Publication IV. The system utilises resonant in-
ductive coupling to two receiver coils combined with shape memory alloy actu-
ators. Inductively coupled current in the receiver coil is converted to heat in the 
shape memory alloy which causes contraction needed to provide locomotion for 
the robot. A novel system architecture is presented for the control of multiple 
receiver actuators by controlling their resonance frequency and sweeping the 
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stimulation signal to a wideband transmitter loop. To the authors’ knowledge, 
at the time of publishing, this was the world’s first wirelessly powered soft robot. 

The final system developed in this work relates to fully passive wireless sens-
ing utilising passive backscattering and the third order intermodulation princi-
ple. In particular, this thesis focuses on the design, implementation and test of 
an integrated reader device for interrogating passive wireless sensors, intro-
duced in Publication IX and described in detail in Publication V. The work fo-
cuses on the enhancement of the readout range of the device, and the improve-
ment of the readout resolution. In addition, the work of this thesis demonstrates 
a method of integrating standard Radio Frequency Identification (RFID) tech-
nology with the fully passive sensors for activation and identification, described 
in Publication VIII. The contributions of this work are considered key steps to-
wards the practicality of the wide deployment of the zero power sensor system.  
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2. Background and State of the Art

Wireless Sensor System Architecture 

A typical topology of a wireless sensor network appropriate for use in IoT ap-
plications is illustrated in Figure 3a. The network comprises of a number of re-
mote sensor nodes deployed over an area of interest connected wirelessly to a 
gateway receiver. Each sensor may communicate directly with the gateway in a 
‘star’ configuration as shown in Figure 3a, or connections may be routed be-
tween them in a multi-hop nature. Depending on the range and extent of the 
network, standard radio technologies used may include Bluetooth, ANT, RFID 
etc. (short range), Wi-Fi etc. (medium range) or LoRa, NB-IoT and 3/4/5G (long 
range). The gateway node shown in Figure 3a may be fixed to a mains power 
source and hardwire internet connected, or it too may be off grid and wirelessly 
connected to another gateway higher in the network hierarchy. The gateway re-
lays sensor data from the network, increasingly to cloud based servers and ser-
vices where it can be interfaced to remote users through a multitude of interface 
devices like computers, smartphones etc. 

    A typical hardware architecture of a single wireless sensor - gateway pair is 
presented in Figure 3b. The device consists of a sensor element extracting some 
information as required by the application. In general, the sensor element con-
verts some physical parameter to an electrical signal. The sensor is controlled 
and read out by some electronic front end circuitry, which provides a condi-
tioned signal for digitisation in an Analogue to Digital Converter (ADC). The 
microcontroller (MCU), typically including the ADC, comprises the ‘brain’ of the 
system managing all processes in the device. Memory is often included, either 
as part of the MCU or an external component. A radio transceiver receives data 
from the MCU and converts it to a modulated Radio Frequency (RF) carrier for 
transmission. The antenna, often protruding from the device, is a key element 
in coupling the modulated RF carrier to electromagnetic waves for transmission 
through the air. The power supply for the remote sensor is predominantly based 
on a battery, but can also be some kind of energy harvesting device. On the gate-
way side, the electromagnetic wave transmission is coupled from the air to an 
electrical signal by the antenna, and demodulated in the radio transceiver.  The 
MCU receives and processes the data for storage in memory or real time com-
munication of the data. The data can be directly interfaced to the end user, but 
increasingly gateways are internet connected to the cloud where authorised re-
mote users can access the data anywhere at any time. The power supply for the 
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gateway is often provided by mains power, but some applications require that it 
too is battery powered. 
 

 

Figure 3. Anatomy of a wireless sensor network and devices. (a) Typical wireless sensor network 
architecture, in star unidirectional communication configuration. (b) Architecture of a single 
wireless sensor and gateway device. 

 Power Consumption Overview    

A key consideration in the deployment of wireless sensor networks, and core 
to the scope of this doctoral thesis is the power requirement and supply. This is 
highlighted as the most critical aspect of the sensor nodes themselves, where a 
deploy-and-forget paradigm is most desirable. Examining the power require-
ments of each component of the sensor node, let us first consider the sensor 
itself and its readout circuitry. The sensing element itself may be passive, 
whereby the physical measurement is directly manifested as an electrical signal 
without power input, however most often some bias or stimulation energy is 
needed. The readout electronics often consist of an analogue front end circuit 
including biasing, stimulation and signal acquisition, including amplification 
and filtering, and typically consumes some 1s - 10s mW. Most often in IoT ap-
plications the sensor measurements can be taken periodically at long intervals 
so that the sensor and readout circuitry power consumption contribution de-
pends dramatically on the measurement interval. 

The microprocessor digital core of the sensor node typically consumes a sig-
nificant proportion of the system power when in the active state in the range of 
10s of mW, but it can often spend the vast majority of the time in a low power 
sleep state in between measurements consuming single digit uW. Where 
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memory is included in the sensor node, it typically comes either as a RAM type 
memory which is written with some uW consumption but requires a constant 
nW range energy supply to retain data, or as a flash type memory which needs 
some 10s of mW programming energy but can retain data without constant en-
ergy supply.  

As the power optimisation of sensors, readout electronics and microcontrol-
lers advances the radio communication components become increasingly sig-
nificant in the power consumption profile of the sensor node. The active con-
sumption of radio components falls typically in the range of 10s mW for short 
range radios like Bluetooth Low Energy (BLE), increasing to around 100 mW 
for long range networks like LoRa and NB-IoT and around 500 mW for cellular 
radios like Long Term Evolution (LTE). Like the sensor and readout electronics, 
the radio components are duty cycled so that their overall consumption depends 
highly on the communication intervals.   
 

  

Figure 4. Typical power consumption profile of a wireless sensor node, using the device of Pub-
lication II as an example. In this illustrative example the sensor is measured for 26 s, radio 
transmits for 1 s and the node is in sleep mode for 120 s. 

The typical power consumption profile of a wireless sensor node is illustrated 
in Figure 4. Here the power consumption values measured in the wireless swal-
lowable capsule of Publication II are used as an example. During the measure-
ment cycle, lasting 26 s, the microcontroller accounts for 5 mW power consump-
tion and the sensor readout electronics 27 mW. During the communication cy-
cle, lasting 1 s, the microcontroller still consumes 5 mW and the radio device 
consumes 23 mW. Given the sleeping time of 120 s, the average power consump-
tion of the device is 5 mW.  Considering a longer sleeping time of 1 hr, the aver-
age consumption can be calculated to be approximately 600 uW. It should be 
noted here that the electrochemical measurement technique used in the work of 
Publication II is slow and more power hungry when compared to a great pro-
portion of the measurements in IoT applications. One example with simple tem-
perature sensing and BLE radio achieves an average consumption of 51 uW [5].
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In the context of this thesis, a sensor is considered energy autonomous if it can 
operate as required, throughout its life cycle without the need for energy related 
intervention by the user, following from the definition of power autonomy in 
Section 1.1. It follows directly, that all wired and mains powered sensors satisfy 
the definition of power autonomy. However, as highlighted in Section 1.1, the 
sensors relevant for mass deployment in IoT applications need also to com-
municate wirelessly. To achieve energy autonomy in a wireless sensor network 
there are three possibilities: (i) to store sufficient energy for the lifetime of the 
device, (ii) to harvest ambient energy in the device environment and (iii) to wire-
lessly transmit the energy. The state of the art in terms of (i) is detailed in Sec-
tion 2.3.3, (ii) is explored in Section 2.3.4, while Sections 2.3.5 and 2.3.6 are 
dedicated to (iii). 

State of the Art

2.3.1 Power Consumption Optimisation of Wireless Sensors 

The power optimisation of wireless sensors must be considered on the device 
level, and also on the systems level for the whole Wireless Sensor Network 
(WSN). In recent years, there has been a trend towards power consumption re-
duction in electronic circuits, relevant for use in wireless sensor systems. For 
example, DSPs have reached to 10 uW/MMAC (millions of multiples and accu-
mulations per second), the ADCs figure of merit is now 15 fJ/conversion step, 
electrical power conditioning devices are reaching near unity efficiency, and ra-
dios are achieving less than 1 nJ per communicated bit [1]. The progress in power 
optimisation of the electronic components of wireless sensor systems is an es-
sential prerequisite for the achievement of a power autonomous sensor system. 
Based on this optimization, numerous power techniques become feasible as en-
ergy supplies for wireless sensor systems, therefore opening up the possibilities 
for power autonomy.  The power optimization of the sensor systems in this work 
is determined as per the application requirements of each system, and available 
energy sources. This ranges from low need of optimisation in the short lifetime 
device of Publication II, to the intense need of sleep state power reduction in the 
device of Publication III, and further intensity of the low power operation of the 
fully passive sensor in Publication V. 

While network level optimisation is considered outside the scope of this thesis, 
some comments on the state of the art in that area are included for completion. 
On the network level, the development of power optimized communication pro-
tocols for wireless sensor networks is an intense area of research. An effective 
generalised power calculation model presented in the literature, provides a 
framework for the estimation of energy life cycles of devices in a network [6]. One 
survey of energy saving techniques provides a comprehensive set of energy op-
timisation techniques depending on the network architecture, scale and wire-



Background and State of the Art
 

27 

less protocol [7]. There are a host of strategies for power optimisation in tradi-
tional WSNs, evaluated in the literature [8]. These include smart resource allo-
cation, opportunistic transmission / scheduling, adaptive routing / clustering, 
mobile relays and sinks, optimal deployment, network coding and data correla-
tion, in addition to hardware oriented techniques such as energy harvesting and 
beamforming. Time Division Multiple Access (TDMA) is one simple and energy 
efficient protocol for low data rate WSNs. In this protocol, sensor nodes activi-
ties are scheduled for the optimal energy consumption. One significant work in 
this area presents generalised TDMA algorithms for both homogenous and het-
erogeneous WSNs [9].   

2.3.2 Ultra-Low Power Wireless Communications 

The state of the art in commercially available short range ultra-low power ra-
dios includes BLE, ZigBee and ANT and their use is widespread in the IoT eco-
system including; consumer electronics, wearables, sports and fitness, building 
automation and wireless sensor networks. Detailed comparison of these stand-
ards in terms of their power consumption highlights BLE as the lowest power 
solution [10]. With reference to industry leading BLE chips from vendors CY-
PRESS [11] and Texas Instruments [12], active consumptions of 15-20 mA are typ-
ical, combined with sleeping currents in the order of 100s nA - 1s uA give aver-
age consumptions of 17 uA [13] and 24 uA [14] for a 1 s connection interval and 
zero data payload. More recently, the Nordic Semiconductor wireless MCU 
(nRF52) leads the field with active consumptions as low as 5.2 mA while trans-
mitting at 0 dBm, and receiver active consumption as low as 5.4 mA [15]. 

The average consumptions of BLE are quoted with the assumption of perfect 
synchronisation between devices, which is feasible only for short connection in-
tervals, on the order of 100s ms. As connection interval increases, accuracy of 
synchronisation decreases. This increases the probability of latency in the re-
ceiver waiting for a target response, manifested as wasted energy on the receiver 
side. Therefore, BLE or other duty cycled communication techniques are not 
ideally suited to cases where energy consumption is critical on both sensor 
nodes, and interrogation gateways. Moreover, applications where the measure-
ment interval is very long, on the order of minutes or hours to weeks or more, 
have an overall power consumption which is overwhelmingly dominated by con-
sumption in the sleeping state. As a result, duty cycled radio standards waste a 
significant amount of power in unnecessary connections. Applications including 
building automation, environmental monitoring, and industrial condition mon-
itoring can benefit from a fully asynchronous wake-up topology where sensor 
nodes can be activated at any time from a base station. With such a profound 
need, wake-up radio technologies is an area of intense research and numerous 
topologies are found in the literature [16]. A majority of the topologies presented 
there remain at the conceptual or prototyping stage. We consider only those cir-
cuits that are readily available for exploitation. 

Considering the CYPRESS commercially available BLE chip [11] from the per-
spective of a wake-up radio, the device gives a sensitivity of -89 dBm, with an 
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average consumption of 27 uA at 1.8 V. However, a latency of 1000 ms can cause 
especially high consumption in the interrogator device. In addition to this work, 
a number of additional discrete, commercial off-the-shelf (COTS) diode detec-
tor asynchronous correlator devices are presented in the literature operating at 
different Industrial, Scientific and Medical (ISM) frequency bands. One such 
device [17], operating at 869 MHz gives a sensitivity of -52 dBm with an average 
current consumption of 2.8 uA at 3 V and a latency of 13 us. Another device [18], 
operating at 434 MHz, averages consumptions of just 280 nA at 1.5 V. This is 
achieved using a complex diode detector circuit and digital logic to wake a mi-
crocontroller via the SPI port. In addition, a semi-passive  MHz RFID based de-
vice can be applied as a wake-up generator [19] achieving -27 dBm of sensitivity, 
a consumption of 900 nA at 3 V and a latency of 1 ms.  

The key background technology in this work, as used in Publication III, is the 
wake-up radio based on a  discrete COTS diode detector asynchronous correla-
tor [20]. The topology operates at 2.45 GHz and achieves a sensitivity of -50 dBm, 
with a sleeping consumption of 6.8 uA at 3 V and a latency of 13 ms. It is the 
core technology that enables asynchronous wake-up and interrogation of sensor 
nodes, allowing a minimal optimised power consumption in both the measure-
ment nodes and master gateway.  

2.3.3 Energy Storage for IoT Sensors 

In terms of energy storage, options include fuel cells which store and convert 
energy from chemical sources, batteries (primary and secondary) which store 
energy in electrochemical form and super capacitors which store energy with 
charge. Fuel cells provide the highest energy densities in order of 105 J/kg but 
with very slow conversion rates so have poor power capabilities (10 - 100 W/kg).  
Batteries lie in the middle range of both energy density (1,000 - 10,000 J/kg) 
and power capability (100 - 1,000 W/kg). Capacitors, while poor in terms of 
energy capacity (10 - 100 J/kg), are capable of providing huge instantaneous 
power (up to 10,000 W/kg) [21]. 

The vast majority of wireless sensors in IoT applications are powered with pri-
mary batteries. A review of batteries for IoT devices [22] highlights the consider-
ation of application requirements, in particular lifetime, in the selection. The 
main battery technologies highlighted includes primary zinc manganese diox-
ide, lithium and zinc air, and secondary (rechargeable) lithium ion and nickel 
metal hydride cells. In the early days AA and AAA sized alkaline cells dominated 
with approximate power densities nearing 2400 and 1000 mAh respectively, 
each at 1.5 V. As devices have become smaller and more power efficient primary 
lithium-ion cells have become popular, selected for their high specific energy, 
high efficiency and long life. One of the most prevalent devices, the CR2032, 
provides 210 mAh which is enough to achieve a four year lifetime with the afore-
mentioned temperature sensor device [5], or an estimated 9.2 days for the sensor 
systems consumption shown in Figure 4. Lithium-ion battery technology is the 
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leading technology for powering IoT. While research efforts are intense, the ad-
vancement of lithium battery has been incremental, falling behind the acceler-
ating scale and needs of IoT device ecosystem [23]. The environmental impact of 
the toxic components of single use primary lithium-ion cells is clear. Numerous 
technologies for recycling them exist [24]. However since the costs outweigh the 
recoverable value, the vast majority of lithium-ion batteries end up in landfill. 

