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An Abstract of the Thesis of

Sandy Hassan Saab for Master of Engineering
Major: Electrical and Computer Engineering

Title: Efficient RF Wake-Up and Charging of IoT Devices Using Ambient Wi-Fi
Signals

The internet of things (IoT) is based on the deployment of a wide range of
sensor devices in various use cases that include smart cities, autonomous cars,
mobile health, and agricultural and environmental monitoring. Sensor devices
are usually battery operated and can be located in hard-to-reach areas, which
limits the ability to charge or replace their batteries. The main aim of this thesis
is to design, implement and evaluate an effective solution for harvesting energy
from Wi-Fi routers by converting ambient RF signals into DC output that can
be used to wake up the sensor device from a deep sleep mode or to charge its
battery.

The proposed solution includes two main components: (i) a rectifier circuit to
harvest RF energy, with design options based on both passive and active compo-
nents; (ii) an algorithm to control the data transmission from the Wi-Fi router
in order to generate a signal profile that is suitable for achieving high efficiency
in the rectifier circuit. Extensive experimental testing is performed in order to
analyze the performance trade-offs as a function of various system parameters in-
cluding the separation distance between the Wi-Fi router and the sensor device.
In addition, we optimize the performance of the proposed algorithm to minimize
the effect on other users streaming content from the same Wi-Fi router. We also
perform experiments to demonstrate the positive effect of interference from mul-
tiple Wi-Fi routers located in the vicinity of the sensor device. Finally, we present
a case study on smart farming to demonstrate the functionality and effectiveness
of our designed solution in waking up and recharging a sensor that is deployed in
a field, including experiments to quantify the impact of losses due to deploying
the sensor under ground level at various depths.
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Chapter 1

Introduction

With the recent advancements in wireless communications, it is expected that 50
billion devices will be connected worldwide by 2020 [1]. The Internet of Things
(IoT) is the key to this evolution since it allows both Machine to Machine(M2M)
and Machine to Person (M2P) connectivity [1]. Mainly, IoT is defined as a smart
network with a large number of inter-connected things or objects, such as sensors,
mobile handsets, actuators, etc. These smart devices provide intelligent everyday
services such as e-health, automated control, energy management (smart city and
smart grid), logistics, security control, safety management and smart agriculture.

In wireless environments, transmission and reception costs could drain system
power and this problem motivates research efforts to find practical and efficient so-
lutions to reduce power consumption. Mainly, Wireless Sensor Networks (WSN)
are powered by batteries and this restricts the sensors’ performance because of
the batteries limited energy storage capability. Although battery replacement
provides an intermediate solution to energy shortage, frequent replacement of
batteries can be costly and cumbersome which creates a serious performance
bottleneck in providing stable communication services. Therefore, extending the
lifetime of IoT devices becomes crucial for the recognition of the IoT vision [2].

A promising approach to extend the lifetime of wireless communication net-
works is to equip IoT devices with wireless energy harvesting (WEH) technology
to scavenge energy from external sources. Solar, wind, tidal, biomass, photo-
voltaic, kinetic and geothermal are the major renewable energy sources for har-
vesting [3, 4]. Yet, these conventional natural energy sources are usually climate
and location dependent which limits the mobility of the IoT devices. Among the
WEH techniques, RF energy harvesting has recently emerged as a practical and
effective solution to maintain energy efficiency and perpetual communication in
self-sustainable IoT networks[5, 6]. With this technology, IoT devices are enabled
to scavenge energy from RF signals broadcasted by ambient sources to support
their operation.

The work in this thesis focuses on expanding the potential of RF energy
harvesting to efficiently wake-up and charge IoT devices. The goal of this work
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is to collect ambient Wi-Fi signals and convert them into DC power and supply
small electrical and portable devices with charging capabilities. Hence, RF energy
harvesting results in creating self-sustainable wireless devices.

Fig. 1.1 shows the adopted system model of ambient RF energy harvesting
where commercial Wi-Fi routers are used to deliver energy to IoT devices. In
the proposed system, the IoT device is equipped with a Wake-up Radio (WuR)
circuit that can harvest energy from RF signals and use this energy to activate
the device. In order to improve the energy efficiency of the device, the power
consumption of this circuit is designed to be extremely low. An IoT device that
employs the wake-up concept is called an RF wake-up device and an IoT device
that employs the charging concept is an RF powered device.

In an RF energy harvesting system, the rectenna which is a combination of the
rectifier and the antenna is the most important element. Fig. 1.2 presents an RF
energy harvesting circuit that is composed of an antenna, a rectifier that converts
RF power into DC voltage, and a power management circuit. The antenna is the
front end of the receiver and it captures the signals and feeds them to an efficient
rectifying circuit.The harvested energy is then rectified and converted to DC
power. The recovered DC power, either wakes up a low powered device directly,
or charges a capacitor or a battery. The adopted technique is the key behind

Figure 1.1: System model.
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Figure 1.2: RF energy harvesting circuit.

wireless charging or wireless power transfer from RF energy. It also constitutes
a great advantage for any distant or mobile devices.

Furthermore, Wi-Fi transmissions are based on the alternation between con-
tinuous and silent transmission periods. This is a main impediment that limits
the rectenna circuit’s performance since the antenna would not capture a contin-
uous and steady signal.

Therefore, the work in this thesis focuses on the design, implementation and
optimization of a novel software based approach that allows Wi-Fi signals from
any commercial access points (AP) to power IoT devices. This new approach
eliminates the silent periods’ restrictions by increasing the channel occupancy to
achieve continuous transmission that leads to efficient rectification. Therefore,
it provides a novel and effective tool for wireless charging from ambient Wi-Fi
signals.

The work in this thesis also introduces two different power management units.
Each design is integrated with the rectenna system and is optimized for a given
set of parameters. Comparative analysis under realistic case studies highlights the
enhancements and the different use cases of each designed circuit. This work is
then extended to an agriculture use case where extensive collected measurements
demonstrate the effectiveness and practicality of our system in facilitating efficient
wake-up in underground wireless sensor networks. Moreover, for the case of
remote sensing, a drone is used to successfully wake-up sensor devices.

This thesis is composed of seven chapters that are divided as follows: Chapter
II carries out a survey on wake-up radio and RF energy harvesting systems. It
serves as a general description of the techniques that are presented in the lit-
erature. Chapter III introduces ambient RF energy harvesting along with its
challenges. It also presents a novel software defined algorithm that will enable
energy harvesting of Wi-Fi signals. Chapter IV highlights the positive effect of
interference on RF energy harvesting. Chapter V discusses the trade-offs between
the different designed power management units. In Chapter VI, indoor experi-
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ments are conducted to verify the capability of waking up environmental sensors
in lossless media. Also, in this chapter a case study that focuses on the ability
to wake-up wireless underground sensor networks is introduced. Finally, Chapter
VII ends with a conclusion that summarizes the main results of the thesis and
highlights future research directions.
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Chapter 2

Literature Review

The objective of this literature survey is to give a general overview about some
important concepts related to the thesis work. It serves as a general description
of the system models and techniques that are presented in the literature.

We start by giving a general overview about WuR. Then a detailed description
related to work done on wake-up receivers (WuRx) and RF energy harvesting.

2.1 Wake-Up Radio

Traditionally, the introduction of low-power radios and duty-cycling Medium Ac-
cess Protocols (MAC) served as an initial solution for the power limitation issue
[2]. In duty-cycling, the nodes are woken up periodically only to transmit or
receive data. However, the duty-cycling MAC cant extend the lifetime of a sen-
sor node because the consumption of low-power wireless radios is more or less
the same when listening for transmissions and when transmitting. For example,
the CC2420 radio model can consume 21.8mA in listening mode and 19.5mA
in transmission mode [7]. Consequently, if this radio is always on either listen-
ing or transmitting, its power will deplete in almost a week. During the sleep
intervals, data latency becomes a serious problem because new information can
only be transmitted when the node is awake. Duty-cycling also introduces time
synchronization overhead to ensure that transmitters send only when the node
receivers wake up. According to [7], researchers have developed many new MAC
protocols to solve the problems accompanying duty-cycling. However, these pro-
tocols remain unsuitable for delay sensitive and event driven applications as well
as extending the lifetime duration of a sensor node.