The device presented in Publication II applies a lithium manganese dioxide 
primary cell, while the device of Publication III applies a secondary rechargea-
ble lithium polymer cell in combination with the thermal energy harvester. 

2.3.4 Energy Harvesting Sensor Systems 

Energy harvesting wireless sensor systems form the largest category of power 
autonomous sensors. The most widely reported sources in the literature include 
solar, motion/vibration, thermal and electromagnetic [25]. These are reported to 
have been harvested to supply 10 uW - 10 mW/cm2 , with respective harvested 
power densities per square centimetre are reported as follows: solar - 10 u/10 
mW (indoor/outdoor), mechanical - 4/100 uW (human/industrial), thermal – 
30 u/1-10 mW (human/industrial) and RF - 0.1 uW [26]. All energy harvesting 
systems face challenges relating to efficiency over an unpredictable range of 
source energy availability. Wireless sensor networks especially suffer intense 
challenges of optimisation of resource allocation under the limitations implied 
by a scarce and unpredictable harvested power source [27]. Open research ques-
tions on energy harvesting sensors relate to miniaturisation, multisource har-
vesting, operational adaption to available energy, energy availability prediction, 
efficiency, reliability and effective energy storage [28]. 

Solar energy harvesting relies on the direct conversion of light to electrical en-
ergy in a photovoltaic cell [29]. A core challenge in solar energy harvesting relates 
to adaptation of the harvester circuit for the extraction of maximum available 
power. No less than 19 methods of ‘maximum power point tracking’ are reported 
in the literature [30], many of which are widely applicable to energy harvesting 
in general. To enable solar powered sensor systems, small and highly efficient 
cells and harvester circuits are required, in addition to the ability to store energy 
and adapt to fluctuations in light intensity [31]. Solar powered sensor platforms 
include energy storage and can be found with both rechargeable batteries [31] 
and super capacitors [32]. The advantages of solar include reliability of supply 
and low maintenance cost. Disadvantages relate to the relatively large area 
needed and challenges with efficient storage of harvested energy in leaking bat-
teries and self-discharging super capacitors. 

Thermal energy harvesters exploit the thermoelectric effect where the flow of 
charge carriers between hot and cold regions generates a current [33]. Thermally 
powered sensor systems have been emerging for industrial and, more recently, 
wearable [34] applications. A thermal energy harvester has been reported in [35], 
exploiting heat at domestic radiators and powering a ZigBee wireless sensor 
node. Thermal energy harvesting remains an area of research interest with ad-
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vances in microsystem integration driving more effective thermoelectric ele-
ments and more efficient converter circuits [36].  The advantages of thermoelec-
tric energy harvesting are low maintenance costs, stable energy with stable tem-
perature difference, and no short circuit dangers on Thermoelectric Generator 
(TEG) elements.  Disadvantages relate to the uncertainty of the heat source, low 
energy conversion efficiency and the inefficiency of storing harvested power. 

Mechanical energy harvesting converts movement or vibrational energy to 
electrical energy by exploiting the piezoelectric effect, the electromagnetic effect 
or the movement of a charged mass. Mechanical energy has been effectively har-
vested from both human and industrial sources [37]. Motion based energy har-
vesters are being applied to enable wearable batteryless sensors [38]. The key dis-
advantage with mechanical energy harvesters is that the device’s region opera-
tion is often in a narrow range of motion and acceleration. Therefore these de-
vices must be tuned carefully to the application and suffer poor efficiencies as 
the force or motion goes beyond the tuned operating point.  Further, due to the 
presence of moving elements, motional energy harvesters can create costs relat-
ing to maintenance. 

RF energy harvesting extracts energy from radio signals, originating from 
ubiquitous radio transmitters, in the frequency range from 3 kHz - 300 GHz 
fields. In this work, RF energy harvesting is highlighted as exploiting only am-
bient signals, as opposed to RF power transfer from dedicated sources. RF en-
ergy harvesting systems are reported in the literature operating from 450 MHz 
- 2.45 GHz [39], and in some cases up to 5.8 GHz and beyond [40]. The harvesting 
system typically comprises of an antenna and matching network, coupled with 
an RF to DC converter and voltage multiplier and an energy storage device in 
the form of capacitor or battery, well described in [39, 40]. The device can also be 
manifested as a rectenna, a device which combines the antenna and the RF to 
DC rectifier. The optimisation of RF energy harvesting circuits and evaluation 
of their suitability to power embedded sensor systems are areas of research in-
terest. The literature shows [40] a wide range of efficiencies from 90.6 % at 2.4 
GHz and input power of 39 dBm down to 1.2 % at 900 MHz and -14 dBm. A 
pattern is observed from the collection of work in [40], where lower frequency 
900 MHz and 2.4 GHz RF energy harvesters are feasible for 10-20 % efficiencies 
from -15 dBm to -22 dBm input powers. Applications for RF energy harvesters 
are wide and include WSNs [41]. The advantage of ambient RF energy harvesting 
is that it exploits otherwise wasted energy, however the disadvantages are many. 
In the literature, only high input powers are evaluated which raises doubt as to 
the applicability in realistic ambient RF power levels.  

The measurement system presented in Publication III of this work applies a 
thermal energy harvester in the sensor node, and an industrial current loop har-
vester is the gateway to give a fully power autonomous system. 
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2.3.5 Wireless Power Transfer 

Wireless power transfer is differentiated from RF energy harvesting in that a 
dedicated device transmits the power to the node. In keeping with the scope of 
this thesis, inductively coupled wireless power transfer will be here considered, 
and far field backscattering methods are addressed in Section 2.3.6. The tech-
nique of wireless power transfer was demonstrated by the renowned Nicola 
Tesla in the early 18th century [42]. Although Tesla’s dream of free universal wire-
less power for all has not quite been realized, there has been a reawakening of 
the topic since the 2007 MIT demonstration of the wireless transmission of 60 
W of energy, a distance of 2 m at 40 % efficiency using resonant inductive cou-
pling [43]. Since then, there has been a renewed interest in power without wires 
[44], significant progress in mid-range wireless power transfer [45], and key devel-
opments in the combination of data and power transfer [46]. Numerous specific 
wireless power transfer systems have emerged for applications in automotive 
[47], consumer electronics [48] and charging of implanted devices [49]. A thorough 
analysis of wireless power transfer, its history, techniques, standards and appli-
cations is provided in the literature [50].    

Commercial realisations of wireless power transfer have, until recently, re-
mained limited to a number of traditional applications. The most recognisable 
of these employ non-resonant inductive coupling and include wireless recharg-
ing of electric toothbrushes and razors, and induction heating stovetops. Within 
the last two decades, resonant inductively coupled near field RFID has found 
numerous applications in access control and ticketing systems, and is a basis for 
Near Field Communication (NFC) [51]. In 2008, the Wireless Power Consortium 
released the Qi standard [52] to standardise wireless power transfer of low pow-
ers (< 5 W) over short distances (5 - 40 mm) using resonant inductive coupling 
in the region of 100 - 200 kHz. The first significant commercial device with Qi 
enabled wireless charging was the Nokia Lumia 930, and to date it has been 
included in smartphones of almost all major vendors and additionally in tablets, 
power banks, speakers, cameras, smartwatches and other computer periph-
erals. The same MIT development team that reinvigorated the topic in 2007 
generated a spin-off company WiTricity. They now claim to be ready to enter 
the electric vehicle charging market in 2018 with 90-93 % efficient transfer of 
3.6-11 kW [43]. 

Wireless power transfer to multiple receivers, and in particular, robot swarms, 
is an area of research interest in the last decade. A number of robotic devices are 
described in the literature with low frequency Wireless Power Transfer (WPT) 
and relatively large receiver coils. Many of these are wheeled robots [53], though 
some manifestations also include ambulatory ‘insect’ type locomotives [54]. WPT 
to Shape Memory Alloy (SMA) actuators has been successfully implemented on 
a micro scale [55]. This work enabled the addressed actuation of microfluidic 
channels using a frequency multiplexing technique. Frequency multiplexing is 
also applied for wireless actuation to multiple joint origami structures in a man-
ner similar to this work [56]. A wireless earthworm-like device with SMA actua-
tors is reported in the literature [57]. However, while the device is controlled 
wirelessly, the large currents for the SMA actuators are provided by a battery. 
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As a direct prelude to this work, a caterpillar-like soft robot has been developed 
[58]. The robot locomotion is provided using SMA actuators stimulated with 
Pulse Width Modulated (PWM) direct current. The device presented in Publi-
cation IV utilises inductively coupled wireless power transfer to provide all the 
needed power for SMA actuation for the locomotion of the robotic caterpillar. 

2.3.6 Passive Wireless Sensors  

Passive wireless sensors are devices that enable measurement and wireless in-
terrogation without a dedicated power source on the sensor side, nor energy 
harvesting from the ambient environment. Considering long-range sensors, of 
the order 1 m and greater, there are three primary types; Surface Acoustic Wave 
(SAW) sensors, RFID sensors and harmonic sensors. These are well described 
and compared in the doctoral thesis [59] and will be here summarised, and up-
dated with recent developments in the field. 

SAW sensors are based on the conversion of the reader’s incident electromag-
netic wave into a mechanical wave by exploiting the piezoelectric effect of an 
interdigital transducer. The acoustic wave is propagated to, and reflected from, 
the SAW sensor and converted back to an electromagnetic signal at the antenna. 
Identification is achieved by properly positioning the reflectors on the surface 
for modulating the timing of the reflected signal. The SAW signal can be modi-
fied by a number of sensed properties including temperature, pressure, strain, 
humidity, bio sensing and gas sensing [60].  SAW devices can operate on any fre-
quency, but ISM 433 MHz, 868 - 930 MHz and 2.45 GHz are common in the 
literature [61].  Readout ranges of SAW sensors are limited by permissible power 
in SAW frequency bands. In Europe 25 mW is permitted at 2.45 GHz and 433 
MHz, enabling 36 cm and 2.5 m ranges respectively [62]. However, using a 4 W 
source readout distance of 13 m at 2 GHz, 26 m at 1 GHz and 51 m at 500 MHz 
is calculated theoretically [63] . 

Ultra High Frequency (UHF, 865-868 MHz and 902-928 MHz) RFID is a 
technology that is by now standardised [64] and is widely applied for identifica-
tion and tracking in logistics, medical care, transport, agriculture and inventory 
management [65]. Passive UHF RFID operates based on the RF to DC conversion 
of the incoming radio signal, essentially energy harvesting from the incident RF 
signal, for powering of the tag IC. The tag response is achieved by the modula-
tion of the backscattered signal by switching the tags input impedance [66]. UHF 
RFID is now evolving beyond supply chain management to sensor networks [67] 
and the integration sensing functionality has been an area of research for over a 
decade [68-71]. Early works apply a Wireless Identification and Sensing Platform 
(WISP) approach that involves RF energy harvesting and storage in the tag over 
a long period to enable burst measurements [68, 69]. The latter work suggests a 
maximum readout distance of 2 m. More recently, energy harvesting base ap-
proaches have achieved readout distances of 8 m [72] and 10-12 m [73]. In addi-
tion, numerous approaches for loading the modulation impedance of a UHF 
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RFID antenna are emerging [74], with potential to achieve similar readout dis-
tances. 

Harmonic sensors utilize the frequency conversion of incident electromag-
netic signal(s) using a non-linear element [75]. In one realisation a single funda-
mental frequency is transmitted and harmonics are reflected at multiples of the 
frequency [76], an approach that brings challenges in sensor antenna bandwidth 
and often violates usable electromagnetic spectrum restrictions. A more practi-
cal alternative is the transmission of two fundamental frequencies, and reflec-
tion of multiples of their sum and difference frequencies. The ‘Zero Power Sen-
sor Network’ [77] forms the direct background to the work of this thesis. It takes 
the latter approach, sending two frequencies in the UHF ISM band, 865 MHz 
and 867 MHz. It has been demonstrated up to 11 m readout range. Any sensor 
element, which manifests its measurement as a change from 1 s - 10s pF can be 
measured with this technique. The platform has been applied for applications 
in temperature, accelerometer and biomedical measurements [77]. 

The work of this thesis builds on the direct background by integrating the 
reader device, presented in Publications V and IX, and integrating UHF RFID 
for activation and identification of passive wireless sensors presented in Publi-
cation VIII. 

2.3.7 Swallowable Capsules 

The state of the art in swallowable capsule technology is described in detail in 
Publication I  of this work. This review paper will be here summarised and sup-
plemented with developments in the field since its publication. 

The first swallowable capsule device, measuring core temperature was de-
scribed in the literature in 1957 [78]. However, it was not until the 1990s when 
advances in semiconductor technology enabled the development of a multitude 
of devices that were sufficiently miniaturised to be practical for human inges-
tion. There are a number of commercial swallowable devices, many of which 
have a primary function of capsule endoscopy [79]. Multisensing capsule devices 
have emerged to measure temperature, pressure and pH within the gut environ-
ment. Further, electromagnetic actuation enables smart capsule for targeted 
drug delivery. Commercial capsules measure 9 – 13 mm in diameter and 23 - 32 
mm in length. They are largely battery powered, though some capsules with in-
ductive powering exist. 

In addition to commercial devices, numerous research efforts continue on var-
ious aspects of swallowable capsule technology. Integrating robotics with swal-
lowable devices seeks to control the locomotion of the capsule through the gut. 
Efforts aiming to track capsule location are numerous, and include RF triangu-
lation, radioactive tracer detection, or emission of ultrasonic waves from within 
the body [80]. Measurement of capsule transit time in the oesophagus, using Mi-
cro-electromechanical System (MEMS) accelerometers, has also been devel-
oped [81]. A number of ambitious projects have attempted to make a leap in swal-
lowable capsule technology. One example, the IDEAS (Integrated Diagnostics 
for Environmental and Analytical Systems) project [82], has applied system-on-



Background and State of the Art
 

 

34 

chip technology to integrate classical sensors (temperature, conductivity and 
pH) along with lab-on-chip technology to include chemical biosensors. Another 
ground-breaking project, VECTOR (Versatile Endoscopic Capsule for Gastroin-
testinal Tumour Recognition) has worked towards integrating complex micro-
robotics with endoscopic imaging. The project has developed capsule manipu-
lators for tissue sampling and treatment along with retractable legs to control 
movement. 