Consequently, idle-listening was proposed wherein the main receiver is switched
off. The main radio transceiver is connected to a WuRx that can detect a possible
incoming transmission. Once a wake-up signal (WuS) or an interrupt is received
by the WuRx, the main radio switches on and conducts the necessary compu-
tations [2]. Fig. 2.1 presents a WuR transceiver integrated with a traditional

5



Wake-Up Radio 
Transceiver

Main Radio 
Transceiver

Interrupt

Main
MCU

Sensor

Wake-Up Signal

Main Tx Signal

O
N

/O
FF

Figure 2.1: Complete node with Wake-up Radio.

sensor node consisting of the main radio transceiver, a microcontroller and a sen-
sor. The WuR is considered a promising solution and it is increasingly deployed
as part of WSN. WuRs are expected to illuminate the problems of latency and
asynchronous transmission.

Since WuRs consume few micro watts, they are always on while the sensor
is always sleeping. Thus, WuR reduces energy wastage since the main radio is
on when there is a need to transmit only. Furthermore, in order for a WuR to
function efficiently in a multi-user environment, it should wake-up with minimum
latency especially in applications evolving health-care. WuRx must maintain low
power consumption, even in active mode, as well as a good balance between power
used and power saved [8].

Of course, false wake-up and interference will result in significant energy waste,
so addressing methods and decoding techniques are conducted to trigger only the
intended nodes when a WuS is received. Furthermore, an enhanced processing
capability will help filter out the noise and interference to avoid erroneous wake-
up.

2.2 Wake-Up Receivers and RF Energy Har-

vesting

According to [9], energy efficiency is significantly improved by recycling the ambi-
ent RF signals that are broadcasted from different sources such as base stations,
radio/television stations, hand-held radio, access points and mobile phones. Basi-
cally, extracting energy from available RF signals maintains permanent conserva-
tion and battery-free implementation of IoT devices. Moreover, since the wireless
energy is transferred with the same RF signals that deliver information, energy
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harvesting becomes an appropriate possible solution that can power IoT devices
[10, 11, 12, 13]. Recently, simultaneous wireless information and power trans-
fer (SWIPT) has drawn considerable attention among researchers and has been
strongly investigated [14].The emerging self-sustainable communications with RF
energy harvesting has found its applications in low-power wireless systems, such
as RFID systems [15, 16], wireless renewable sensor networks [17], body area net-
works [18, 14], and backscatter communication systems [19, 20, 21]. Additionally,
RF-powered communications have a profound impact on the development of IoT
[22] and machine-to-machine communications [23]. The readers referred to the
recent survey in [24] for detailed overview of existing applications of RF-powered
communications and envisioned future applications. For instance, in [25], a pas-
sive WuRx design operating at a frequency of 433 MHz is presented. The latter
WuRx is powered through radio signals which trigger a wake-up interrupt when
enough energy is harvested and stored. The authors design a WuRx that consists
of zero-bias Schottky diodes acting as both a voltage multiplier and a radio trigger
circuit. This WuRx also includes the addressing capability embodied in the WuS
at different frequencies to activate only specific nodes, and it could reach a max
distance of around 3m. The power consumption of this WuRx while harvesting
energy from the transmitted signals is only 145µW. The designed system was
simulated and evaluated on SPICE [26]. Moreover, in [27], another WuRx oper-
ating at 900MHz consisting of a passive CMOS chip and an RF front end. The
RF block consists of a rectifying circuit and a voltage multiplier and power man-
agement unit. The authors designed a 4-stage voltage multiplier using Schottky
diodes. The power consumption of this WuRx is 2.64µW. Also, [28], presented a
passive 868MHz WuRx front end that harvests energy from RF signals. Here the
RF radio blocks consist of an antenna, a matching network and a voltage multi-
plier. An RF-to-DC converter is used to convert the RF signal to a DC voltage
that powers the sensor system. Donno et al. [29], designed a passive WuRx pro-
totype using 868 MHz Ultra High Frequency (UHF) RFID tags and RFID energy
harvesters to for achieving lengthy distances. Authors also developed a wake-up
strategy called Enhanced Write Wake Up (E-WWU). The latter supports both
broadcast communication and node addressing achieving maximum distance of
22m with transmission power of 30dBm. The WuRx side consumes 54µW when
receiving the WuS.

Recent efforts focused on further increasing the power delivery efficiency.
Thus, various prototypes have been proposed for RF energy harvesting. For
example, [30] shows that an output DC voltage of 224 mV and an RF-to-DC
conversion efficiency of 40% can be reached with the designed dual-band RF
energy harvester for GSM-1800 and UMTS-2100 bands. Also in [31], ambient
RF energy harvesting is tested on a novel six-band dual circular polarization
(CP) rectenna. A public square is chosen to evaluate the rectenna as an outdoor
ambient environment. The square is not in the line of sight of any high-power
RF sources such as mobile base stations. The received ambient signal levels as
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a function of frequency. For cellular mobile bands, the signal level in outdoor
measurement is between −35 dBm to −25 dBm. Due to the limits of the Wi-Fi
router distribution, the received Wi-Fi signals are only available at low levels
around −37 dBm at the indoor environment. This rectennas overall measured
conversion efficiency is up to 26% for the for a wide range of load between 10
and 75 kΩ. A dual band harvester is introduced in [32] for GSM 900 MHz and
1800 MHz bands. The efficiency of the proposed prototype is 40.8% and 20% at
1834 MHz and 890 MHz, respectively with an incident power of -20 dBm. The
trial test shows that an excess of 0.5 V can be harvested from the environment
without a source nearby. In [33] a triple-band harvester is proposed for ambient
RF energy harvesting. The circuit operates at three frequency bands: GSM 1800,
UMTS 2100 and LTE 2600, and can lead to a high RF-to-DC conversion efficiency
that reaches 35% with an input power of -20dBm. From the voltage reading of
0.381 V and load RL of 5.6kΩ, the equivalent harvested power is approximately
25µW. The authors in [34] propose a broadband harvester that collects ambient
RF energy over six frequency bands at the same time.

Although many of the WuR solutions proposed for WSN operate at cellu-
lar frequencies, the use of Wi-Fi solutions in wake-up and harvesting designs is
gaining more attraction recently for the following key reasons:

• Wi-Fi is ubiquitous in indoor environments and operates in the ISM band
where transmissions can be modified to deliver power. Utilizing Wi-Fi
networks for power delivery and wake-up can ease the deployment of RF-
powered devices without additional infrastructure.

• Given Wi-Fi’s economies of scale, Wi-Fi chipsets provide a cheap platform
for sending signals that can enable efficient power delivery [35].

• Sensors and mobile devices are increasingly equipped with antennas for
communication via Wi-Fi, Bluetooth or ZigBee. We can, in principle, use
the same antenna for both communication and Wi-Fi power harvesting with
a negligible footprint on the size of the device [36].

Recently, researchers have explored the feasibility of harvesting RF power in
the Wi-Fi 2.4 GHz bands [37, 38, 39, 40, 41]. However, these research efforts
focus more on harvesting from continuous wave transmissions than from actual
commercial Wi-Fi routers. Nonetheless, the transmission characteristics of the
Wi-Fi traffic which is an alternation between continuous transmission and silent
periods is the key reason that constrains the rectifier circuit and limits its rectifi-
cation efficiency. In [38, 41], the authors design a rectifier that outputs a voltage
of 100 mV from continuous transmissions at specific frequency tones. The work in
[40] proposes a rectenna patch design at 2.4 GHz for battery charging purposes.
The proposed design is evaluated with continuous transmissions in a specific ane-
choic chamber. A new group of RF energy harvesters, called waveform aware
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harvesters is proposed in [42], where the impact of the bursty nature of Wi-Fi
traffic on the efficiency of the rectifier is analyzed and studied. These rectifiers are
optimized for their performance with non-continuous wave transmissions which
constitutes a significant improvement in ambient energy harvesting. The work
in [42] presents an initial proof-of-concept demonstration of a waveform aware
harvester optimized for harvesting energy at 2.4 GHz from Wi-Fi (802.11b/g)
signals with a realistic traffic model. It also provides an optimized recovery of
harvested energy from single 802.11b/g transmission bursts on the order of 1 ms
in duration.