Given Imaging PillCam® has remained a purely endoscopic capsule and has 
gathered significant traction in the market, with more than 2 million patients 
and 1,900 clinical studies by 2018. Research has gathered pace, and a multitude 
of innovative capsules are detailed in recent literature [83]. In addition to classi-
cal measurement previously mentioned, new developments include gas sensing, 
visible and IR spectroscopy, florescence endoscopy, electrochemical sensing 
(work of this research) and ultrasound imaging which have been implemented 
and tested in the laboratory. Concept level research for future implementation 
in swallowable form includes pyroelectric measurements, Raman spectroscopy, 
physisorption sensors and surface acoustic wave sensors.  

The swallowable capsule presented in Publication II complements the state of 
the art by adding a swallowable device with electronic tongue sensor capable of 
performing electrochemical analysis of the gastrointestinal track in vivo.
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3. Wireless Sensor Systems  

3.1 Swallowable E-tongue Capsule    

The human gastrointestinal (GI) tract has remained largely undiscovered. 
Traditional investigation methods have allowed investigation of the stomach 
(gastroscopy) and large intestine (colonoscopy), at much discomfort to the pa-
tient and cost to the health system. The small intestine has remained largely 
inaccessible to these traditional methods. As described in Section 2.3.7 and Pub-
lication I, ingestible devices are emerging and allowing investigation of the 
whole GI tract, including the small intestine. The work of this thesis, described 
in this section, progresses beyond the state of the art by adding a swallowable 
device with electrochemical electronic (E)-tongue sensor, with potentiostatic 
voltammetry readout mechanism for the detection of non-specific markers of 
ulcerative colitis and Crohn’s disease.  
 

 

Figure 5. Swallowable E-tongue capsule device. (a) Electronic system implementation on rigid-
flex PCB. (b). Pleat folded electronic system with battery integration. (c) PEEK encapsulated 
electronic system, E-tongue sensor at the front, extruding programing connector and activa-
tion tab. 
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The swallowable E-tongue system developed in this work is directly based on 
a system that was developed for liquid analysis with applications in the food and 
pharmaceutical industries in mind [84]. The capsule’s predecessor employed a 
macro scale E-tongue sensor with benchtop readout device and wired PC user 
interface. The advancements on this background work are described in this sec-
tion and thesis Publication II.  

The implementation of the swallowable E-tongue capsule was achieved using 
a rigid-flex structure with modular electronics on 12 mm FR4 disks intercon-
nected on a flexible polyimide substrate (Figure 5a). This implementation al-
lowed the folding of the system in a pleat fashion (Figure 5b) to be encapsulated 
within a cylindrical volume of 12 mm diameter and 28mm in length. The encap-
sulation of the device (Figure 5c) was carried out in a polyether ether ketone 
shell (PEEK) which is biocompatible and widely used for in vivo implant appli-
cations. 

3.1.1 Requirements and Constraints    

The maximum transit time of the GI tract is 72 hours. For hygiene and practi-
cality reasons the capsule can be considered disposable, so 72 hours is consid-
ered as the full lifetime of the device. A measurement interval of 2.5 mins was 
specified as appropriate for the application, considering the slow movement of 
the GI tract. A measurement cycle consisted of 28 s of cyclic voltammetry, 1 s of 
wireless transmission and 2 minutes of sleep mode. The wireless transmission 
scheme would need to achieve a reliable readout at a distance of 2 m so that the 
patient could conveniently shower, sleep etc. without being inconvenienced by 
the reader.  The wireless transmission would need to be designed at a frequency 
low enough to penetrate human tissue but high enough that the antenna could 
be sufficiently small for capsule integration. The transmission would need to be 
robust in the environment of human tissues and robust to changes in the cap-
sules dielectric environment.  

In addition to the power and communication requirements, there were nu-
merous additional challenges relating to miniaturisation, biocompatible encap-
sulation, sensor to gut fluid direct access, sensor integration, stability and clean-
ing. These are considered outside the context of this thesis and are briefly de-
scribed in Publication II, and further elaborated in [85] and [86]. 

3.1.2 System Level Design     

A block level description of the capsule device is shown in Figure 6a. At its 
front end, the capsule device comprises the E-tongue sensor with direct access 
to GI tract fluids, stimulated through an analogue potentiostat with current ac-
quisition, amplification and filtering circuit, elaborated in Section 3.1.3. The sys-
tem processing device is a PIC18F2520 microcontroller. Wireless communica-
tion is realized with an RF transceiver device and antenna, elaborated in Section 
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3.1.4, and powering is provided through a power conditioning circuit from a bat-
tery described in Section 3.1.5. Referring to Figure 6, each component block oc-
cupies roughly one circular module in the substrate. From front to back in Fig-
ure 5a; E-tongue sensor, current acquisition and amplification, sensor control, 
microcontroller, power conditioning (split over two modules with battery con-
nection sides on the back side), RF transceiver and finally the loop antenna. 

  On the receiver side (Figure 6b), a dipole antenna receives the capsule trans-
mission and couples it to an RF transceiver for demodulation. The same 
PIC18F2520 microcontroller performs the processing in the receiver. The re-
ceiver is mains powered and interfaced via a Universal Serial Bus (USB) to serial 
converter to the PC where a LabVIEW user interface performs visualisation and 
storage for later analysis, of the capsules voltammetry data.  
 

 

Figure 6. Block diagram of swallowable capsule and receiver module. (a) Swallowable capsule 
device with sensor control and readout, wireless transmitter and power supply. (b) Receiver 
module with wireless receiver, PC user interface and mains connected power supply. 

3.1.3 E-tongue Sensor and Analogue Front End   

Analytical electrochemical sensing is based on the measurement of oxidisation 
and reduction current, and their related cell voltages, of ionic compounds in an 
electrochemically active liquid at a metal electrode surface. A potentiostat cir-
cuit forces a cell voltage across a counter and reference electrode and measures 
the cell current from a working electrode. The E-tongue sensor comprises four 
working electrodes of differing noble metals (gold, platinum, iridium and rho-
dium) to exploit the different electrochemical behaviour of various metal-liquid 
interfaces. The working electrodes surround a large central gold counter elec-
trode and a silver silver-chloride reference electrode. The cell voltage is forced 
across the reference and counter electrodes while the required current is pro-
vided through the counter to maintain the cell potential. This current is ex-
tracted from the working electrode, held at virtual ground. 

In the swallowable capsule case, a miniaturised E-tongue sensor was fabri-
cated on a 6x6 mm chip (Figure7a) and assembled on the capsule polyamide 
substrate using a flip chip over hole process with anisotropic conductive adhe-
sive (Figure7b). The sensor was stimulated with cyclic voltammetry through a 
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potentiostat circuit, and cell current is acquired through a transimpedance am-
plifier. A variable gain stage is included with a microcontroller auto ranging al-
gorithm, before the signal is level shifted to the measurement range of the mi-
crocontroller as shown in (Figure7c). Detailed description of the sensor, assem-
bly and readout electronics are given in Publications II and VII and in our other 
published works [84-86]. The power consumption of the whole analogue front end 
of the discrete potentiostat in Publication VII was measured to be 26 mW (8.8 
mA at 3V). The integrated device implemented in Publication VII consumed 
close to 100 mW, as it was implemented on a non-power optimised Application 
Specific Integrated Circuit (ASIC). 
 

 

Figure 7. E-tongue sensor and readout electronics. (a) Electronic tongue sensor, fabricated on a 
5mm x 5mm die. (b) Flip-chip-over-hole assembly process. (c) Potentiostat sensor control 
forcing required current ICELL into CE (counter electrode) maintain cell voltage (DAC - VREF) 
between the reference electrode (RE) and CE, and current acquisition (from working elec-
trode (WE)) amplifier variable gain stage, and level shifter to ADCs positive range. 

3.1.4 Radio Architecture     

The ISM frequency band at 433 MHz carrier was selected as a good trade-off 
between electromagnetic penetration through human flesh, propagation range 
in free space, practical antenna dimensions, power consumption and for the 
availability of transceiver components off the shelf. A Melexis transmitter re-
ceiver pair (TH72015/TH71102) was selected to implement a Frequency Shift 
Keying (FSK) modulation that can achieve 40 kbps. FSK was selected due to its 
simple and low power implementation in the transmitter and immunity to am-
plitude variations in the received signal. The transmitter provides single ended 
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output at powers of -12 to +10 dBm with corresponding current consumptions 
of 2.5 to 10.6 mA at 3V (7.5 to 31.8 mW). A 12 mm diameter loop antenna was 
used, well below the optimal quarter wave size for this frequency (173 mm). This 
is justified based on the size constraints applied by the capsule dimensions. The 
antenna was Q-degraded with a shunt resistor to make the resonance matching 
more robust to impedance variation due to changes in the dielectric in its envi-
ronment as the capsule transits through the GI tract. A serial byte Manchester 
encoding algorithm was used, to enhance immunity to decoding errors, with a 
data rate of approximately 1 kbps. On the receiver side a double conversion su-
perheterodyne receiver was used with a phase co-incidence demodulator to 
achieve a sensitivity of -107 dBm. A standard dipole antenna was included in the 
receiver as the need for miniaturisation was less intensive in this case. Details 
of the capsule radio architecture are provided in Publication VI.     

3.1.5 Power Supply      

Current consumption of the capsule was measured to be 117 uA, 10.5 mA and 
9.5 mA in sleep, measuring and wireless transmission modes respectively giving 
power consumptions of 350u W, 31.5 mW and 28.5 mW. The capsule performed 
voltammetry measurements for a maximum of 28 s, wireless communication 
for 1 s and spent 2 minutes in sleep mode, giving a cycle time of 2.5 minutes. 
Taking the maximum measurement frequency of 2 minutes gives an average 
current consumption of 2.12 mA and a power requirement of 152 mAh for 72 
hours measurement. A single 3 V LiMnO2 2L76 cell was selected, providing 165 
mAh in an 11.4 mm diameter and 10 mm length package. A switched capacitor 
converter was used to maintain the system voltage at 3V, providing the ad-
vantage of smaller switching components, and higher efficiencies at low cur-
rents over typical inductor based converters. A charge pump inverter was used 
to generate the negative voltage, and low drop out regulators to provide stable 
and low noise positive and negative voltages required for the bipolar analogue 
potentiostat circuit. 

3.1.6 Test and Evaluation     

To evaluate the radio architecture, a test setup was devised which involved 
placing the capsule central in a standard water cooler Plexiglas container, 18.9 l 
with 27.3 cm diameter and 49.5 cm height, filled with 1.5 g/l NaCl dissolved in 
purified water. Such a saline solution provides a good representation of the con-
ductivity (represented by the NaCl) and dielectric constant (represented by the 
water) of human tissue. The evaluation was conducted for transmission in air 
(empty container) and in the described saline solution with the transmitting an-
tenna positioned approximately centrally in the container. As the loop antenna 
generates a highly directional field, the test was conducted for the best (antenna 
plane normal to direction of transmission) and worst (antenna plane perpen-
dicular to direction of transmission) cases. The transmitter was set to output 
+10 dBm and continuously alternated between 1 and 0 transmissions at approx-
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imately 1 kHz. The signal was received by (a) an Anritsu MS2711D spectrum an-
alyser and (b) the TH71102 receiver, each coupled to a dipole antenna. The 
transmitter and receiver were placed at table height (~1 m), in a large room 
without obstruction in the range of 5 wavelengths (3.5 m) from transmitter or 
receiver. The transmitter, placed within the Plexiglas container remained sta-
tionary while the receiver was moved in steps of 0.1 m at increasing distances 
from 0.5 m to 2.5 m. 

The results, shown in Figure 8, demonstrate the dependence of the received 
signal strength with distance. In both cases the measurements were taken in 
what was considered to be the best and worst cases in terms of the alignment of 
the transmitting antenna with respect to the receiving antenna. If the transmit-
ter antenna is an ideal electrically small loop, the worst propagation case is nor-
mal orientation, where the plane of the loop is ‘facing’ the receiver and the best 
case is perpendicular orientation where the plane of the loop is turned 90º from 
normal. In the case of the spectrum analyser receiver (Figure 8a) the received 
signal is observed to reduce by 0.7 dBm per cm in air in an approximately linear 
fashion. An unusual observation is made, that the normal and 90º orientations 
propagate roughly equally in air, demonstrating that the antenna does not be-
have as an ideal loop, but rather some combination of a loop (magnetic dipole) 
and an electric dipole. This is proposed to be due the Q-degrading resistor. This 
results in electric fields being stimulated in the antenna creating a radiation pat-
tern that is expected to be some superposition of magnetic and electric fields.  
The addition of the saline solution increases the attenuation by 7 dBm in the 
best case (d = 0.5 m antenna normal direction) and 18.5 dBm (d = 2 m, antenna 
perpendicular direction). Considering the receiver sensitivity of -107 dBm, the 
results of Figure 8a show a reliable connection with overhead of 18 dBm in the 
worst case. The results also highlight the degrading of the antenna performance 
in the saline solution with 7 dBm difference between normal and perpendicular 
directions in the worst case. From this, it is clear that the propagation mode is 
altered by the saline solution, and the ratio of magnetic and electric propagation 
modes changes. This is likely due to matching effects of the conductive medium 
near the antenna. For receiver verification, the TH71102 Received Signal 
Strength Intensity (RSSI) output was examined and is shown in Figure 8b. The 
results show a decline of 300 mV per meter in RSSI and a difference of 400 mV 
between air transmission and saline transmission in the worst case (d = 1.3 m, 
saline solution, antenna perpendicular direction). In addition, the wireless com-
munication was tested in an 8.5 g/l NaCl solution representing a conductivity 
beyond worst case in human tissue. The results, in Publication VI, demonstrate 
an effective connection up to 2.5 m with an overhead of 7 dBm in the worst case.  
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Figure 8. Radio range tests, capsule inside saline vessel with 1.5 g sodium chloride / litre tap 
water. Best (normal orientation) and worst (90 rotation from normal) case orientations of the 
loop transmitter with respect to the receiver (a) Signal power received at Spectrum Analyser 
with dipole antenna. (b) RSSI at Melexis receiver. 

The following tests of the potentiostat readout circuit were carried out in a 
sulphuric (H2SO4) acid regent of analytical purity (95 – 98 %) diluted in purified 
water to 0.1 M concentration. Cyclic voltammetry was performed between 0 - 
1.5 V at a scan rate of 200 mV per second. To benchmark the developed poten-
tiostat, a comparison under the same conditions with a laboratory CHI660B po-
tentiostat was conducted with the macro E-tongue sensor (as described in [84]) 
and commercial Ag/AgCl reference electrode.  The results, illustrated in Figure 
9a show the cyclic voltammograms generated by the developed potentiostat 
compared with those from the commercial device. The results show expected 
oxidisation and reduction peaks, with a systematic offset of -100 mV in the de-
veloped device most likely due to inaccuracy in the calculated vs real voltage 
applied that can be removed by calibration. The developed potentiostat gener-
ates a well-defined and low noise voltammogram that compares well with the 
commercial device. 

The selected battery was tested simply by loading the battery with a large re-
sistor to represent the sleeping power drain of 350 uW. Considering an average 
operation voltage of 2.8 V, and 24 kΩ resistor across the battery drained an av-
erage continuous current of 117 uA. The measurement and transmitting cycles 
were combined, and considered to consume the maximum power of 32 mW. 
Considering the 2.8 V battery average, a 261 Ω resistor was used to drain an 
average of 10.7 mA from the battery. To emulate capsule operation the 261 Ω 
resistor was switched across the battery for a period of 60 s at intervals of 150 s. 
The battery was found to provide enough energy for approximately 80 hours of 
operation in the described test, allowing the 72 hour operation requirement with 
just over 10 % overhead.  

To verify the whole system operation, the capsule device was tested over the 
72 hour measurement period, battery powered and with wireless communica-
tion at a nominal distance selected as 1.5 m. The same test conditions as de-
scribed above were used. The results, in Publication II, showing 500 overlaid 
voltammograms, demonstrate effective operation of the whole system. The volt-
ammogram shows no measurement inconsistency and stability of the oxidisa-
tion and reduction peaks, and a noise based accuracy of ±0.5 uA corresponding 
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to a Signal to Noise Ratio (SNR) of 60, based on reduction peak of 30 uA. Fur-
ther tests were conducted using the integrated, (gold only) electrode sensor de-
scribed in Section 3.1.3. In this case, one of the gold working electrodes is used 
as a pseudo reference in place of the more stable Ag/AgCl standard. 50 cyclic 
voltammograms were conducted under the same conditions above described, 
except the potential window was narrowed to 0 - 1.1 V. The generated voltam-
mograms, shown in Figure 9b still show clearly defined voltammograms with 
expected oxidisation and reduction peaks. However the measured currents are 
somewhat reduced, due to smaller electrode surface area and therefore the noise 
levels are increased. A drift along the voltage access of approximately 50 mV 
was observed due to intrinsically less stable pseudo reference. 
 

 

Figure 9. System tests, cyclic voltammograms in Sulphuric Acid. (a) Benchmarking test of devel-
oped potentiostat against CH instruments laboratory potentiostat with integrated E-tongue 
sensor and commercial Ag-AgCl reference. (b) Full wireless battery powered system cycle 
tests, 500 overlaid cyclic voltammograms taken at 10 minute intervals using planar E-tongue 
sensor and commercial Ag-AgCl reference. 

3.1.7 Summary 

A swallowable capsule with electrochemical E-tongue has been developed 
and shown to perform effectively when compared with a CH Instruments com-
mercial device. The device included a 433 MHz wireless communication link 
which was shown to establish a reliable connection to a readout distance up to 
2.5 m when submerged in a saline solution that models the in vivo environment. 
Due to the short measurement lifetime of the capsule, and disposable nature of 
the application, energy autonomy was accomplished through the use of a high 
capacity LiMnO2 battery, which allowed 28 s voltammetry measurements to be 
taken at intervals of 2 minutes for the 72 hour lifetime required by the applica-
tion. 
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 Power Autonomous Condition Monitoring   

Industrial internet is a key driver in the adoption of IoT technologies. Online 
condition monitoring of existing industrial infrastructures presents the oppor-
tunity to generate significant value in process control, increased efficiency and 
enhanced safety. The petrochemical industry, where flammable liquids and gas-
ses are pumped at high pressures over significant distances, is considered a 
safety critical application where valve deterioration leading to leakage can pre-
sent potentially catastrophic consequences.  Further, the leakage of such assets 
can bring costs to infrastructure operators and expel toxic pollutants into our 
environment. 

The work of this thesis, summarised in this section and detailed in Publication 
III and live-demonstrated in [4], presents the development of a system for pet-
rochemical valve defect detection. The system developed direct background 
work including a novel MEMS based acoustic emission sensor [87], a novel ultra-
low power wake-up radio technology [88] advancing the state of the art described 
in Sections 2.3.2. Energy harvesters on both the sensor and base station side 
complement the state of the art in Section 2.3.4. delivering a fully power auton-
omous solution. 

 

 

Figure 10. Photo of the deployed valve leakage detection system, and valve leakage readout. (a) 
Showing two bolt integrated sensor devices (yellow circles) and Metso VG9000 valve con-
troller integrated base station (green rectangle) and (b) Metso Field Care visualisation of 
valve leakage measurement with actuator pressure difference (pink), sensor 1 measurement 
(blue), sensor 2 measurement (red) and valve position (black). 

    The monitoring system comprised a sensing device, including a thermal en-
ergy harvesting realisation. The sensors were integrated into bolt fixtures for 
seamless deployment to petrochemical valve junctions, piloted with our indus-
trial partner Metso Flow Control Oy, as shown in Figure 10. Two bolt integrated 
sensors are shown in Figure 10a (yellow circles), placed at perpendicular angles 
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to the valve junction. The base station, which asynchronously controlled the 
measurement process, was integrated into a Metso VG9000 valve controller, as 
shown in the green rectangle in Figure 10a. The base station included an indus-
trial current loop energy harvester. Data transfer was made to the Metso Field 
Care platform for onward interface to the cloud.  Figure 10b shows the readout 
of the pilot setup in the Metso Field Care environment where test valve with 
introduced leakage defect was investigated.  

3.2.1 Requirements and Constraints    

Existing valve monitoring entails manual maintenance on an annual or bian-
nual basis. Therefore, to present a significant advantage the system lifetime 
needed to be continuous or in the order of many years. Therefore, power auton-
omy was considered an essential requirement to allow continuous operation.  
Valve deterioration occurs in timescales of months to years. Therefore a long 
measurement interval in the order of days is a key requirement. In this case 
many of the standard radio protocols, based on regular connection intervals, 
mentioned in Section 2.3.1 were considered unsuitable.  An asynchronous wake-
up radio was required to allow measurement of the valve deterioration at long 
intervals in case of normal operation, and at short intervals if some deteriora-
tion is detected. 

The developed system would be required to detect the acoustic emissions gen-
erated by micro-fractures at the valve junction, therefore the sensor would need 
to be positioned such as to establish a good acoustically conductive path to the 
point of potential micro-fractures. The system needed to be wireless, and seam-
lessly deployed to allow easy retrofitting to existing infrastructures. Due to the 
dangerous nature of the potential for gaseous combustibles in the deployment 
environment, the system had to be designed to be intrinsically safe according to 
the ATEX-II T6 (Appareils destinés à être utilisés en ATmosphères Explosives) 
standard [89] for intrinsic safety. 

3.2.2 System Level Design     

A block level description of the system is illustrated in Figure 11. The bolt sen-
sor, represented in Figure 11a, shows the MEMS leakage sensor and readout 
electronics (detailed in Section 3.2.3) placed at the valve interface, perpendicu-
lar to the direction of flow across the valve. The thermoelectric element is in-
cluded close to the valve interface (described in Section 3.2.5). The sensor’s sys-
tem had dual radios; the wake-up signal detector (described in Section 3.2.4) 
and standard active radio. The base station, shown in Figure 11b, included a 
standard active radio and a power amplified wake-up signal generator. An in-
dustrial current loop energy harvester was included to make the system fully 
power autonomous.   
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Figure 11. Block diagram of power autonomous valve leakage detection system. (a) Bolt inte-
grated sensor device with MEMS acoustic emission sensor and readout circuit, TEG and 
power conditioning, microcontroller core, dual radio channels and external antenna and (b) 
Valve controller integrated base station with current loop energy harvester, microcontroller, 
magnetically isolated communication, dual radio channels and external antenna. 

3.2.3 Acoustic Emission Sensor     

The feasibility of acoustic emission sensors for valve leakage detection is pre-
sented in related literature [90], where the acoustic emissions are shown to be a 
function of defect size and valve pressure. The device of Publication III, fabri-
cated on a Silicon on insulator (SOI) process, was essentially a unidirectional 
accelerometer designed to detect vibrations normal to the surface on which it’s 
mounted. The sensor measures 1.8 x 1.8 x 0.8 mm3 and was scaled to a resonant 
frequency of 110 kHz where valve micro fracture acoustic emissions are detected 
in the application. A cross section of the fabricated device is illustrated in Figure 
12a. The bottom plane was mounted to the detection surface, and the upper elec-
trode provided a proof mass allowed to vibrate at the resonant frequency. Fur-
ther details of the sensor are provided in Publication III and [87]. The presented 
MEMS based acoustic emission sensor offers advantages over piezoelectric de-
vices in terms of small size, mass manufacturability and related cost reduction. 

 

 

Figure 12. MEMS acoustic emission sensor and readout circuit. (a) Fabricated MEMS acoustic 
emission sensor with SOI process and (b) MEMS sensor represented as a variable capaci-
tance, biased transimpedance amplifier, band pass filter, logarithmic RMS converter and low 
pass filter. 

The sensor’s measurement manifested as a varying capacitance between the 
upper proof mass electrode and the mounted bottom plane electrode. The 
readout electronics, represented in Figure 12b, were designed to detect this 110 
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kHz variation and convert it to a DC Root Mean Squared (RMS) value repre-
senting the magnitude of AE. The signal was acquired through a DC biased low 
noise transimpedance amplifier and band pass filtered at 110 kHz. The signal 
was integrated in the logarithmic amplifier, with gain such as to provide the 
RMS value of acoustic emissions. Finally, a low pass filter removes signal har-
monics and high frequency noise to provide a stable output DC voltage. 

3.2.4 Radio Architecture     

The system’s radio architecture included a two channel system; the unidirec-
tional wake-up radio and bidirectional active radio for data transfer as shown in 
Figure 13a. Both radios were designed to operate in the ISM 2.45 GHz band, 
selected as a balance between power requirement, antenna sizes and free space 
propagation range. 2.45 GHz has a longer unobstructed propagation range than 
lower frequency ISM bands, and can be expected to perform better in industrial 
environments. Further, quarter wave dipole antennas, such as those used in 
WiFi trancievers are cheaply and readily available. A commercial Nordic Semi-
conductor transceiver is used on both base station and sensor sides. A Nordic 
proprietary protocol was used, as it offered the flexibility needed to directly en-
code a low frequency wake-up sub-carrier on the 2.45 GHz carrier with very low 
latency when compared to standardised protocols like BLE and ANT.   

The base station (top of Figure 13a) acted as master, with the ability to asyn-
chronously initiate the measurement process via the wake-up radio.  On the 
base station side two single pole double throw (SPDT) switches were used to 
switch between the active and wake-up radio paths. In the wake-up case the sig-
nal is switched through a +20 dBm power amplifier to amplify the -10 dBm 
transceiver output to +10 dBm. The second SPDT coupled the signal to a quar-
ter-wave monopole antenna for transmission. To produce the wake up signals, 
the base station generated a 120 kHz subcarrier by modulating the 2.45 GHz 
carrier generated by the transceiver as shown in Figure 13b. The wake-up signal 
is encoded by on/off modulating the subcarrier at a rate of 1 kbps as shown in 
Figure 13b. The wake-up signal consisted of a 16-bit preamble and 8-bit wake 
up address allowing up to 256 sensor nodes to be addressed. 

The sensor node (bottom of Figure 13a) acted as slave in all measurement pro-
cesses. The two-channel radio was accomplished using a single antenna and a 
passive bidirectional coupler which presented an insertion loss of -2 dBm to the 
wake-up receiver, -10 dBm to the active radio and 28 dBm of isolation between 
them.  The wake-up signal detector based on the VTT patented wake up radio 
receiver is illustrated in Figure 13c. The circuit included a 2.45 GHz matching 
circuit to resonate with the incoming signal and couple it to a HF detector diode. 
The diode performs an envelope detection function and was combined with a 
HF choke inductor that removed the 2.45 GHz carrier signal. The 120 kHz sub-
carrier resonated with the combination of this inductor and an input capacitor 
to a low frequency wake-up circuit, with a sensitivity of 100 uV, represented as 
a 2 MΩ resistance and a 10 pF parasitic pad capacitance in Figure 13c. The low 
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frequency wake-up IC included a 256-bit address correlator which eliminated 
the possibility of false wake-up. The described wake-up technique allowed pas-
sive down conversion of the 2.45 GHz signal and resulted in a low power wake-
up solution. In listening mode, the diode detector required 1 uA of bias current 
and the low frequency wake-up IC consumed 5 uA. A total consumption of 6.8 
uA was measured including 800 nA of current leakage in the system. More de-
tailed description of the wake-up infrastructure is provided in Publication III 
and [88]. 
 

 

Figure 13. Wake-up radio, hardware architecture and wake-up signal generation. (a) Base station 
and sensor node with one-way wake-up and bidirectional data link. (b) Modulation of 1 kbps 
wake-up ID on 120 kHz subcarrier with 2.45 GHz carrier. (c) Wake-up radio receiver with 
antenna, 2.45 GHz matching circuit, diode envelope detector, low frequency matching, diode 
bias resister and low frequency wake-up IC. 

3.2.5 Power Supply      

Due to the long measurement interval of 12 hours, the energy consumption of 
the sensor node was dominated by the sleeping current of 6.8 uA. When a wake-
up signal was received from the base station the sensor was activated on de-
mand. The average active consumption, including; initialisation, measurement 
over 1 second window, radio communications and de-initialisation, was 63 mA 
over a time period of 6 s. The active consumption of the sensor was 29 uW when 
considered as the average over a 12 hour measurement interval. Nonetheless, 
the sensor node needed to be capable of both maintaining the 22 uW (6.8 uA at 
3.3 V) and needed to keep the wake-up radio in listening mode, and providing 
the 1.25 J (63 mA at 3.3 V for 6 s) of energy to perform a measurement. 
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Figure 14. Thermal energy harvester for sensor power autonomy. (a) Block diagram showing bolt 
integrated sensor, TEG elements, electronics encased in heat sink and extruding antenna. 
(b) Photo of the realised energy harvesting bolt sensor. 

To exploit a temperature difference between the pumped fluid and ambient 
air, a thermoelectric energy harvester realisation of the sensor bolt was devel-
oped. While the sensor device had to be glued to the bottom surface of the hol-
lowed bolt, an off the shelf (Micropelt TGP-751) TEG element was inserted just 
above it. The energy harvesting metallic bolt provided an excellent heat conduc-
tion path from the valve fluid, enhanced by a brushing element, and cooled in 
the ambient air through a heat sink. The heat sink was hollowed, which directed 
heat conduction to its fins, and provided space for the sensor electronics and 
communication device to be placed as shown in Figure 14a. A plastic cap, with 
through-hole allowing the antenna connector to protrude, sealed the encasing. 
A Texas Instruments energy harvesting power controller (BQ25504) was used 
which included maximum power point tracking to optimise the power extracted 
from the TEG.  A lithium polymer battery was used for energy storage and to 
ensure a stable and reliable source was continuously provided to the sensor elec-
tronics. A photograph of the energy harvesting bolt realisation is shown in Fig-
ure 14b. 