In [39], the key challenges faced in harvesting from an actual Wi-Fi router
are highlighted. There is a fundamental mismatch between the requirements
for power delivery and the Wi-Fi protocol. The silent periods present during
Wi-Fi transmissions limit the ability of the harvester in meeting a minimum
voltage. Therefore, power over Wi-Fi (PoWi-Fi) is introduced as a solution for
the imbalance between the demands of power delivery and the Wi-Fi protocol[39].
At a high level, a router running PoWi-Fi imitates a continuous transmission
while minimizing the impact on Wi-Fi performance. Basically, PoWi-Fi injects
UDP packets on multiple channels on the MAC layer achieving continuity but
limits the users in the network and adds complexity and payload overhead to these
users. According to [39], a PoWi-Fi router utilizes three Atheros AR9580 chipsets
that independently run an algorithm on channels 1, 6 and 11. Each chipset is
connected to a 6dBi Wi-Fi antenna through amplifiers. The designed prototype
router provides both internet access associated clients and with a transmit power
of 30dBm. However, the Atheros chipsets integrated with the antennas modify
the router’s topology and hardware.
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Chapter 3

RF Energy Harvesting from
Ambient Wi-Fi Signals

3.1 System Model and Definitions

In this chapter, the system for ambient RF energy harvesting is presented. The
system consists of a front end circuit that can harvest energy from RF signals
and use this energy to activate a compact device. The power consumption of the
harvesting circuit must be extremely low in order not to affect the energy effi-
ciency of the device it is powering. An RF energy harvesting system is composed
mainly of a rectenna system that is cascaded with a power management unit. The
antenna receives the ambient RF energy and this harvested energy is rectified,
filtered and stored in a specific rechargeable battery or a super capacitor. After a
given time, this storage component can supply large enough power levels that are
needed to operate the IoT device. In addition, the needed energy can be reduced
by implementing a wake-up protocol. In this case, the harvested energy is not
stored, but rather directly used to trigger the IoT device from the sleep mode to
the active mode where it uses its original battery. A diagram of an RF wake-up
device is presented in Fig. 3.1. A comparator connected to an active power source
is used in the RF wake-up circuit to step the low voltage at the output of the
rectifier to a higher level capable of triggering the main microcontroller of the IoT
device and switch it to the active state. Fig. 3.2 shows an RF powered device
where a DC-DC converter is used along with an energy storage unit to collect
sufficient amount of energy to power the microcontroller and other components
of the circuit.

3.2 Challenges of Harvesting Wi-Fi Signals

Fundamentally, the majority of the proposed work in the literature focus on
harvesting from dedicated point-to-point transmissions at 2.4 GHz. Such focus
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Figure 3.1: Block diagram of an RF wake-up device.
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Figure 3.2: Block diagrams of an RF powered device.

on dedicated transmitters can dismiss the challenges that typically accompany
energy harvesting from real ambient sources. Therefore, in order to spot the
difference between ambient and dedicated transmissions, we placed a 2.4 GHz
rectifier circuit 50 cm from an RF signal generator for the dedicated transmission,
and later from a commercial router for ambient transmission. We measure the
output DC voltage for the two considered scenarios. An output voltage of 0.398 V
was collected from the dedicated transmission, while only 22 mV resulted when
harvesting ambient Wi-Fi signals.

Basically, the power leaks during silent periods and significantly limits the
Wi-Fi’s ability to meet the minimum voltage requirement of the considered ap-
plication. Fig. 3.3 illustrates the router’s performance and its burst signals. The
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Figure 3.3: Router’s normal activity.

nature of the Wi-Fi’s signals are inherent to a distributed medium access protocol
that is based on the alternation between continuous and silent transmission pe-
riods [35]. Therefore, obtaining a signal that could be rectified from commercial
routers to wake up and recharge sensors efficiently, is the main motivation behind
this work.

In oder to quantify the difference between ambient and dedicated transmis-
sions, we utilized an antenna that harvests the ambient electromagnetic energy
and a rectifier that converts this signal to DC. The rectifier circuit is designed on
a Rogers 3202 substrate with a thickness of 0.508 mm and dielectric constant of
3.02. The rectifier’s dimensions are 32.21 mm x 17.54 mm. A commercial TL-
WR541G 54 Mbps Extended Range router is used [43] to transmit RF signals
to the rectifier circuit. The router’s antenna is omni-directional and has a gain
of 3 dBi [43]. In order to gain control over the power transmitted, bandwidth,
and channels of the router, the DD-WRT software is used [44]. DD-WRT is a
Linux-based open source firmware that facilitates the manipulation of the router’s
parameters and specifications. The router offers transmit powers that range from
0 dBm to 17 dBm. It covers the first 11 Wi-Fi channels (2.412−2.462 GHz). The
bandwidth can be set to either 5, 10, 20 or 40 MHz. We then run an experiment
where a rectifier that operates at 2.4 GHz is positioned 50 cm away from an RF
signal generator. The signal generator is connected to an appropriate antenna
that ensures dedicated continuous transmission. Later on, the same circuit is
placed 50 cm away from a commercial Wi-Fi TL-WR541G router for ambient
transmission. The output DC voltage is measured in both scenarios. An output
voltage at a load of 1kΩ is 398 mV from the dedicated transmission, while only
22 mV are captured when harvesting from commercial ambient Wi-Fi signals.

12



3.3 Software Based Router Data Transmission

In this section, we explain the novelty of the proposed software-based algorithm
for energy harvesting using Wi-Fi data transmission, and we highlight the effec-
tiveness of this design.

As shown in Fig. 3.3, the router sends intermittent signals which make har-
vesting very difficult. Basically, we can notice from Fig. 3.3 that when there are
packets sent over the network, a peak is observed. Therefore, to achieve a contin-
uous peak, additional traffic should be introduced. As a result, artificial packets
can be built and sent over the network to enforce high Wi-Fi channel occupancy.
These artificial packets are built using Colasoft Packet Builder [45]. The benefit
of employing such a technique is based on the fact that no additional external
hardware or component is needed, in addition to the fact that such technique can
be applied to existing commercial routers. At a high level, the designed system
injects Ethernet II broadcast packets [46] with the highest Wi-Fi rate to deliver
power on the designed Wi-Fi channel. The Colasoft software helps in customiz-
ing the packets sent as desired. The injected packets contain only the source
address, the destination address, the length/type field and the frame check se-
quence (FCS). The source address is the laptop that has the Colasoft software
installed.

The antenna captures all the signals because all the router transmissions, ei-
ther data or dummy packets, are more or less the same. As a result, through
the packet injection technique, the rectifier is able to identify an almost contin-
uous Wi-Fi signal. Such identification enables the harvester to operate at full
efficiency since virtually the problem of non-continuity and intermittent nature
of the Wi-Fi signal is solved. Fig. 3.4 presents the router’s normal activity and
the router’s activity when the proposed packet injection algorithm is applied.
The algorithm targets the physical layer messages. Hence, the router continues
its natural performance while harvesting energy. When the algorithm is running,
the average packet rate increases as shown in Fig. 3.4. In these results, the packet
size chosen is 1000B.

3.3.1 Ambient Vs. Dedicated Transmission

In this section, we compare the dedicated transmission scenario with the scenario
when the proposed packet injection algorithm is implemented on a commercial
router. Fig. 3.5 illustrates the ambient RF energy harvesting setup. The router
is placed at a distance of 50 cm (far field region) facing the receiving rectenna
system. At this distance the power received varies between −23 and −5 dBm
after transmitting at a power level between 0 and 17 dBm. For the dedicated RF
energy harvesting setup and in order to mimic the ambient setup, the monopole
is detached from the router and connected to a dedicated RF source for the same
distance and power transmitted. From each experiment, the voltage results are
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Figure 3.4: Router’s packet rate with and without packet injection.

Figure 3.5: Ambient harvesting setup.

extracted at a load of 1 KΩ, at channel 3 (2.422 GHz). The efficiency is then
calculated and plotted in Fig. 3.7. This figure shows an agreement between the
efficiency results of harvesting from a dedicated RF source and from an ambient
source. The harvester is now able to rectify signals that are arising from an
ambient wireless router with a very similar efficiency to the dedicated signals
scenario. The resulting efficiency values are also very close to the ideal scenario
shown in Fig. 3.8 where voltage results are extracted by directly connecting the
rectifier to the RF signal generator.

14



Figure 3.6: Dedicated harvesting setup.
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Figure 3.7: Efficiency comparison between dedicated and ambient scenarios.
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Figure 3.8: Efficiency results for the rectifier with proposed matching technique.
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3.3.2 Efficiency Response With Respect To Wi-Fi Chan-
nels

The tapering technique implemented in the rectifier circuit forces it to have a
smooth almost flat efficiency response across all Wi-Fi channels. The setup pre-
sented in Fig. 3.5 is repeated while sweeping the frequency from channel 1 to
channel 11. For a transmitted power set to 10, 12, and 17 dBm at a distance of
50 cm, the expected received power levels are -12, -10, and -5 dBm respectively.
This corresponds to around 29%, 37% and 50% power conversion efficiency re-
spectively as presented in Fig. 3.9. The rectifier also presents a stable efficiency
response at all power levels along the Wi-Fi band.
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Figure 3.9: Measured PCE results with respect to frequency for different received
power levels.