To perform a measurement cycle, the base station needed 0.15 J of energy (95 
mA at for the 100 ms wake-up burst and 24 mA for a 1.5 s window for receiving 
of the node response) where the high current relates to the needed power am-
plifier for high power wake-up signal generation. The base station was inte-
grated with the Metso VG9000 valve controller that utilised a standard 4 - 20 
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mA current loop for communication. To enable energy autonomy also for the 
base station, a simple power tapping circuit, shown in Figure 15, was inserted 
into the current loop. An LED was placed in the current loop, introducing a volt-
age drop of 2.1 V. The voltage budget of the current loop allowed this reduction. 
An LC filter was placed across the LED to ensure switching noise from the DCDC 
conversion would not distort the current loop communication. An energy har-
vesting boost converter was placed across the LED to use the tapped current to 
charge a 0.47 F super capacitor. Here ATEX-II B T6 intrinsic safety require-
ments necessitated clamping with a 3.5 V shunt voltage limiter, and a series 4.7 
Ω current limiter to prevent explosion due to super capacitor overvoltage, or 
sparking due to current surges.  A second DCDC converter maintained a stable 
voltage for the base station electronics while the super capacitor voltage varied. 
The high power RF transceiver and amplifier was powered from the second con-
verter, while the microcontroller was powered from the first. This allowed the 
radio electronics to be fully deactivated in the sleep state. Therefore the sleeping 
current consumption, as a parasitic draw on the energy harvester, was limited 
to 41 uA, including the microcontroller sleeping current (300 nA), quiescent 
current of one active converter (24 uA) and one shutdown converter (10 uA) in 
addition to 7 uA leakage current from the 0.47 F super capacitor.  
 

 

Figure 15. Industrial current loop energy harvester for base station power autonomy including 
current loop inserted LED, filtering circuit, DC converter charging super capacitor with series 
current limiting resister, and shunt diode overvoltage detector, second DC converter and out-
put voltage to base station. 

3.2.6 Test and Evaluation     

Each of the developed technologies were tested in a laboratory environment 
before system integration and piloting tests at Metso Flow Control Oy, pre-
sented in Figure 10. The tests and results are here summarised and described in 
more detail in Publication III. The system was demonstrated to peers in the 
field, summarised in [4]and available as an online video [91]. 

The MEMS acoustic emission sensor of Publication III was tested and bench-
marked against a commercial piezoelectric device; the PACR15-alpha from 
Physical Acoustic Co. The test setup is illustrated in Figure 16a. An industrial 
processing valve, with compressed air used to generate flow was used for the 
test. A deliberate defect was applied to the valve in the form of a small cut-out 
at the valve interface in order to generate turbulent flow and related acoustic 
emissions. The flow through the cut-out, and therefore the acoustic emission, 
was controlled by regulating the pressure across the valve and the flow was 
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measured on the opposite side. Both the MEMS and piezoelectric sensor were 
read out with the same front end and RMS detector allowing a direct compari-
son of the sensor itself. 

The sensors were compared for leakage flow rates from 0 to 600 ml/min and 
the results of the comparison are shown in Figure 16b. The correlation between 
the sensors is clearly observed from the results. The threshold for leakage de-
tection was approximately 140 ml/min, and the MEMS sensor presented ap-
proximately 5 % greater RMS voltage output for leakage rates below 300 
ml/min and approximately 10 % for leakage rates above 300 ml/min. Addition-
ally, both sensors displayed non-linear behaviour at 400 ml/min, but the MEMS 
sensor exhibited a less severe nonlinear effect. From this test, it can be con-
cluded that the MEMS sensor functioned well and presented some improve-
ments over the commercial piezoelectric device. 
 

 

Figure 16. Comparison of MEMS acoustic emission sensor with commercial device. (a) Diagram 
of the test setup showing compressed air source, valve pressure regulator and meter, closing 
valve with etched leakage defeat, placement of the acoustic emission sensors, and output 
flow (leakage) meter. (b) RMS voltage detected vs leakage flow for leakage rates of 0 to 600 
ml/min. 

The radio system was tested to determine the reliability of the developed 
wake-up radio. For the tests a 24-bit packet was transmitted including the 16-
bit wake-up preamble and 8-bit wake-up address. The system was evaluated in 
terms of wake-up success, corresponding to successful detection of the whole 
24-bit wake-up packet, with increasing distances between the base station and 
the sensor node. Two sensors, with only one-bit difference in their addresses, 
were placed at equal distances to test also the system’s robustness to false wake-
up. The system was evaluated where 100 wake-up attempts were made at each 
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distance, and the packet error rate (PER) was calculated as the percentage of 
successful wake-ups. The tests were carried out at distances above 5 m, at steps 
of 1 m up until 10 m and 0.5 m steps above 10 m. Test were conducted both 
indoors in a long corridor and outdoors in effective free space, with no obstruc-
tion within 3 m or 25 wavelengths from the transmitter or receiver. In both cases 
the transmitter and receiver were placed approximately 1 m above the ground, 
and there was a direct line-of-sight between the transmitter and receiver. The 
distance was increased along this line-of sight between the transmitter and re-
ceiver. 

  The PER rate results for the evaluation are shown in Figure 17 where the 
measured results are compared with the theoretical PER calculated in a way as 
presented in [88]. In the indoor case the wake-up performed reliably up to a dis-
tance of 16 m, with some exceptions between 11 and 14 m, likely due to destruc-
tive interference of transmitted and reflected waves in the corridor. Above 17 m 
the PER increases sharply to 25 % and already at 19 m the wake-up success 
reached zero. In the outdoor free space measurement, near zero PER was ob-
served up to 20 m distance, with 95 % wake-up success rate up until 21.5 m. At 
22 m the PER abruptly increased and above 23 m the wake-up success rate 
reached zero. In both cases the PER performance achieved longer distances than 
the theory predicted, and the transition from low to high error rates occurred 
much more abruptly than predicted. The differences are likely due to environ-
mental effects such as propagation path reflections and presence of coherent 
interference signals. The targeted wake-up range of 10 m was significantly ex-
ceeded in each case.   

 

 

Figure 17. Range and reliability tests of wake up radio showing theoretical and measured pack-
age error rates of the wake-up radio tests, in an indoor corridor (blue) and outdoors (red). 

The base station energy harvester was evaluated by measuring the tapped cur-
rent and monitoring the super capacitor voltage through the harvesting and 
measurement cycle. The simple energy harvesting technique allowed 120 uA 
(250 uW) to be tapped in the minimum current loop drive condition of 4 mA, 
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and 600 uA (1.26 mW) in the maximum drive condition of 20 mA. In the mini-
mum loop drive state, the harvester needed 15 minutes to charge the super ca-
pacitor from 0 to 2.4 V, a threshold above which measurements could be con-
ducted. In the 4 mA drive state, enough energy was available to the energy har-
vester to perform one measurement cycle every 5 minutes, thereby allowing 
more than 256 sensor nodes to be interrogated over a 24 hour period. 

The sensor node thermal energy harvester was evaluated by applying a heating 
coil to the bolt threads. The TEG element was encased in a plastic shell between 
the bolt threads and heat sink fins which allowed monitoring its temperature 
using a thermal infrared camera. The power harvesting circuit initiated and har-
vested 44 uW at a temperature difference of 6 K across the TEG. As the temper-
ature increased the harvested energy increased to 450 uW at 10 K and 5 mW at 
46 K. The extracted energy of the harvester for temperature differences up to 46 
K is illustrated in Figure 18 and compared with the maximum output power of 
the energy harvester. A difference of approximately 50 % was observed between 
the realised power and maximum, due to losses in the power conversion. Still, 
the energy harvester was shown to generate enough power (>22 uW) to sustain 
the sensor node in sleep / listening mode at a temperature difference of 6 K with 
enough overhead to store power for measurements every 12 hours.  
 

 

Figure 18. Thermal energy harvester power tests. (a) Example of thermal camera imaged energy 
harvesting bolt sensor. (b) Plot of harvested energy vs thermal camera imaged temperature 
difference across the TEG. 

3.2.7 Summary 

A wireless valve leakage detection system had been developed with energy au-
tonomy achieved using harvesting circuits on both the sensor and base station 
sides. The device integrated a MEMS acoustic emission sensor which was 
benchmarked against a commercial piezoelectric device and shown to achieve 
similar and even slightly improved performance. A novel wake-up radio tech-
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nology was applied to allow asynchronous measurement to be performed be-
tween a base station device and up to 256 remote sensor nodes. The wake-up 
radio achieved effective operation at distances of 16 m (indoor corridor) and 21 
m (outdoor in free space). The sensor nodes were made power autonomous with 
a thermal energy harvesting embodiment that extracted enough energy to per-
form a measurement every 12 hours with a 6 K temperature differential across 
the TEG element. The base station device was made power autonomous using 
an industrial current loop energy harvester which extracted enough energy, in 
the lowest loop drive state to perform more than the required 256 measure-
ments in a 24 hour period. The system was delivered and piloted at Metso Flow 
Control Oy.   
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 Wirelessly Powered Soft Robot    

The advancement of micro-robotics is greatly limited by the need for motors 
to drive mechanical joints and a power source. Batteries can be used but they 
add severely to the size weight and cost of the device. The work of this thesis 
develops a soft caterpillar like robot which uses shape memory actuators 
(SMAs) to remove motors and mechanical joints and motorised actuators. An 
inductively coupled wireless powering technique is developed to remove the 
need for a power source. The thesis delivers, to the author’s knowledge, the 
world’s first wirelessly powered soft robot. This early stage research focuses on 
the wireless actuation of the robot and sensors can be added to the platform in 
the future. 
 

 

Figure 19. Illustration of the wirelessly powered soft robotic caterpillar. (a) Model of the 3D printed 
caterpillar with assembled receiver coils. (b) Exploded 3D model showing two receiver coils 
above the 3D printed caterpillar. (c) Photograph of the 3D printed device with receiver coils 
assembled. (d) Illustration of the high and low friction states which enabled caterpillar loco-
motion. (e) 3D model view from underneath, showing the assembly of the SMAs. 

The soft robotic system is illustrated in Figure 19. A 3D model of the soft ro-
botic caterpillar is shown in Figure 19a. Exploding the model, Figure 19b shows 
the assembly of two coils which were used as wireless power receivers for two 
SMA actuators. The robot was 3D printed using an Object260 Connex3 3D 
printed device. A rubber-like material (TangoBlack) was used for the soft body, 
shown in black in Figure 19b and a hard/solid material (VeroWhite+) was used 
for the hard legs, shown in white in Figure 19b. The coil sheets are fabricated on 
a polyimide flexible substrate with 18 um etched copper. A photograph of the 
soft robot with assembled receiver coils is shown in Figure 19c. The coils were 
attached on the top side of the robot, while two SMA actuators were assembled 
through the body as shown in Figure 19d. Actuation of the robot was achieved 
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by controlling the current in the SMA actuators to generate contraction, in com-
bination with the alternating friction condition between the smooth hard white  
ends of the structure and the high friction rubber legs as shown in Figure 19e. 
Further details of the locomotion are provided in Publication IV. This work is a 
direct development of [58], where the soft robotic caterpillar with wired powering 
was developed. 

3.3.1 Requirements and Constraints    

The developed wireless power transfer system was required to independently 
control the currents in two SMA actuators in order to generate locomotion, in a 
manner similar to that proposed for the wired device in [58]. 200 to 300 mA of 
current needed to be induced in each SMA to generate enough heat and there-
fore contraction force for the robot locomotion. The dimensions of the robot, 
100 mm x 25 mm, restricted the receiver coil shapes and sizes. The coils had to 
be designed to be large enough to receive the needed power, but small and sep-
arated enough not to strongly couple to one another. Due to the flexible nature 
of the robot, the coils themselves would need to exhibit equal, or greater flexi-
bility that the robot body so as not to deteriorate the spring constant of the whole 
device. A target of 20 mm standoff was set for the wireless power transfer sys-
tem, to allow actuation through a standard table, for example. The range of lo-
comotion for the proof of concept, was restricted to a circle of 150 mm diameter. 
The main design goal was to maximise the power transfer efficiency between the 
transmitter coil and each SMA actuator.  

3.3.2 System Level Design     

The system level description of caterpillar and transmitter loop is provided in 
Figure 20. The signals for stimulation of the SMA receivers were generated by s 
R&S SMBV100A Vector Signal Generator and amplified by a 75 W E&I A-075 
Class-A Linear Amplifier. The transmitter loop (shown in blue in Figure 20) was 
implemented using litz copper wire coil sandwiched between two polyurethane 
sheets. The robotic caterpillar itself (shown in green in Figure 20) comprised of 
the two SMA actuators, which were manifested electrically as largely resistive 
loads, coupled to two resonant coil receivers.  Power was inductively coupled 
between the transmitter loop and the receiver coils inducing currents in the 
SMA actuators. The resonance frequency of each receiver coil was tuned at dif-
ferent frequencies so that the SMA actuators could be independently controlled, 
as required to generate a wave of contraction through the caterpillar to provide 
locomotion. 
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Figure 20. Block diagram and magnetic coupling simulations, (a) Block diagram showing the soft 
robotic caterpillar with two SMA actuators coupled to WPT receiver coils. Transmitter is 
driven by a linear amplifier controlled by an RF signal generator. (b) High frequency structure 
simulator (HFSS) simulation, showing the magnetic coupling between one SMA loaded re-
ceiver coil, and the transmitter, at a standoff of 10 mm. 

3.3.3 Wireless Power Transfer     

The WPT system is based on near field resonant inductive coupling between 
the transmission loop and the receiver coils. A centre frequency was chosen as 
8.5 MHz, as a compromise between coupling distance achievable between large 
and small coils, resistive losses in the coils and avoidance of the coils self-reso-
nant frequencies. This frequency also allows the design of receiver coils in the 
dimension order of the caterpillar, and a transmitter coil of size enough to 
demonstrate the caterpillar’s locomotion. The SMA actuators were tuned to 8.25 
MHz and 8.75 MHz and a frequency sweeping input signal was used to alter-
nately stimulate the coils. 

A circuit representation of the WPT system is illustrated in Figure 21a. The 
signal generator and power amplifier is represented as an ideal voltage source 
with 50 Ω source resistance. The transmitter coil is represented as an ideal in-
ductor and parasitic equivalent series resistance. The parasitic parallel capaci-
tance of the coil is omitted, as it is designed such that its effect is minimal at the 
transmission frequency. The transmitter loop is tuned to series resonance at the 
centre frequency of 8.5 MHz with capacitor C1. Each receiver coil is represented 
as an ideal inductor and the coils equivalent series resistance, again parasitic 
parallel capacitance is omitted. The coils are tuned to series resonance targeted 
at 8.25 MHz and 8.75 MHz with capacitors C2 and C3. The SMA actuators are 
represented by 25 Ω resistors, with a series inductance of 145 nH.  The coupling 
between the transmitter loop and receiver coils is represented by the coupling 
coefficients K1 and K2, with a parasitic coupling between the two receiver coils 
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of K12 which is minimized by applying a separation of 10 mm between coil 
edges.  

The circuit shown in Figure 21a (including parallel parasitic capacitances, and 
SMA inductance) was simulated in LTSPICE. Values for the circuit elements, 
detailed in Publication IV, represent those measured from the fabricated coils 
while the coupling factors were estimated based on HFSS simulations. The 
source frequency was swept from 6.5 - 10.5 MHz and the current induced in 
each SMA (R4 and R6) is plotted in Figure 21b. A maximum current of 220 mA 
is induced in each SMA actuator at frequencies of 8.2 and 9 MHz respectively. 
Some frequency deviation is observed due to the over coupling of the receiver 
coils to the transmitter loop. The effect of parasitic coupling between coils is also 
demonstrated from the simulation where each coil exhibits small current peaks 
of 75 mA at 7.8 and 9.3 MHz respectively. The induced 75 mA was not enough 
to generate an actuation response in the SMAs so it was considered tolerable. 
 

 

Figure 21.  Electrical schematic and simulation of WPT system. (a) Electrical model of the trans-
mitter (tuned by C1 to resonance at 8.58 MHz) and two receiver coils tuned to resonance at 
8.31 and 8.71 MHz with C2 and C3 and coupled to SMA actuators. Coupling to the transmitter 
given by K1 and K2, and inter-receiver coil coupling of K12. (b) LTSPICE simulation of the 
current coupled to the SMAs for a 20 V source and coupling coefficients of K1, K2 = 0.1 and 
K12 = 0.01. 

In order to approximate the coupling coefficient between the transmitter loop 
and each receiver coil as constant, the key design goal of the transmitter coil was 
the generation of a uniform magnetic field over the diameter of the loop. To that 
end, the design methodology of the transmitter loop was based on an achieve-
ment of uniform magnetic field in a planar loop found in the literature [92]. With 
reference to the published design, a 5 turn loop of 150 mm diameter was de-
signed. HFSS simulations, based on a solid copper loop wire of 1  mm diameter, 
between two 4 mm thick polyethylene sheets estimated an impedance of 2 + 
j365 (inductance of 6.8 uH) with a Q-factor of 183 and self-resonant frequency 
(SRF) of 28.6 MHz. Simulations showed a magnetic field uniformity of 81% 
within the diameter of the loop. The loop was fabricated from linz copper wire 
(660/46) between two 4 mm polyethylene sheets. The impedance of the real 
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loop was measured as 3.1 + j353 (inductance of 6.3 uH) and Q-factor of 114. The 
differences between simulation and measurements can be attributed to addi-
tional losses in the copper wire assumed perfect in simulation, and underesti-
mation of the dielectric loss constant of the polyethylene. The fabricated loop 
was tuned to series resonance with a capacitor of 51.5 pF. Further details of the 
coil design methodology, simulations and measurements are provided in Publi-
cation IV. 

The design goals of the receiver coils were to extract maximum power from 
the transmitter’s magnetic field, to provide maximum power to the SMA load, 
and to minimise cross coupling between the two receivers.  To maximise the 
coupling, the target was to design a coil with the largest possible surface area, 
and self-inductance. The power received by the coils would be divided between 
loss in the coils’ series resistance and the SMA load. Therefore the coil design 
was optimised in terms of its Q-factor at 8.5 MHz. Etched copper of 18 um thick-
ness, on 38 um polyimide was selected as the fabrication process. Keeping the 
coil area fixed at 25 mm x 40 mm, an optimum was found, by HFSS simulation, 
in terms of the conductor width (100 - 1000 um) and the number of turns (3 - 
19). An optimum conductor width was found to be 200 um and optimum num-
ber of turns to be 17. The simulation result was verified by the test of fabricated 
coils. Details of the optimisation simulations and comparison to the test of fab-
ricated coils are provided in Publication IV.   

3.3.4 Test and Evaluation     

To evaluate the WPT system, the mutual coupling was measured for strongly 
and weakly coupled coils, where strongly coupled corresponds to the receiver 
placed on the polyethylene sheet (4mm from transmitter coil) and weakly cou-
pled corresponds to 20 mm standoff from the polyethylene sheet (24 mm from 
transmitter coil). Coupling coefficients of 0.15 (strongly coupled) and 0.09 
(weakly coupled) were measured. All of the following tests were performed with 
three identical, 17 turn, 200 um track width, receiver coils matched to series 
resonance at 8.31, 8.58 and 8.71 MHz while the transmitter loop was matched 
to series resonance at 8.58 MHz. The power transfer efficiency, calculated as the 
square of the S21 parameter, of the system was evaluated using an R&S VNA 
(Vector Network Analyser). The results, shown in Figure 22, demonstrate effi-
ciencies for a 50 Ω VNA load of 45 and 51 %, which map to 34 and 37 % for 25 
Ω SMA load, for receiver coils matched to 8.31 and 8.71. MHz. The modest effi-
ciency values come from the small size of the receiver coils, the fact that they 
receive power at their own resonant frequency which deviates from the trans-
mitter coils resonant frequency, and the non-optimal load matching of the 
whole WPT system. 
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Figure 22. Power transfer efficiency measurements. (a) Setup for measurement of transmitted, 
reflected and received power. (b) Efficiency (calculated as received/transmitted power) for 
receiver coils at a standoff of 20 mm, at resonant frequencies of 8.31, 8.58 and 8.71 MHz, 
with transmitter resonant at 8.58 MHz. 

To compare with the power transfer and efficiency measurements, a test was 
devised to measure the real force generated in the SMA from the transmitters 
coil magnetic field. A single receiver coil was placed in the centre of the loop 
diameter at a standoff distance of 20 mm, repeated for the coils resonant at 8.31, 
8.58 and 8.71 MHz. The SMA (without the robot body) was loaded onto the coils 
as shown in Figure 19a, and one side was fixed to a rigid frame and the other to 
a Shimpo FGP-0.5 force measurement device. The frequency was incremented 
from 8 - 9.6 MHz at intervals of 5 s. The varying resonance behaviour of each 
receiver coil in delivering power to its SMA load was clearly observed in Figure 
23. Maximum SMA forces of 41 g at 8.4 MHz in the 8.31 MHz matched receiver, 
46 g at 8.6 MHz in the 8.58 MHz matched receiver, and 51 g at 8.8 MHz for the 
8.71 MHz matched receiver. Considering the below and above centre frequency 
matched coils, it was clearly observed that the force generated by their respec-
tive SMAs could be independently controlled by controlling the frequency of 
transmitted power and that a controlled wave of contraction could be stimulated 
in the soft robotic caterpillar by alternately actuating the SMAs by frequency 
sweeping the power source. 
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Figure 23. SMA force generation measurements. (c) Setup for the measurement of wirelessly 
stimulated SMA force. (b) Measured force generated in receiver coils at a standoff of 20 mm, 
at resonant frequencies of 8.3, 8.5 and 8.7 MHz, with transmitter resonant at 8.58 MHz. 

The power receiver coils, exactly as tested above, were assembled onto the cat-
erpillar in a manner as shown in Figure 19. The caterpillar was placed above the 
transmitter coil, in a manner shown in Figure 20a, at a standoff of 20 mm, pro-
vided by a polystyrene separator. A gridded sheet of paper was placed under the 
caterpillar to easily measure its movements. The locomotion sweeps were syn-
thesised in the signal generator outputting 2.5 mW and the frequency was in-
cremented from 7.5 - 9.5 MHz, in steps of 100 kHz with a dwell time of 100 ms 
between each step. There was a 1 s pause between sweeps to allow full cooling 
of both SMAs and therefore full relaxation of the caterpillar. One sequence of 
locomotion is summarised visually in Figure 24a. At the beginning of the sweep 
the power transferred to the SMAs is negligible and the caterpillar is in the rest 
state. As the sweep frequency reaches 8.3 MHz one SMA contracts fully. As the 
frequency reaches 8.5 MHz both SMAs receive approximately the same power, 
and further increasing to 8.7 MHz transfers the maximum contraction to the 
second SMA before both SMAs relax fully at the end of the cycle. This wave of 
contraction, in combination with the soft and elastic caterpillar body allowed 
the transfer of SMA contractive force to locomotion through the mechanism of 
alternating friction shown in Figure 19d. The direction of caterpillar movement 
can be alternated simply by changing the direction of the frequency sweep. The 
cycle described was repeated over a 28 s second period, and the forward loco-
motion of the caterpillar is plotted against time in Figure 24b. The caterpillar’s 
forward movement occurs at approximately 7.5 cm/min. The locomotion tests 
of the device are more fully described in Publication IV. 
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Figure 24. Demonstration of soft robotic caterpillar locomotion. (a) One locomotion cycle, where 
the transmission frequency is swept from 7.5 MHz (at t = 0) to 9.5 MHz (at t = 4 s), in steps 
of 100 kHz with 100 ms dwell time. (b) Measurement of caterpillar locomotion with time for 
28 s, for repeated frequency sweeps as described in (a). 

3.3.5 Summary 

This work has demonstrated a fully passive soft robotic caterpillar enabled by 
inductively coupled wireless power transfer. The device consisted of two SMA 
actuators coupled with two power receiver coils. A transmitter coil with an ex-
ternal diameter of 15 cm was simulated in HFSS and fabricated using linz copper 
wire. Independent control of the two SMAs was achieved by matching the re-
ceiver coils to series resonance at different frequencies (8.31, 8.71 MHz), the 
transmitter coil to series resonance at 8.58 MHz and frequency sweeping the 
power source from 7.5 - 9.5 MHz. The power transfer efficiency of the system 
was evaluated and resulted in efficiencies of 34 and 37 % for the 8.31 and 8.71 
MHz matched coils. The system’s capability to convert power received to SMA 
contraction force was observed to be 41 g and 51 g for the 8.31 and 8.71 MHz 
matched coils.  The locomotion of the device was analysed and found to occur 
at a rate of 7.5 cm/min. The fully passive soft robot achieves power autonomy, 
as the power and control signals are combined by sweeping the frequency of the 
wireless powering signal.
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 Passive Wireless Sensing     

The ‘Zero Power Sensor System’ has been under development at VTT for al-
most a decade. The work of this thesis is built on the direct background pre-
sented in [59, 77, 93]. The focus of the contribution in this work is the development 
and integration of the Zero Power Reader device introduced in Publication IX, 
along with its evaluation and steps taken to extend readout range, and increase 
the resolution of measurements detailed in Publication V. In addition, the inte-
gration of UHF RFID with the Zero Power Sensor for activation and identifica-
tion is presented in Publication VIII. 

The Zero Power readout mechanism is based on 3rd order intermodulation. 
That is, the principle by which two incident electromagnetic signals are mixed 
when they encounter a non-linear element. This principle is exploited using a 
reader that transmits two frequencies, and a sensor tag which backscatters an 
intermodulation signal that depends on its measured parameter. The concept is 
illustrated in Figure 25, where the reader on the left transmits frequencies f1 and 
f2. The sensor node antenna (right of Figure 25) detects the incident signals, and 
mixes them in a diode to give a series of sum and difference frequencies. A choke 
inductor filters high frequency components, and only the low frequency differ-
ence f2 - f1 is passed. A quartz resonator, selected with resonance around f2 - f1 
resonates the incident signal, and the maximum backscattered signal is 
achieved at that point where f2 - f1 matches exactly the resonance of the quartz. 
The quartz oscillator is loaded by a sensor element which manifests its meas-
ured parameter in capacitance change (or in theory also inductance or re-
sistance), that pulls the resonant frequency from its nominal value. The trans-
mitted frequencies, f1 and f2, are swept so that their difference, f2 - f1, covers the 
range of expected resonances of the oscillator-sensor combination and the 
loaded resonance frequency is determined by measuring the transmitted differ-
ence frequency at which the backscattered signal is at its maximum. The concept 
is described in much greater detail in Publication V and background to this work 
[59, 93]. 
 

 

Figure 25. 3rd order intermodulation concept for sensing, reader device (left) transmitting two 
frequencies f1 and f2, Sensor node (right) with antenna and matching, non-linear mixing di-
ode, RF choke inductor, quartz resonator resonant at f1 - f2 and sensor element which pulls 
the quartz resonant frequency according to its measured parameter. 
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3.4.1 Requirements and Constraints    

The key limitations applied to the Zero Power System are borne of radio 
broadcast regulation constraints on usable electromagnetic spectrum and al-
lowable transmit power. The maximum power over air at UHF RFID frequen-
cies (around 868 MHz) is 2W or 30 dBm [64], which presents a limitation in the 
Zero Power System readout range, and highlights the requirement for power 
optimisation in the sensor tag and reader receiver front end.  

In addition to the radio requirements, the zero power sensor tag needed to be 
as small and low cost as possible to compete with traditional battery powered 
sensors. The device needed to be designed to have a broadband matched an-
tenna at 868 MHz. The frequency difference of the two transmitted signals had 
to be selected such that a high quality quartz oscillator could be found to reso-
nance at that difference frequency. In addition, there are rather tight require-
ments on the sensor elements that can be combined with the zero power tags. 
They had to have low losses, corresponding to a high quality factor (>1000s) 
and manifest their measured parameter in terms of capacitance change in the 
region of 1s - 10s pF. 

The reader device itself needed to synthesise three required signals, at 865 
MHz, 866 MHz and 867 MHz, with an accuracy of < 10 Hz and be able to sweep 
them with a minimum achievable frequency resolution < 1 Hz. The reader 
should combine the transmission signals and couple them to the air at the max-
imum permitted transmission power. The device needed to be able to detect 
sensor backscattered signals with a maximum achievable sensitivity and de-
modulate the sensor based intermodulation signal from them. It was desired 
that the reader would be compact and powered from a standard mains outlet, 
and that acquired data could easily be transferred to a cloud based IoT service.  

3.4.2 Radio Architecture   

While the 3rd order intermodulation concept can work at any frequency, the 
limitations of available unregulated spectrum suggest open ISM bands at 433 
MHz, 868 MHz and 2.45 GHz. 868 MHz was selected due to correlation with 
the UHF RFID frequency and allow the exploitation of a range of devices and 
components, such as power amplifiers, combiners, circulators, demodulators 
and antennae, optimised for use in RFID at the frequency.  The UHF band al-
lowed the design of compact antenna that was easily tuned and optimised to 
various sensor applications [59]. A UHF patch antenna was used for the reader 
giving a high gain and directivity to allow beam focused interrogation of sensor 
nodes.   

The radio architecture of the Zero Power reader is illustrated in Figure 26. The 
architecture is divided into two parts; the transmitter shown in green which pro-
vides synthesis of transmission frequencies f1 and f2 and the superheterodyne 
receiver for demodulation shown in blue. The reader synthesises its two trans-
mission frequencies using a high precision Voltage Controller Oscillator (VCO) 
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coupled with a Phase Locked Loop (PLL), accurately controlled with an Analog 
Devices digital frequency synthesiser. The transmission frequency is isolated 
through a directional coupler, which also provides feedback for frequency cor-
rection within the PLL. The PLL output is band pass filtered to remove any har-
monics before being output and amplified by a ZRL-3500+ power amplifier. The 
transmission signals, f1 and f2, are merged in a ZN2PD-920W-S+ combiner be-
fore being coupled to linearly polarised SPA 8090/75/8/0/V UHF patch an-
tenna, through a Voyantic V2.0 circulator.  
 