3.3.3 Efficiency Response With Respect To Distance

In this section, the rectifier is evaluated for its ability to harvest from wireless
routers at its threshold distance. The power transmitted from the router is fixed
to 17 dBm while its position is swept between 50 cm and 420 cm. The lower bound
denotes the beginning of the far field region while the upper bound represents the
sensitivity level of the Schottky diode. At these two limits the power received is
−5 and −30 dBm respectively. Fig. 3.10 shows the variation of the received power
and the efficiency with respect to distance. For the same transmitted power, the
received power decreases with distance which leads to a fall in the efficiency from
50.52% to 2.6%. This experiment shows that the rectifier is able to harvest up
to a distance of 420 cm. This relates to the Schottky diode sensitivity limitation
described in details in [47, 48].
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Figure 3.10: Measured PCE and received power results with respect to distance.

3.4 Effect on Active Wi-Fi Users

3.4.1 System Overview and Parameter Definitions

The packet injection algorithm is designed to maximize the efficiency of power
delivery, which is translated in an increase in the channel occupancy. A straight-
forward solution is to transmit large sized packets continuously. This approach
however, deteriorates significantly the Wi-Fi router’s performance and adds traf-
fic to the network. Therefore, the appropriate packet size should be optimized
in such a way will not result in denial of service (DoS). The latter is an attack
on the network that preserves all the resources and makes them unavailable to
the intended users in the same network. Thus, the notion of inter-packet delay
is introduced as an important parameter to avoid DoS problems.

Therefore, in order to study the effect of the packet injection algorithm on
other users, an experiment is conducted with four Samsung S4 devices. These
devices are designated as users that stream a video of size 16.81 Mbytes each.
An application called ”CoCodi” is installed on all of these devices. Such mobile
application measures the user’s bit rate, duration, packet success rate (PSR)
and packet received ratio (PRR). The PSR is the percentage of packets that
are successfully transmitted while downloading a video. The PRR gives the
percentage of the number of nodes that received the tagged packet successfully
before it expires. Notice that in this experiment, the Wi-Fi router is configured
to transmit on only channel 3.

In order to have a fair comparison, several tests are conducted. First, the four
S4 devices stream the video simultaneously. The average achieved bit rate and
duration are equal to 0.85 Mbps and 2.05 min respectively. For this case, the
PSR=89.975% and the PRR=90.01%. Thus, the higher the value of PSR and
PRR, the better is the network performance.
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Figure 3.11: Samsung S4 devices streaming data from the Wi-Fi access point.

Next, the packet injection algorithm is enabled and different packet sizes and
inter-packet delays are considered. However, we need to find the best packet size
and inter-packet delay values that will have a minimal effect on the network. In
principle, having a large packet limits users in the network to transmit because
Wi-Fi is based on Carrier Sense Multiple Access collision avoidance (CSMA/CA)
[35] where a user can only transmit if it senses that no one is using the channel.
Furthermore, transmitting large packet sizes will lead to memory size restrictions.
The larger the packet size, the higher the probability that it will get dropped or
in worst cases to get fragmented. If this is the case, retransmission is bound
to occur. Thus, this will lead to a higher channel occupancy and will cause
the retransmission timeout (RTO) to increase. The packet injection algorithm
is designed to increase channel occupancy and to achieve continuous superflu-
ous transmission so that the rectenna system can harvest the signals efficiently.
Hence, packet size is an important parameter which impacts throughput, delay,
packet-drop probability and efficiency.

Theoretically, if the packet size and the inter-packet delay increase, the num-
ber of packets sent will decrease. For a link layer speed of 65Mbps the number
of packets sent over 10s is plotted using ( 3.1) and ( 3.2), where L is the link
layer speed converted to MBps, the duration is D and the inter-packet delay is
denoted at IDY. The number of packets sent in 10s is denoted as NP. We notice
in Fig. 3.12, if we decrease the packet size and the inter-packet delay, the more
the packets that are sent.

D =
PS

L
+ IDY (3.1)

NP =
10

D
(3.2)
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Figure 3.12: Number of packets sent over a period of 10sec while varying the
packet size and interpacket delay.

3.4.2 Efficiency and Network Performance

In order to visualize the effect of the packet size and inter-packet delay on ef-
ficiency and channel occupancy, we measured the number of packets sent using
wireshark for each packet size as we vary the inter-packet delay. Accordingly, we
choose packet sizes that range between 700B and 1500B with inter-packet delays
of 0s to 0.1s. From Fig. 3.13, 3.14 and 3.15, we can conclude that if we increase
the packet size the efficiency of the rectenna system will increase.

However, with larger packet sizes we are using most of the resources in the
network. Consequently, if we use smaller packet sizes, the network can be occu-
pied by other users; however, the efficiency level decreases. To avoid congestion
problems, we increase the inter-packet delay duration. For a higher inter-packet
delay, the continuity is almost lost and the efficiency drops dramatically at an
inter-packet delay of 0.1s. Hence, a compromise must be made between achieving
high efficiency and maintaining a minimum effect on the users in the network.
We also measured the variations in the PSR and the PRR on the ”CoCodi” appli-
cation for different packet sizes and inter-packet delays. Fig. 3.16 and 3.17 show
that if we increase the packet size the PSR and the PRR values will decrease. For
example in Fig. 3.16, for a packet size of 700B and 0s inter-packet delay the PSR
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Figure 3.13: Number of packets sent and efficiency for a packet size of 700B over
different inter-packet delay duration.
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Figure 3.14: Number of packets sent and efficiency for a packet size of 1000B
over different inter-packet delay duration.
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Figure 3.15: Number of packets sent and efficiency for a packet size of 1500B
over different inter-packet delay duration.

level is 73.086%. But if we increase the packet size to 1500 with 0s inter-packet
delay, the PSR value is 66%. The decrease in the PSR value will deteriorate
the performance of the network. However, if we increased the inter-packet delay,
the PSR and the PRR values will increase accordingly. Consequently, we choose
a packet size and an inter-packet delay that will achieve a high antenna effi-
ciency and provide sufficient resources for others users in the network. Therefore,
we tentatively choose a packet size of 1000B and an inter-packet delay of 1ms
inter-packet delay. Furthermore, we need to validate the effect of the chosen pa-
rameters on an actual real time scenario. Therefore, we run the same experiment
as before where four Samsung devices stream a live video. The bit rate and the
download duration is measured for different packet sizes inter-packet delay. The
voltage received levels that reflect efficiency are also plotted. Fig. 3.18 presents
the average download duration and the DC voltage at the output of the rectifier
with a fixed inter-packet delay of 1 msec for different values of the injected packet
size. A clear trade-off can be noticed; when the packet size increases, the rec-
tified voltage level increases which corresponds to a higher efficiency. However,
the video takes a longer time to be downloaded and thus, the quality of service
of the Wi-Fi users deteriorates. Similarly, the download bit rate decreases when
the packet size increases Fig. 3.19.

Another parameter that is studied is the inter-packet delay. In the previous
experiments, we fixed the inter-packet delay to 1 msec. For this case, the packet
size is fixed at 1000 bytes and different inter-packet delay values are considered.
Fig. 3.20 and Fig. 3.21 present the average bit rate and download duration in
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Figure 3.16: Packet Success Ratio.

700B 1000B 1500B
0

10

20

30

40

50

60

70

80

90

P
R

R
 (

%
)

0s

100us

1000us

100000us

Interpacket Delay

Figure 3.17: Packet Received Ratio.

addition to the DC voltage as function of the inter-packet delay. From these
figures, we can notice that, as the inter-packet delay increases, the average bit
rate increases and the download duration decreases. However, the obtained DC
voltage decreases slowly until the inter-packet delay exceeds 10 msec. Thus,
the efficiency of power delivery can be almost conserved while maintaining an
acceptable level of performance for the Wi-Fi users.