 

Figure 26. Radio architecture of the Zero Power reader. Transmitter (green) consists of f1 and f2 
synthesisers, band pass filters, amplifiers and combiner. Receiver consists of centre fre-
quency synthesizer, band pass filter, UHF demodulator, band pass filters, IF amplifier, low 
frequency mixer, baseband amplifier and ADCs giving I and Q channel outputs. External 
circulator is used to couple transmitted signals and received signals to the same antenna. 

A third local oscillator frequency, fLO for down conversion mixing, in the su-
perheterodyne receiver is synthesised in a similar manor as far as the PLL out-
put. The three generated frequencies are synchronised from a 40 MHz reference 
oscillator, buffered in a low skew clock buffer and distributed to the frequency 
synthesisers. A 4th frequency synthesizer is used in combination with the refer-
ence oscillator to generate synchronisation pulses that ensure frequency 
changes of the synthesisers are made exactly in sync. In the first implementa-
tion, fLO is the centre frequency, (f1 + f2)/2, and the frequency sweeping is ac-
complished by the sweeping of f1 and f2 in the opposite direction with respect to 
fLO. 

The receiver acquires the backscattered single from the sensor node via the 
patch antenna through the circulator. The first stage of the receiver performs 
high frequency demodulation by multiplying the inputs (0⁰ and phase shifted 
90⁰) with the reference signal fLO. Here four signals (IHI, ILO, QHI, QLO) are gen-
erated at the intermediate frequency (around 2 MHz). The IF signals are band 
pass filtered removing harmonics before being amplified through two-stage dif-
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ferential amplifiers. The intermediate frequency signals are further down con-
verted in an analogue multiplier giving a baseband signal at the frequency 
sweeping rate (sub Hz). The baseband signal is amplified in a two-stage non-
inverting operation amplifier before being converted to digital signals in the mi-
crocontroller ADC. The radio architecture of the reader, both transmitter and 
receiver, is described in greater detail in Publication V. 

The primary limitations of the Zero Power reader are highlighted and investi-
gated in this work. Power optimisation, in respect of the zero power system in-
dicates the maximisation of gains, minimisation of losses throughout the reader 
- sensor tag system. The optimisation leads directly to the extension of the 
readout range according to: 

 =  // / / /  (1) 

 
Where r is the readout range, λ is the radio wavelength, Ptx is the transmis-

sion power, PN is the reader noise level, Gtx is the transmitting antenna gain, Gtag 
is the sensor antenna gain and S3 is the conversion loss from power received at 
the sensor to the IM3 produced. It is clear that the readout range is increased 
by increasing the wavelength, transmitted power, the antenna gains and the 
transmitted power, or by decreasing the conversion loss or reader noise level. 
Previous work [59] optimised the sensor tag fixing the frequency, the conversion 
loss, and sensor antenna gain. On the reader side, the best available antenna is 
already in use, and the transmittable power is limited by regulation. Therefore, 
to extend the readout range, the reader noise level presents the only remaining 
optimisation parameter. The reader noise level is not defined by thermal noise, 
but rather the self-intermodulation within and between the reader components. 
3rd order intermodulation occurs not only at the sensor node mixing diode, but 
also at all non-linear elements of the reader where the two transmission fre-
quencies are present. The most non-linear components of the reader are the 
power amplifiers, both within the frequency synthesisers and the output gain 
stage. The synthesised signals are too close in frequency for filtering, so the key 
design consideration is the isolation of the signal generation circuits from one 
another.  

A second key limitation of the reader relates to the resolution of sensor 
readout. The change in the quartz resonance frequency can only be resolved 
with a resolution corresponding to the smallest frequency step possible in the 
intermediate frequency. The limitation is related to the minimum frequency 
step that can be made while maintaining synchronisation between the multiple 
synthesised frequencies.  

A third limitation addressed in this work relates to the activation and iden-
tification of sensors. The readout mechanism described is inherently single 
channel, allowing only one sensor to be read out by the reader. 
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3.4.3 Reader Integration     

A block diagram of the integrated reader is provided in Figure 27a. The radio 
front end, described in 3.4.2, forms the core of the integrated reader. Power is 
provided to the reader through an 18V DC adapter along with an on board DCDC 
converter which provides the range of positive and negative voltages needed for 
the system. The reader includes an ATMEL AVR ATXMEGA256A3BU micro-
controller evaluation board (XMEGA-A3BU). As the ‘brain’ of the system, the 
AVR programs the synthesisers with the sweep parameters, initiates the sweep 
and synchronises the frequency steps with sync synthesiser. The microcontrol-
ler also acquires the I and Q signals, digitises them in its ADC and provides the 
data over USB to a PC user interface, or over Universal Asynchronous Receiver 
Transmitter (UART) to a Raspberry-PI3 which carries out communication of 
data to a cloud based service over RJ45 network cable or Wi-Fi. A cloud based 
monitoring service was implemented for data acquisition, visualisation and log-
ging but it is outside the scope of this thesis.  

For signal integrity and isolation, the front end was divided in to its UHF and 
baseband parts, implemented on separate Printed Circuit Boards (PCBs). The 
UHF PCB comprised the three frequency synthesizers and high frequency de-
modulator. Each of the synthesisers was shielded from one another, with sepa-
rate LDO regulators inside the shield. All signals entering the shield were cou-
pled in through a low pass LC feed through to minimise RF signal coupling. The 
reference clock generation and distribution was included on the UHF card, 
along with the generation of frequency step synchronisation pulses. The third 
shielded synthesiser included also the RF demodulator outputting the interme-
diate frequency signals to the baseband components implemented on a separate 
PCB. The baseband PCB, also shielded for isolation, included the IF amplifiers, 
DC mixers, baseband amplifiers and output near-DC I and Q signals, changing 
only at the frequency scan rate of the device, around 0.25 Hz. 

A motherboard PCB was designed such that the four modules; UHF, base-
band, AVR and Raspberry-PI could be mated vertically to it. The motherboard 
contained DCDC conversion circuits and provided power distribution to the 
modules on the board, each having their own LDO regulation. Digital signal 
routing was also done on the motherboard, while sensitive analogue and high 
frequency signals were connected using high quality shielded UFL cables. The 
large power amplifiers and combiner were assembled under the motherboard 
PCB and the circulator was placed externally to the reader. A 3D printed poly-
mer casing was fabricated to house the reader. A system level block diagram of 
the reader is provided in Figure 27a and photograph of the integrated reader is 
provided in Figure 27b. A more detailed description of the reader architecture 
is presented in Publication V. 
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Figure 27. Zero power reader. (a) Block diagram of the reader comprising power supply, AVR 
microcontroller, Raspberry-Pi cloud interface, f1 and f2 synthesizer and transmitter, 2f2 - f1 
receiver and demodulator and external circulator and patch antenna showing transmitted 
(green) and sensor backscattered (red) signals. (b) Photo of the reader device as illustrated 
in (a).  

3.4.4 Frequency Sweeping     

In essence, the Zero Power reader investigates the resonant characteristics of 
a sensor node by scanning the range of frequency differences fd = f2 - f1.  The 
transmitted signals are swept over a range of ±δf to ensure that fd sweeps over 
the loaded resonance frequency of the quartz. The tag mixes the difference fre-
quency again with the incoming RF signals, and backscatters 2f2 - f1 and 2f1 - f2 

to the reader. The backscattered signal is down conversion mixed with the cen-
tre frequency fLO = (f2 + f1)/2 so that the intermodulation frequencies are mixed 
down to the intermediate frequency fIF = 3fD/2. f2 and f1 are simultaneously 
swept in the opposite direction over a range of ±δf, resulting in an fd sweep of 
±2δf, and a sweep in the backscattered signals of ±3δf. This is referred to as the 
Dual Side Band (DSB) approach, as shown in Figure 28a, and it allows the ad-
dition of both backscattered intermodulation signals (2f2 - f1 and 2f1 - f2) in the 
down conversion. However, this requires fLO to be swept over ±3/2 δ. To main-
tain synchronisation in different frequency domains, with a common 40 MHz 
quartz reference, a minimal step of 7.2 Hz in fIF can be achieved, which corre-
lates to a minimum step of 4.8 Hz in fd. This implies a limitation resolution of 
the sensor tags loaded resonance, translating to limitation of the resolution of 
the sensed parameter. The theory of the resolution is described in detail in Pub-
lication V. 

The frequency synthesiser (ADF4158) can achieve a minimal frequency step 
of 0.6 Hz, while the AD5930 has a minimal increment of 2.4 Hz. Therefore, to 
achieve maximum resolution, one has to devise a frequency mixing scheme, 
where the centre frequency is not swept. Keeping one frequency (f1) constant 
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while sweeping the other (f2), to achieve the same frequency span on the tag 
side, fd and thus f2 must now be swept in the range of ±2δf. Then, the backscat-
tered signal sweeps over the range of ±2δf but in the opposite direction. So, if 
we set fLO = 2f2 - f1 + fIF, and sweep it over ±2δf, then fLO can be kept constant. 
The frequency spectrum of this technique is shown in Figure 28b and for the 
other side band in Figure 28c. This case is referred to as Single Side Band (SSB), 
since only one single side band is used for down conversion and the other, 
sweeping at ±4δf, is neglected. As a result, the received signal is expected to be 
3 dB less than in the DSB scenario. Therefore, an 8 fold increase in resolution 
(0.6 Hz vs 4.8 Hz) is achieved, at the cost of reduced reading range.  
 

 

Figure 28. Frequency spectrum of the signals: a) DSB operation, both sidebands are used for 
maximal reading distance, b) and c) single sideband is used to achieve maximal resolution 
(at the cost of reduced reading distance). The sweeping ranges (horizontal blue arrows) are 
drawn proportional to one another, but are exaggerated in respect to distances. 

3.4.5 Activation and Identification     

The sensor readout mechanism is inherently single channel, which limits the 
practical deployment of the system. Some work has been done to investigate the 
frequency division multiple access (FDMA) of different sensors [94] but it is not 
considered a practical approach for a mass producible system. Instead, the com-
bination of the Zero Power sensor with standardised UHF RFID technology was 
investigated as part of the work of this doctoral thesis. 

The intermodulation is based on the non-linear characteristics of the diode 
element in the sensor. Therefore, to deactivate a particular sensor the diode 
needs to be biased out of its non-linear region of operation. To achieve this, the 
zero power sensor is combined with an NXP G2iL+ UHF RFID tag which in-
cludes a digital output. The output produces a voltage of 1.2 V which is enough 
to forward bias the diode into its linear region of operation. Using the RFID 
combination each sensor can be identified with the 96-bit electronic product 
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code (EPC) address of the RFID tag, and activated/deactivated using the tag’s 
digital output. The combination of the RFID tag with the zero power sensor is 
shown in Figure 29a. The digital output of the G2iL+ is connected across the 
quartz, so that it is allowed to apply a DC bias of 1.2 V to the diode through the 
filtering inductor. For the investigation of the concept a separate receiver an-
tenna was designed for the sensor node and was placed at right angle to the ZPS 
antenna to minimise coupling between them. A circularly polarised transmit an-
tenna was used in combination with a 'Feig Long Range Reader ID 
ISC.LRU1000' RFID reader for reading and writing the G2iL+ tags as shown in 
Figure 29b. Once the sensor is (de)activated, the RFID reader is shut down and 
the Zero Power reader’s transmission illuminates the RFID tag such as to pro-
duce the digital output voltage to (de)activate the sensor node. Further details 
on the integration of UHF RFID with the ZPS is presented in Publication VIII. 
 

 

Figure 29. Activation and identification of Zero Power sensors using passive a G2iL+ UHF RFID 
tag. Showing the combination of the G2iL+ tag with the Zero Power Sensor (a) and the proof 
of concept test setup (b) showing the G2iL+ and ZPS tags with multimeter measurement of 
the digital output, and separate ZPSN and RFID readers. 

3.4.6 Test and Evaluation   

In addition to the externally imposed limitations on transmittable power, and 
with the optimisation of the sensor previously done [94], the remaining limitation 
of the readout range of the reader is the reader noise, based on its self-inter-
modulation. The range relates directly to the different transmission frequencies 
coupled back to the reader and the reader’s IM3 products, a ratio defined as the 
spurious free dynamic range. Or more specifically, according the Eq. (1), the 
range depends on the ratio of Ptx3/PN., where Ptx is the transmit power delivered 
to the antenna (measured at the circulator ANT terminal) and PN is the self-in-
termodulation seen at the demodulator input (measured at the circulator RX 
terminal). The primary cause of the reader self-intermodulation was suspected 
to be the highly non-linear power amplifiers. Therefore, to fully understand 
their influence the system is examined with and without them. In particular, the 
coupling between the two power amplifier outputs through the combiner was 
an aspect of concern, so further investigation was conducted where additional 
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isolation circulators were placed before the combiner, with the signals f1 and f2 
input to their TX terminals, the circulator input connected to their ANT termi-
nals, and the RX terminals terminated with 50 Ω. Therefore, the self-intermod-
ulation evaluation of the reader was conducted under four scenarios, (a) where 
the power amplifiers are removed, (b) with the power amplifiers replaced, (c) 
with the power amplifiers removed and isolation circulators before the com-
biner and (d) with the power amplifiers replaced and isolation circulators before 
the combiner. The reader antenna was replaced with a 50 Ω termination, and 
measurements were taken at three locations in the reader, with reference to Fig-
ure 26 (i) generated signal at the combiner output (circulator TX), (ii) transmit-
ted signal to the antenna (circulator ANT) and (iii) received signal (circulator 
RX).  
 

 

Figure 30. Evaluation of the reader’s self-intermodulation. R&S FSW 8 GHz spectrum analyser 
measurement of the Reader & Power Amps & Isolation Circulators (dBm) measured at the 
transmission circulator RX terminal. Transmission frequencies at 865 and 867 MHz, reader 
3rd order IM at 863 and 869 MHz, 5th order IM response at 861 and 871 MHz. 