Accordingly, the packet injection algorithm is optimized such that the size of
the injected packets is 1000 bytes and the inter-packet delay is 1 msec, which
leads to an efficiency of 47.15% and a voltage level of 386 mV at a distance of
50 cm. The streaming duration in the considered scenario is 2.20 min and the bit
rate is 0.805 Mbps. As a summary, when using the packet injection algorithm,
the download duration increased by 8.1% and the bit rate decreased by 5.1%.
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Figure 3.18: Download duration and DC voltage as function of the packet size.
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Figure 3.19: Download bit rate and DC voltage as function of the packet size.
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Figure 3.20: Download bit rate and DC voltage as function of the inter-packet
delay.
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Figure 3.21: Download duration and DC voltage as function of the inter-packet
delay.
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Chapter 4

Positive Effect of Interference

Fig. 4.1 presents the proposed system model where Wi-Fi routers are exchanging
data with sensor nodes and also waking up and charging IoT devices in their
vicinity. We can notice that having multiple routers transmitting signals can
cause many reflections and multi-path propagation. As a result, the router’s sig-
nals will interfere with one another and either lead to a constructive signal or a
destructive signal. For self-sustainable IoT networks, the interference caused by

Figure 4.1: System model.
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the transmission of ambient Wi-Fi routers may impair the capacity of commu-
nication. However, in this chapter, we will study the impact of capturing these
signals on the Pr level. To highlight the effect of interference, the RF signals that
emanate from Wi-Fi routers must be analyzed to evaluate their impact on the
networks performance. Therefore, three different setups consisting of 3 Access
Points (APs) are presented in this chapter. In each setup, the Pr level is cap-
tured using either a meandered line antenna of or an omnidirectional antenna. A
comparative study that includes distance and antenna gain trade-offs along with
the positive effect of interference is presented.

4.1 Experimental Setup

For the this experiment, 3 APs are placed in different positions. The basic setup is
in Fig. 4.2. We place a spectrum analyzer to monitor the Pr level. In the previous
chapters, we usually place the rectenna system at the receiving end rather than
the spectrum analyzer. However, since we want the exact Pr level, we used a
spectrum analyzer. Basically, we want to study the effect of interference from
having additional APs. Therefore, as a starting point, we placed the APs at a
50cm distance from the spectrum analyzer until we reach a maximum distance of
200cm. The distance of separation between the routers vary from 50cm to 200cm
for the first setup. For the second setup, the routers are next to each other while
for the third, they are behind each other. In order to study the impact of each
AP, we did the following: Turn one AP on and measure the Pr level, then turn
another AP on and check the Pr level when both APs are on and then study the

Figure 4.2: Effect of interference setup.
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case when all of them are on. Hence, we have 8 combinations and 8 different Pr
levels. However, we disregard the case when all APs are off.

The antennas polarization and gain play a major role in any Tx and Rx
scenario. Specifically, in this setup, we start to examine the Pr level using a
meandered line antenna that is placed at the receiver end. The meandered line
antenna is a highly directive antenna with a 12.56dBi gain. It is a 2x1 antenna
array and it operates at 2.45GHz.The meandered line antenna along with its
radiation patten are shown in Figs . 4.3 and 4.4, respectively.

Figure 4.3: 2x1 meandered line antenna array.

Figure 4.4: Meandered line antenna’s radiation pattern.
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However, the main drawback of the meandered line antenna is that its gain
drops significantly if the transmitter is and the receiver aren’t placed in a perfect
line of sight (LOS) manner. Furthermore, for the same setup as before, we replace
the meandered line antenna with an omnidirectional antenna at the receiver’s end.
Fig. 4.5 shows the omnidirectional antenna that has a 3dBi gain. This antenna is
linearly polarized but it is not as directive as the meandered line antenna array.
Nonetheless, it doesnt have the dramatic Pr level drop if the Tx and Rx where
not placed in a LOS manner. The radiation pattern of this antenna is shown in
Fig. 4.6

Figure 4.5: Omnidirectional antenna.

Figure 4.6: Omnidirectional antenna’s radiation pattern.
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4.1.1 Setup 1: Three APs at Various Distances

For the first experiment, 3 APs are are placed at different distances from each
other and from the spectrum analyzer. An antenna connected to the spectrum
analyzer captures the transmitted signals and measures the power received levels.
For the first setup, the distance of separation varies from 50cm to 200cm as
illustrated in Fig. 4.7. In Fig. 4.8 the measured power received levels are plotted
with respect to distance. We can notice that if we use a meandered line antenna
the Pr level is higher because the antenna’s gain is higher. Moreover, when all
APs are on, a higher Pr level is captured by the antenna which illustrates the
positive effect of interference.

Figure 4.7: Experimental setup 1: Monitoring the Pr level from 3 APs placed at
different distances from one another.
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4.1.2 Setup 2: Three APs Next to Each Other

The next experiment is similar to the previous; however, the distance of sep-
aration between the routers themselves doesnt change. The distance from the
antenna to the routers only increases from 50cm to 200cm. Now we have 7 dif-
ferent on−off combinations for the 3APs. Moreover, in this experiment also we
compare the Pr level when a meandered line antenna is used to that of an om-
nidirectional antenna. Furthermore, Fig. 4.10 illustrates the Pr behavior of the
second setup. We notice that the Pr level, when either a meander line antenna
or an omnidirectional antenna are placed at the receiver’s end, is slightly higher
than the case when the routers were placed at different distances. Having this
kind of setup seems to add the signals constructively because we obtain a higher
Pr level at the spectrum analyzer.

Figure 4.9: Experimental setup 2: Monitoring the Pr level from 3 APs placed
next to each other.
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Figure 4.10: Results of setup 2: Pr on meander vs. omnidirectional antenna from
3 APs placed next to each other.
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4.1.3 Setup 3: Three APs Behind Each Other

For this setup, since all 3 APs are directed toward the antenna, higher power
is expected at the receivers front end. The setup here is similar to the previous
experiments in terms of changing the type of antenna used and varying the dis-
tance. Again, different on−off combinations of the 3 APs are conducted in order
to measure the Pr level. Setup 3 is presented in Fig. 4.11. For this setup, the
results are shown in Fig. 4.12. We notice that the Pr level here is even higher
than that of setup 2. Basically, since the APs antennas are omnidirectional, they
don’t have back-lobe nulls that can reduce the radiation and limit the Pr level.

Figure 4.11: Experimental Setup 3: Monitoring the Pr level from 3 APs placed
behind each other.
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Figure 4.12: Results of setup 3: Pr on meander vs. omnidirectional antenna from
3 APs behind each other.
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4.1.4 Comparative Analysis Between Setups

It is shown in Fig. 4.13 that when the APs are behind each other, the Pr level
is higher especially in the meander line case. We can see an improvement in the
Pr level received from −6.8dBm to −4.01dBm. The reason is that having these
routers behind each other enhances the Pt level resulting in a higher Pr level.
Even for the same setup, the omnidirectional antenna gives also an improved Pr
level from −13.81dBm to −11.91dBm, compared to the the other setups.
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Figure 4.13: Comparing the Pr level when using 1 AP and 3 APs.
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Chapter 5

Power Management Circuit

5.1 Existing RF Based Wake-Up Circuit With

Active Components

We can find in the literature extensive work conducted on waking up a microcon-
troller or a sensor from sleep mode using active components such as operational
amplifiers. For example, Fig. 5.1 shows an LTC1540 which is an operational am-
plifier used in its comparator mode [49]. The latter is used by the authors in
[50] and is integrated with a designed rectenna system. The LTC1540 has a low
current consumption and a built-in voltage reference of 1.13 V. The minimum
threshold to turn on the comparator is set to 50 mV through voltage division.
Choosing R1 =1 MΩ and R2=47 KΩ and a Vcc= 3V, gives Vthreshold = 50.8
mV. Hence, this is an active based circuit that is used for RF wake-up applica-
tions. Fig. 5.2 displays the rectenna along with the active comparator. This work
also involves addressing using flip flops.

Vin

Vcc

GND

If Vin>VThreshold
➔ Vout=Vcc

LTC1540R1

R2

GND

VThreshold

VRef

Figure 5.1: LTC1540 circuit diagram.
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Figure 5.2: Prototype of the wake-up receiver [50].

According to [50], when the wake-up receiver is in active mode, it consumes
13.5µW; however, if it is in sleep mode it only consumes 4.5µW. The authors
employ the Texas Instrument CC3200 launchpad unit, which includes both a
wireless interface and a microcontroller (MSP430) with an embedded antenna.
This board has an input voltage range between 1.8 and 3.6V, a 4µA current
consumption in the hibernate state and around 39.5 mA current consumption
in the active mode [51]. Using ( 5.1), we can conclude that for a continuous
active mode operation, the maximum lifetime of the whole system reaches about
2 days. However, the proposed sensor has a standby time that could reach about
14 years.

The authors in [50] also compared the time it takes for a triggered wake-
up to take place. In general, IoT applications are characterized by infrequent
data transmissions and long sleep cycles. Therefore, the active state only occurs
occasionally and for a short duration. Triggered wake-up solutions are therefore
better suited to IoT applications than scheduled wake-up solutions. In triggered
solutions, the IoT sensors are in the sleeping state for most of the time. As soon
as a wake-up signal is detected, the sensors transit to the connected state. This
mechanism reduces the energy consumption of the IoT sensor by eliminating the
energy waste through idle listening and overhearing. To evaluate the performance
of the proposed triggered wake-up IoT sensor in terms of power consumption and
life time, the authors compare it with the standard scheduled wake-up sensor
that employs the duty cycling technique. The percentage of active per total
lifetime (DON) of the triggered IoT sensor is less than that of the scheduled
wake-up sensor due to the fact that the triggered wake-up sensor only wakes on
demand. Basically, the scheduled sensor wakes up periodically regardless of the
need to wake up. Accordingly, several values of the sleep cycle corresponding to
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different types of IoT applications are measured with Ttrigger of 2, 1, 0.5 hours.
For example, if an IoT device wakes up for 1 min every 2 hrs i.e., it remains
awake 0.83 % of the time [50]. Therefore, if the device was triggered for 0.83%
of the time, it will remain operational for 213 days. The life time is calculated
using ( 5.1). In ( 5.1), the equation includes a multiplication factor of 0.7 which
accounts for the external factors that affect the estimated time. The total current
consumption is calculated using ( 5.2).

EstimatedTime =
BatteryCapacity(mAh)

DeviceConsumption(mA)
× 0.7 (5.1)

ITotal = DONION + (1 −DON)ISleep (5.2)

We observe that for the case of scheduled wake-up and triggered wake up (3.3%)
the scheduled wake-up has a longer lifetime by a day because it doesn’t have the
WuRx integrated with it. However, for a wake up on demand feature of an IoT
application, a longer sensor lifetime is estimated. For this rectenna system, the
maximum wake-up distance that can be achieved is measured. The Pt level is
changed using the DD-WRT software and by relying on the packet injection algo-
rithm. Accordingly, the maximum wake-up distance is 2.46m which corresponds
to a Pr level of −29 dBm.

5.2 RF Wake-Up Circuit Design Enhancements

Using Active Components

5.2.1 Ultra-Low Input Current Amplifier Characteristics

In this section, an ultra-low input current amplifier is used by relying on its
comparator mode. Because of the ultra-low input current noise of 0.13 fA/Hz,
the LMC6001 can provide nearly noiseless amplification of high resistance signal
sources [52]. Furthermore, the LMC6001 operates at input currents as lows as
25 fA. It is suited for applications requiring ultra-low input leakage like sensor
amplifiers sensitive photodetection and transimpedance amplifiers. Since the in-
put noise is only 22 nV/Hz, the LMC6001 can achieve a higher signal to noise
ratio than any JFET input type electrometer amplifiers [52]. Applications of
the LMC6001 include long interval integrators, ultra-high input impedance in-
strumentation amplifiers, and sensitive electrical-field measurement circuits [52].
Therefore, the LMC6001 is integrated with the rectenna system and is used in
its comparator mode. For clarity purposes, this setup is denoted as in lab design
1. Since it is an active component, then a voltage supply,Vcc is needed. The
LMC6001, compares the output voltage of the rectifier which corresponds to the
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Vin

Vcc

GND

If Vin>VThreshold
➔ Vout=Vcc

LMC6001R1

R2

GND

VThreshold

Figure 5.3: LMC6001 circuit diagram.

input voltage of the comparator, with a threshold voltage. This threshold volt-
age is achieved through voltage division as shown in Fig. 5.3. To have successful
wake-up at large distances, the voltage threshold value is chosen to be very small.
However, this value can’t exceed 0.85mV because this is the inferred voltage noise
level. If the threshold voltage was less than 0.85mV, false wake-up will result be-
cause the system will wake-up from any noisy signal and not from the triggered
wake-up signal. Fundamentally, if the input voltage of the comparator is higher
than the threshold voltage, the output voltage will be equal to Vcc. The designed
system is simulated first on Proteus and then tested in the lab.

To satisfy the constraint that facilitates RF based wake-up at larger distances,
the resistors are chosen such that the voltage division gives us a 2mV threshold
which is greater than the voltage noise level. For an input voltage higher than
2mV, the comparator switches on and gives an output voltage of almost 3V. In
this setup R1 =2.2MΩ and R2 =1.51kΩ as shown in Fig. 5.4.

In the sleep state, the current dissipated is 1.2µA and the power dissipated is
3.6µW. Choosing these particular resistor values, ensures a very low current and
thus a lower dissipated power. In the active state, the current is almost 1.36µA
which is also a very small current value. The current consumed in the active
state is that small because the LMC6001 has an internal resistance above 1T Ω
and consumes current in fA that is considered negligible.

Furthermore, if we increased the voltage threshold to higher values, the cur-
rent dissipated level will decrease. For example, notice that if we increased the
VThreshold to almost 100mV, the current dissipated will decrease to 1.32µA
as shown in Fig. 5.5. Also, the power dissipated will decrease from 4.08µW to
3.96µW which is not significant. Therefore, we choose a threshold that guarantees
higher wake-up distances.
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Figure 5.4: The LMC6001 in its comparator mode at 2mV threshold voltage
simulated on Proteus.

Figure 5.5: The LMC6001 in its comparator mode at 100mV threshold voltage
simulated on Proteus.

37



Additionally, if a device with a longer lifetime is needed, a higher threshold
voltage must be chosen. However, in the proposed system, a circuit that serves
the application at hand is designed and the appropriate voltage threshold that
optimizes its wake-up ability at large distances in a low interference medium is
selected. Therefore, in order to quantify the maximum wake-up distance, the
LMC6001 is integrated with the rectenna system. For this setup, we are able to
wake-up an IoT device at a distance of 5.2m as shown in Fig. 5.6. The voltage at
the output and the maximum distance for the active mode are shown in Fig. 5.7.
Fig. 5.8 shows that the current consumed when the wake-up circuit is awake is
almost 1.36µA.

Figure 5.6: In lab measured distance for the designed wake-up circuit.

Figure 5.7: Measured distance and output voltage of the wake-up circuit design.
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Figure 5.8: Current consumed by the active wake-up circuit.

Figure 5.9: Measured power received level of the wake-up circuit design by the
signal generator.

After identifying the maximum distance, the Pr level must be identified.
Therefore, a signal generator is utilized and connected to the rectifier. Then,
the Pr level on the signal generator is decreased until the threshold voltage is
obtained. Fig. 5.9 shows the at a Pr level of −42dbm, the threshold voltage
is 2.1mV and the circuit works and gives an output voltage of 3V. These ex-
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periments were done in the lab and are also subject to interference from indoor
routers. Moreover, in order to make sure that the rectenna system with the
LMC6001 is waking up from the packet injection algorithm and not from the
available signals in the room, the latter system is tested in an anechoic chamber.
The chamber absorbs any reflections and external noise from surrounding elec-
tromagnetic signals. Therefore, we place the router inside the chamber as shown
in Fig. 5.10. The only signals inside the chamber are guaranteed to be from that
AP only. Since the chamber’s length is smaller than the maximum achieved dis-
tance, we decrease the transmit power level from 17dBm to 12dBm. Accordingly,
the system only wakes-up when it receives the continuous transmission from the
packet injection algorithm. It doesn’t wake-up from any external noise source.
This proposed system is noise sensitive, so it is practical to wake-up sensors or
microcontrollers in a low interference media i.e large green field. For the case
of waking up indoor sensors, the threshold voltage must be increased to prevent
false wake-up. Hence, for any application, it is crucial to study the environment
and detect the interference level and design a system that is both energy efficient
and wakes up only when triggered.

Furthermore, since our main objective here is RF wake-up, we connect our
design to a microcontroller and we demonstrate the design’s capability to wake
it up. The microcontroller used is the CC3200 also and we get the correspond-
ing current and power consumption values, in both active and sleep modes in
Table. 5.1.

Figure 5.10: Rectenna and the LMC6001 anechoic chamber testing.
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Active (µA) Sleep (µA) Active (µW) Sleep (µW)
Wake-up Rx 1.36 1.2 4.08 3.6
Microcontroller 39500 4 118500 12

Table 5.1: Measured current(µA) and power(µW) consumption for design 1.

5.3 RF Wake-Up Circuit Comparison Between

Existing and Enhanced Designs

We can observe important circuit enhancements in design 1 compared to [50].
The circuit is more energy efficient because it dissipates only 4.08µW while the
circuit in [50] dissipates 13.5µW in the active state. Furthermore, we can wake-
up devices at larger distances now and maintain an energy efficient system. For a
detailed comparison between the two active circuits, we calculate the theoretical
life time of each circuit for both scheduled and triggered wake-up using ( 5.2)
and ( 5.1). The calculated life time disregards electronic circuit degradation
or battery age malfunction problems. The values are theoretical and are used
to present additional lifetime enhancements between design 1 and the design
presented in [50].