The reader’s self-intermodulation was examined with an R&S FWS 8 GHz spec-
trum analyser in the frequency range of 860 - 872 MHz. The results for case (d, 
iii) are illustrated in Figure 30. Here the reader including power amplifiers and 
isolation circulators are used and the power spectrum is measured at the trans-
mission circulator RX terminal with a 50 Ω termination in place of the antenna. 
The transmission frequencies at f1 = 865 MHz and f2 = 867 MHz are coupled 
back into the reader with respective powers of -3.6 and -3.3 dBm. The powers 
at the IM3 frequencies (2f1 - f2 = 863 MHz, and 2f2 - f1 = 869 MHz) are respec-
tively -73.9 and -65.7 dBm. The SFDR is calculated as the average difference 
between the transmission frequency power and the IM3 power seen at the 
reader’s demodulator input, and it’s calculated to be 66.5 dB in this case. The 
Ptx3/PN ratio is calculated between the IM3 products at the receiver and the 
transmit power delivered to the antenna, and is evaluated to be 126 dB, com-
paring Ptx in (d, ii) and PN at the IM3 frequencies in (d, iii). The isolation circu-
lators, form the most significant design improvement in this work. Comparing 
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the Ptx3/PN shows an increase of 24 dB when the isolation circulators are ap-
plied, and a corresponding extension in the read range can be expected as the 
following investigation will show. More details of all measurements taken are 
provided in Publication V. 

The evaluation of the reader performance when interrogating one sensor was 
conducted using the reader hardware as described in Section 3.4.3, and a sensor 
comprising of the 2 MHz crystal oscillator loaded with 1 pF, which is expected 
to pull the resonance frequency of slightly above 2 MHz. Both the SSB and DSB 
frequency sweeping approaches were investigated and both cases were meas-
ured with and without the isolation circulators in place. The tests were con-
ducted in a corridor measuring 2 m width by 2.5 m height, and approximately 
55 m long. The reader configuration was identical for all tests, including the ra-
dio cables and antenna. For the noise measurements, the transmission circula-
tor was terminated with 50 Ω in place of the antenna, to eliminate external dis-
turbances in the noise measurements. 
 

 

Figure 31. Evaluation results of the signal to noise ratio in dB, for both the (a) SSB  and (b) DSB 
readers, with (red) and without (blue) isolation circulators included after the power amplifiers 
and before the combiner in Fig. 27. Measured data points are shown along with trend lines. 

The measurements, presented in Figure 31, were taken by analysing the base-
band I and Q signals output from the receiver. The noise seen on the I and Q 
outputs includes both the thermal noise of the baseband and the more dominant 
reader self-intermodulation. The SNR was calculated as the ratio between the 
modules of the peak to peak I and Q signals divided by the module of the peak 
to peak noise on I and Q channels, and converted to dB. The SNR with the SSB 
reader configuration, is shown in red; dotted for the case without isolation and 
solid including isolation. It is clear from this data that the isolation technique 
applied increases the SNR and extends the maximum readout range from 10 m 
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to 13 m. The DSB reader configuration is shown in blue, where again the dotted 
plot corresponds to non-isolation, and the solid plot includes isolation enhance-
ment.  Again, from this data we can clearly see that the isolation enhancement 
increases the SNR and extends the range to 15 m, the longest readout range re-
ported for the Zero Power Sensor system. Further analysis of the SNR and range 
results is included in Publication V. 

The enhancement of the reader’s resolution was evaluated by comparing the 
SSB and DSB frequency sweeping approaches as described in Section 3.4.4. The 
experiment was conducted under the same conditions as the SNR evaluation 
above, with the same sensor and a readout distance of 5 m. The results, shown 
in Figure 32 represent the I and Q channel measurements, representing the 
backscattered and demodulated IM3 signal from the sensor, digitised in the 
reader’s microcontroller ADC. The modulus signal is calculated as ( + ). 
One single I and Q measurement is taken for each frequency step in the sweep. 
The DSB measurements, shown on the left, are taken with the minimum achiev-
able frequency step of 4.8 Hz. The limitation of the resolution is clearly ob-
served, as the resonance peak is not well resolved in either the I, Q or modulus 
signals. The SSB measurements shown on the right are also taken with the min-
imum achievable frequency step, 0.6 Hz in this case. Here the resonance peak 
is very well represented in the data, and even the high frequency noise can be 
resolved. While the quality factor of the sensor used in this test is low enough to 
be resolved by the DSB technique, it is clear that the peak resonance frequency 
can only be resolved with an accuracy of +/- 4.8 Hz. In the SSB approach it can 
be resolved with +/- 0.6 Hz. These can be mapped to a minimums capacitance 
resolution of 22 fF in the DSB case and 3 fF is the SSB case, for the measurement 
of a 1 pF sensor element. Applying a least squares polynomial curve fitting can 
further enhance the resolution to +/- 1 Hz in the DSB case, and +/- 0.2 Hz in 
the SSB case. 
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Figure 32. Evaluation of the reader frequency step resolution comparing (a) the DSB method with 
a minimum difference frequency step of 4.8 Hz and (b) the SSB method with a minimum 
frequency step of 0.6 Hz. Close-up plots of the module resonance peak, with sample points 
marked, is given for DSB (c) and SSB (d). 

 
The activation principle introduced in Section 3.4.5 was tested first by ap-

plying a DC bias to the diode using a benchtop DC power supply. The voltage 
was connected across the quartz using carefully arranged thin wires to avoid 
interfering with the radio signal.  A sensor was placed at 2 m distance, and its 
intermodulation response was examined as the DC bias was increased from 0 V 
to 1 V in steps of 200 mV. The results illustrated in Figure 33a represent the I 
channel response. The resonance peak is clearly seen with no DC bias, and as 
the bias increases to 600 mV the response begins to reduce. At 1 V bias the sen-
sor response is indistinguishable from the noise of the receiver. The proof of 
concept of the method of combining RFID and the zero power sensor was car-
ried out using the setup illustrated in Figure 29b. The UHF RFID tag was placed 
orthogonal to the zero power sensor tag to minimise the coupling between them. 
The zero power reader and UHF RFID reader systems were kept separate, and 
placed a distance of 2 m from the sensor, with 1 m between their antennas. Both 
readers use circularly polarised antennas, so that they can each can couple to 
both tags.  The RFID tag writing is performed first to record the address of RFID 
tags present and (de)activate the G2iL+ digital output, the state of which was 
monitored using a portable multimeter, as shown in Figure 29b. After the RFID 
activation was carried out the Zero Power reader was activated and began scan-
ning for intermodulating sensor nodes. The power sent from the Zero Power 
reader was found to be sufficient to energize the RFID tag such as to bias the 
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senor tags diode to 1.2 V at 2 m range. Figure 33b shows the resonance response 
on the I channel when the tag is both activated and deactivated. The observed 
amplitude of the I channel response reduces from 180 mV to 35 mV, giving ap-
proximately five times less signal in the deactivated state, considered sufficient 
to differentiate active and inactive sensors. 
 

 

Figure 33. Results of the activation of zero power sensor using passive UHF RFID. (a) the I chan-
nel intermodulation response with reader antenna at 1 m distance, for a frequency sweep of 
2 MHz ± 250 Hz, with a bias voltage applied from a DC source and incremented from 0 V to 
1 V in steps of 200 mV. For clarity the responses are offset in steps of 100 mV, (b) ZPS I 
channel intermodulation response, frequency sweep of 2 MHz ± 250 Hz, with (red) and with-
out (blue) a bias voltage of 1.2 V applied from the G2iL+ digital output, as shown in figure 2. 
Reader placed at a distance of 2 m. 

3.4.7 Summary   

The work of this thesis has developed an integrated device for the readout of 
fully passive wireless sensors.  The reader was designed based on the ad-hoc 
assembled reader in the previous works, integrated in a custom designed sys-
tem. The reader was evaluated in terms of its two primary limitations; readout 
range and sensor readout resolution. Power optimisation was considered, as re-
lated directly to the maximum readout range of the system. The reader self-in-
termodulation noise was highlighted as the key optimisation parameter. It was 
reduced by applying circulator isolations between the two synthesised fre-
quency outputs, and a maximum readout range of 16 m was achieved, repre-
senting a significant increase on the previous work. A technique for improving 
the sensor resolution was applied using a modified frequency sweeping tech-
nique which allowed a 12x increase in the frequency step resolution and there-
fore the sensor resolution. In addition, a concept for the combination of UHF 
RFID with the zero power sensor was developed and verified as a feasible 
method of activating and deactivating, and identifying zero power sensors. The 
work presented in this thesis represents significant steps forward towards the 
practical deployment of the zero power sensing technique in IoT applications.
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Conclusion

 
As IoT sensing devices become more prevalent in our world, the needs and 

challenges of powering them and communicating with them will continue to in-
crease. Power autonomy and wireless communications have been highlighted in 
this work as two key requirements to enable the widespread deployment of IoT 
sensing devices. The work of this thesis has contributed four novel independent 
and mutually exclusive sensor systems, each interfaced wirelessly and each 
providing power autonomy. The power solutions presented here cover the pri-
mary options available in the context of IoT sensing devices; battery powered, 
energy harvester powered, wirelessly powered, and powered by far field electro-
magnetic radiation. This work developed radio communications in three of the 
most commonly used ISM frequency bands; 433 MHz, 868 MHz and 2.45 GHz. 
These bands include the frequency space where the vast majority of IoT devices 
operate, including UHF RFID, Bluetooth, Wi-Fi, ZigBee, Sigfox, LoRa and NB-
IoT. Additionally, the work developed wireless power transfer at 8.5 MHz.    

A swallowable capsule device, using an electronic tongue sensor, was devel-
oped for electrochemical measurements of the gastrointestinal fluids for disease 
diagnosis. The swallowable capsule device utilises a high energy density lithium 
battery to store enough energy for the maximum measurement lifetime of the 
device, 72 hours as defined by the maximum transit time of the human gastro-
intestinal tract. As the capsule is considered disposable, is it proposed to be fully 
power autonomous in that no energy related intervention is required during its 
entire measurement lifetime. Wireless communication is here considered es-
sential to acquire the measured signal from inside the human body. It was ena-
bled in this device using 433 MHz transceiver system with an electrically small 
loop antenna inside the capsule and a dipole antenna on the external receiver 
module. The electrochemical E-tongue sensor developed in this work continues 
to be exploited for applications in food quality monitoring. The swallowable cap-
sule device is currently being valorised through a research project in online bio-
reactor process monitoring. 

A valve leakage detection system, using a MEMS based acoustic emission sen-
sor, for online monitoring of petrochemical valve deterioration was developed 
in this work. The system presented a particular challenge in the monitoring of 
valve deterioration leading to leakage. As this occurs on the time scales of 
months and years, measurements need only be taken at long intervals, in the 
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order of one day. Power autonomy was desired for continuous and indefinite 
operation in both the sensor nodes and for the reader gateway. To achieve power 
autonomy, the design integrated an ultra-low power wake-up radio which al-
lowed the sensor nodes to be put in a very low power sleep mode and asynchro-
nously interrogated on demand by the reader. Energy autonomy was achieved 
in the sensor nodes by applying a thermal energy harvester to exploit the tem-
perature difference between the valves petrochemical payload and the ambient 
environment. In the reader gateway energy autonomy was achieved using an 
industrial current loop energy harvester. Wireless communication is here con-
sidered essential as a dangerous industrial environment is incompatible with 
retrofitted wired cables. The wake-up radio was implemented using a low fre-
quency signal modulated on a 2.45 GHz carrier and active data communication 
was implemented at 2.45 GHz. Quarter wave monopole antennas were used on 
both the sensor node and receiver gateway. The valve leakage detection system 
was deployed and piloted at Metso Flow Control Oy. The acoustic emission sen-
sor continues to be exploited in other online condition monitoring measure-
ments and the ultra-low power wake-up radio is available for exploitation in a 
wide range of applications. 

A wirelessly powered soft robotic caterpillar was developed in this work. The 
device applied resonant inductive coupling, and a frequency sweeping tech-
nique to transfer power to multiple shape memory alloy actuators tuned at dif-
ferent resonant frequencies. The robotic caterpillar itself is fully passive and all 
power is delivered wirelessly from a transmitter coil. Control of the robots 
movement is achieved by applying two separate receiver coils on the robot, 
tuned at different resonant frequencies and transmitting power either by fre-
quency sweeping or by sending power pulses at differing frequencies. The ro-
botic caterpillar manifested was purely an actuator device, however it may be 
considered a sensor platform where sensor elements can be added and config-
ured to exploit the inductively coupled energy for sensing and communication 
functions. The soft robotic caterpillar continues to advance, and now includes, 
for example, a more complex device for climbing.  Further development in the 
work of this thesis may include the investigation of far field power transfer, and 
the expansion of the number of receiver-actuators to enable more complex 
movements of the caterpillar. 

Finally, the work of this thesis has contributed towards the development of the 
zero power sensing system. In this case, power autonomy is enabled by utilising 
fully passive sensor nodes which receive and reflect all the needed energy for 
sensing from the reader device. The sensor utilised third order intermodulation 
to down convert radio signals, and a loaded high-Q resonator for the sensing 
technique. Therefore, radio powering and communication is integrated in the 
same incident signal at UHF frequencies (868 MHz). This work focused on the 
development of a reader device, its evaluation and optimisation to enhance the 
readout range and sensing resolution of the passive sensors. In addition, this 
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work tackles the inherent single channel nature of the zero power system by in-
tegrating the sensor with UHF RFID for activation and identification of sensor 
nodes. The zero power sensor system continues to be exploited in a wide range 
of applications including temperature, pressure, inclination and acceleration 
monitoring. Further developments can include deeper integration of the reader 
device and fusion of RFID technology with the sensor tag. 

This thesis highlights that there is no universal solution for achieving power 
autonomous wireless sensors. Instead, a system level approach is required and 
this has been the approach taken in each of the described cases. As emphasized 
in the thesis, the radio and powering methodologies are integral in the complex 
development of power autonomous wireless sensors. This can be observed most 
clearly in the valve leakage detection system, where the ultra-low power wake-
up radio is the core technology enabling power autonomy, or the zero power 
passive sensor where the radio waves provide energy for the sensing, and carry 
the sensor measurement. In the case of the robotic caterpillar, the radio waves 
carry the power from the transmitter to the device.  On the other hand, in the 
battery powered capsule, the radio system is purely a draw on the energy supply, 
but nonetheless essential for communication of the measured data. In all of the 
systems developed in this work, the radio communication technology is empha-
sized as one of the most significant system level considerations in the quest for 
power autonomy.   

This work has explored the challenge of power autonomy in the context of 
wireless sensing IoT devices. Examining four independent cases, this work has 
illustrated that a holistic system level approach to power autonomy is required. 
This work has exploited four of the most practical powering mechanisms avail-
able to IoT system developers; battery power, energy harvesting, wirelessly 
powered, and by far field radio backscattering. The work has exploited commu-
nication systems at 433 MHz, 868 MHz and 2.45 GHz, and investigated ultra-
low power wake-up radio and a passive back scattering sensor based on third 
order intermodulation. This thesis has presented four very different approaches 
to the delivery a measurement system that can perform fully its required func-
tions without power related intervention by the user. The impact of this work as 
a whole is to provide a number of solutions that enhance the feasibility of the 
deployment of IoT sensors for indefinite operation without energy related inter-
vention from the user. This is a key advancement towards the wide adoption of 
IoT sensors in our world
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