Basically, we evaluate the life time of the wake-up receiver and the microcon-
troller for both designs. Table. 5.2 represent a detailed analysis for the life time
for each design. We can notice that the main difference between the triggered
and the scheduled schemes is the on-demand characteristic of the triggered wake-
up solution. Therefore, the sensor that employs triggered wake-up will be active
less frequently. Recall that The percentage of active per total lifetime is denoted
by DON. We can notice that the lifetime between the system in [50] and this
work is almost the same, but we can spot the differences at lower triggered DON
percentages i.e waking up a sensor less frequently. Notice that the difference be-

[50] This work
Always on 2 days 2 days
Scheduled (DON= 3.3%) 56 days 56 days
Triggered (DON= 3.3%) 55 days 55 days
Triggered (DON= 1.67%) 114 days 114 days
Triggered (DON= 0.83%) 217 days 218 days

Table 5.2: Evaluating the life time of design [50] and design 1 with respect to the
wake-up receiver and microcontroller’s current only.
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[50] This work
Power Dissipated(µW) 13.5 4.08
Pr (dBm) -29 -42
Pt (dBm) 17 17
Dmax (m) 2.46 5.20
Vthreshold (mV) 50.8 2.04
Iout (mA) 10 18
Cost ($) 3.06 12.24

Table 5.3: Evaluating [50] and this work with respect to different parameters.

tween design [50] and design 1 is highlighted in Table. 5.3. As a result, we can
conclude that using design 1 at a Vthreshold of 2.04mV will result not only in a
more energy efficient circuit but also in a larger wake-up distance.

5.4 RF Charging Circuit Design Using Passive

Components

5.4.1 DC-DC Power Converter Characteristics

In this section, we will introduce a complete passive system that relies on a
boost converter. For clarity purposes, we will refer to this setup as design 2.
Basically, in this design a step up DC−DC power converter is utilized to increase
the voltage at the output of the rectifier in order to charge the battery of a
microcontroller or an IoT device. Basically, the DC−DC step up converter is
a class of switched-mode power supply (SMPS) that contains a diode and a
transistor and an energy storage element. Therefore, integrating the DC−DC
boost with the rectenna system guarantees a complete passive system utilized
in RF charging applications. Therefore, in order to create a complete passive
system, it is crucial that the DC−DC boost converter doesnt have any biasing
circuitry i.e a voltage source.

Therefore, the LTC3108 which is a highly integrated DC−DC converter is
chosen among others because it is ideal for harvesting and handling excess en-
ergy from extremely low input voltage sources such as thermoelectric generators
thermopiles and small solar cells. Typical applications where the LTC3108 is used
are: remote sensors and radio power, HVAC systems, wireless sensing, automatic
metering, and others [53].The step-up topology operates from input voltages as
low as 20mV. The LTC3108 utilizes a small step-up transformer to boost its
voltage. The typical transformers used have a 1:20, 1:50 and 1:100 primary to
secondary ratio. As the number of turns in the secondary transformer increase, we
can start boosting from lower input voltages and have a fully operating system.
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VS1 VS2 Vout
Gnd Gnd 2.35V
Vaux Gnd 3.30V
Gnd Vaux 4.10V
Vaux Vaux 5.00V

Table 5.4: VS1 and VS2 different configurations that can change the voltage at
the output of the DC-DC boost.

Figure 5.11: LTC3108 input current and voltage behavior for different trans-
former windings [53].

For example, a 1:20 transformer could start boosting from an input of 60mV,
while a 1:50 starts at almost 40mV, and the 1:100 transformer starts boosting
from a voltage of nearly 20mV. However, if we choose the 1:100 ratio transformer
the current will get divided by 100. This is critical because it decreases the power
needed for the boost to operate.

It is important to connect both pins, VS1 and VS2 properly because they
determine which value we need at the output. Table. 5.4 shows the different
configurations to get the desired output voltage. For our designed boost, the
VS1 and VS2 are connected to Vaux resulting in a 5V at the output.

According to Fig. 5.11, if we use a 1:20 transformer, the DC−DC boost oper-
ates at an input voltage of 50-60mV at an input current of 2mA. As the number of
turns in the secondary transformer increases, the current needed for the boost to
operate will also increase. Moreover, we can notice that using a 1:20 ratio trans-
former is more efficient at higher input voltages. In our prototype design, a 1:20
transformer from Wurth Electronik is used. The transformer has a 6.4x6.4mm di-
mensions [54]. The boost system requires a C1=10nF, C2=330pF, C3=1µF and
C4=10µF to operate as shown in Fig. 5.12. The capacitors’ dimensions range
between 1x1mm to 1.5x1.5mm.
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Figure 5.12: DC-DC boost composed of a 1:20 transformer, C1=10nF,
C2=330pF, C3=1µF, and C4=10µF.

5.4.2 Performance of Designed Passive System

After choosing the 1:20 transformer and the proper capacitors for the circuit, the
LTC3108 is fabricated as shown in Fig. 5.13. To test the functionality of the
fabricated design, we connect the boost to the power supply. Fig. 5.14 shows
that at an input voltage of 64mV, the fabricated boost give an output voltage of
4.99V.

Now that we have all the specs of the DC-DC boost, the latter will be inte-
grated with the rectenna to create a complete passive system. First, we connect
the rectifier to a dedicated signal generator to determine the minimum received
power that is required to have a functional system. The measured Pr is calculated
to be almost 7dBm which is considered higher that the Pr level we had in earlier
sections. Recall that in the previous sections, for a Pt of 17dBm, the Pr level
was -6dBm at 50cm. The Vout was almost 0.4V at a 1kΩ. However, when we
connect the DC-DC boost with the rectifier using the previous setup, the voltage
at the input of the boost dropped to 5mV. This value is considerably lower than
the required input voltage for an operational boost. Basically, the LTC3108 has
a corresponding impedance of 40Ω, which leads to this significant drop in the
voltage at its input. Therefore, we need to increase the power level received to
7dBm to have a functional system. Since the signal generator could reach a max
Pt of 12dBm, we can add a 10dB power amplifier that increases the Pt to 22dBm.
Using an RF sensing device at the receiving meandered line antenna, the Pr at 1m

44



C1 10nF

C2 330pF

C4
10uF

C3
1uF

1:20 Transformer

Figure 5.13: Fabricated DC-DC boost.

Figure 5.14: Testing the functionality of the fabricated DC-DC boost.

distance is almost 7.07dBm and the boost system operates properly. However,
in order to increase the distance further, another power amplifier with a 5 dB
gain is introduced at the receiver. The received power is measured to be around
7.62 dBm. Fig. 5.15, displays the positions of the amplifiers and the voltage re-
ceived at the input of the boost that is almost 80mV. Since this voltage level is
greater than the threshold, the resulting output voltage will be 5V. In this case
the measured distance is 1.6m. We can achieve a maximum distance of almost
1.8m when the power received level is 7dBm exactly. However, fluctuations may
cause the power received level to drop and the voltage level will not be sufficient
to activate the DC-DC converter. Accordingly, choosing a slightly higher value
is recommended to guarantee the proper functionality of the proposed passive
system.
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Figure 5.15: Maximum charging distance using the passive system.

Pt (dBm) Gain Tx (dB) Gain Rx (dB) Pr (dBm) Distance (m)
22 12.56 12.56 7.078 1.0
22 12.56 17.56 7.62 1.6
23 12.56 12.56 7.22 1.1
23 12.56 17.56 7.22 1.8
25 12.56 3.00 7.01 0.5
25 12.56 12.56 7.18 1.4
25 12.56 17.56 7.53 2.3
30 12.56 3.00 7.45 0.8
30 12.56 12.56 7.12 2.5
30 12.56 17.56 7.20 4.4

Table 5.5: Different Tx power, and antenna gains.

Pr =
PtGtGrλ

2

(4πR)2
(5.3)

Fundamentally, Table. 5.5 shows different possible configurations for the trans-
mit power level with diverse Tx and Rx antenna gains, that will result in a Pr
level slightly greater than 7dBm. The values obtained rely on the simplified Friis
transmission equation given in ( 5.3), where Pt represents the transmit power, Pr

is the power captured by the antenna, Gt denotes the transmit antenna gain,Gr

is the received antenna gain and R is the distance of separation between the
transmitter and receiver [55].
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5.4.3 Charging a Battery from a Passive Circuit

After identifying the necessary parameters for a functional passive system, it
is required to charge a NiCd 2.4V 300mAh battery. Basically, there are four
different ways to charge a NiCd battery. We can charge the latter either through
a semi constant current charge, or a timer controlled charge, or a differential
voltage cutoff charge, or a differential time cutoff charge, or a trickle charge [56].
Each charging method has its own characteristics that range between reliability,
temperature tolerability, popularity and economical feasibility. Since we want to
charge this battery repeatedly every time its capacity is drained, we choose the
trickle charging method. This method is simple, economical and applicable to the
equipment for long continuous charging. Trickle charging maintains an almost
constant current while keeping the cell temperature and internal cell pressure
at a safe level. Therefore, we setup an experiment using the DC-DC boost and
connect it in such a way to charge the battery. We start with a completely
discharged battery and we monitor the time it takes to reach its full capacity.
Fig. 5.16 shows the charging duration. According to [56], the battery reaches
almost 70% of its capacity quickly and then it continues steadily to reach its
100% capacity. An internal transistor that acts as a variable resistor in the NiCd
battery accommodates to the increase in voltage level since the current remains
constant. The current consumed is almost 5.5mA which is 1.8% of the capacity
of the battery. Accordingly, the battery took almost 21 hrs to reach its optimum
voltage.

Figure 5.16: Charging duration of a 300mAh NiCd battery.
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5.5 Comparative Study Between Active and Pas-

sive Setups

In sections 5.1 and 5.2, design 1 and [50] included active components that are used
for RF wake-up applications. On the other hand, design 2 is a passive system for
RF based charging applications. However, active components can be implemented
for charging and passive components can also be proposed for wake-up. Therefore,
if we use one of the active designs for charging a battery, it would be like charging
a battery directly from a Vcc source i.e another battery. The battery that we are
trying to charge will automatically reach its maximum capacity within almost
two hours because it is draining current from the other battery source as much
as possible. For this type of charging, the current is not limited and cannot
be controlled.In addition, the Vcc battery will drain its capacity quickly which
results in an energy inefficient system. Hence, active designs are a better fit for
wake-up applications because an active component’s battery will depletes faster
if it is always activated. Hence, having a passive system for charging is more
energy efficient than that of an active design for RF based charging applications.
Moreover, we can use a passive system for RF wake-up applications as well.
Recall that in design 2, the DC-DC boost system required a high Pr level of
7dBm in order to function properly. Thus, a higher Pr level limits the system’s
ability to wake-up sensors at large distances. However, using an active circuit
such as the one in design 1, a Pr level of -42dBm is enough to wake-up sensors
in a wide range. As a summary, Fig. 5.17 shows each design’s performance for
RF based charging applications or RF based wake-up applications. We observe
that charging using active design 1 is not as energy efficient as using active design
1 for wake-up. Mainly if we are charging a device using an active system, the
system will be activated for a longer duration hence dissipating additional power
than the case where it is intermittently activated. On the other hand, a complete
passive system is the most efficient because no voltage source is needed, however
a range problem will arise. As a conclusion, it depends on the use case of each
design. Many parameters such as location(indoor or outdoor), charging, wake-
up, Pt, Pr, antenna gains, frequency of operation, interference, distance, power
dissipated and others can greatly affect the performance of each design. Basically,
the user must deploy the optimal design for the respective application.
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Figure 5.17: Comparing the charging and wake-up capabilities for increasing
energy efficiency and distance.
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Chapter 6

Case Study: Smart Agriculture

6.1 Indoor Experiment in Lossless Media

The maximum achieved voltage at the output of the rectifier is around 386 mV
at a load of 1 KΩ, transmit power of 17 dBm, and a distance of 50 cm. Even
though the circuit is able to rectify signals efficiently from the Wi-Fi router, this
DC voltage is not sufficient to wake-up typical IoT devices. Therefore, a boost
circuit is required to step the rectifier’s low output voltage to a higher level. In
this section, the rectifier circuit is integrated with a comparator to complete the
RF wake-up device.

For this experiment, design 2 of the power management unit is used with the
rectenna system. A DHT-22 temperature sensor [57], and a CC3200 unit [51]
are used to read and transmit data. The LTC1540 comparator has a low current
consumption and a built-in voltage reference of 1.13 V. The minimum threshold to
turn on the comparator is set to 50 mV. The CC3200 includes a wireless interface
that can be used to connect the sensor to a remote cloud server for data exchange,
in addition to an MSP430 microcontroller and an embedded antenna. When the
CC3200 receives an interrupt signal from the comparator’s output indicating a
rectified voltage that exceeds 50 mV, it senses temperature for around 30 sec
through the connected DHT-22 sensing element and uploads the sensed data to
the cloud server over Wi-Fi.

To measure the DC voltage at the output of the rectifier, the distance between
the router and the designed circuit is varied from 50 cm to 300 cm. Fig. 6.1
demonstrates the voltage level variations before reaching the comparator in order
to achieve the desired voltage level of 50 mV. Thus, as can be noted in Fig. 6.1,
the maximum wake-up distance is around 246 cm at a transmit power of 17 dBm
which corresponds to a sensitivity of −29 dBm. The output voltage after the
comparator stage is 2.7 V which is sufficient to power the CC3200 and switch
it from sleep to active state. Through this technique, the designed temperature
sensor wakes-up and senses data at ranges up to 2.46 m only if the router is
transmitting and while the packet injection algorithm is applied.
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Figure 6.1: DC voltage as function of the wake-up distance of the indoor experi-
ment.

6.2 Outdoor Experiment in Lossy Underground

Media

With the recent advancements in communication techniques, WSNs have enabled
a variety of novel applications. Among these applications, Wireless Underground
Sensor Networks (WUSNs) are attracting attention and constitute a promising
area with great potential that will enable a wide variety of new applications that
were not feasible with earlier technology [58]. WUSNs mainly focus on the use
of wireless sensors that are only buried a few meters deep in the soil or sand.
Moreover, WUSNs have many notable merits when compared to wired under-
ground sensor networks. These merits range between concealment, timeliness
of data, reliability, easy deployment and coverage density [59, 60]. Therefore,
WUSNs will play a major role in potential applications for smart agriculture,
infrastructure monitoring, sport’s field maintenance and others [58]. It usually
targets irrigation and environmental monitoring application and provides a wire-
less communication capability that was absent earlier. The data is processed in
real time which gives us accurate and precise results. However, the main challenge
that accompanies WUSNs is the propagation medium. Mainly the electromag-
netic wave propagation properties in soil is very different than that in air [61].
To this end, the underground wireless channel will be completely distinct from
the terrestrial wireless channel. Therefore, establishing an appropriate channel
model is essential to make WUSNs feasible.

Current work exists to characterize such an underground communication
channel. Soil moisture content, soil homogeneity, soil composition and temper-
ature are the main parameters that impact underground channel modeling [62].

51



These aspects directly affect the connectivity and delay successful communica-
tion. For WUSNs, the environment along with the burial depth and the frequency
of the electromagnetic wave impact the communication channel.

Since sand is a dielectric material, the electromagnetic wave propagation is
directly related to the sand’s dielectric constant. Basically, smaller dielectric
constants lead to better wave propagation conditions. However, the presence of
water in sand makes communication harder. The quantity of water in sand also
contributes to the electromagnetic wave attenuation [63]. This quantity is referred
to as volumetric water content(VWC). Mainly, the dielectric constant varies with
this VWC parameter. Besides the VWC, the dielectric constant of sand is a non-
linear function of frequency [58]. Frequencies around 1GHz present an acceptable
and reasonable dielectric constant and as the frequency decreases to 300MHz, the
attenuation gets smaller. However, for smaller frequency values, the wavelength
will increase, which will result in a bigger sized antenna. Therefore, researchers
limit their experiments and testing for WUSNs with frequencies above 300MHz.
According to [64], efficient communication between sensor nodes above or buried
underground is possible at a distance of 50cm at 2.4GHz. In [58], they present a
two-path channel model that characterizes the path loss model while varying both
the operating frequency and VWC. The fluctuation is a result of the constructive
and destructive interference of the second path. As the frequency and the VWC
increase the path loss will also increase. In order to quantify the VWC in sand,
researchers in [61] have used a time domain reflectometry (TDR) that monitors
the rapid changes in the water content. Accordingly, they measured the dielectric
constant of different types of sand as a function of VWC. After identifying all
the main parameters that affect underground propagation, the main focus now
is on measuring the efficiency of the rectenna system with the packet injection
algorithm in an underground setup. For this experiment, we chose fine sand and
accordingly conducted some measurements when the rectenna system is buried
under sand.

6.3 Experimental Setup

The underground experiments were conducted on AUB campus, specifically in the
engineering department. The main objective of the underground experiments, is
to find the appropriate depth to place the rectenna-sensor system and still be able
to efficiently wake-up and charge this sensor. A comparative study between two
different setups is conducted. For the first setup, the rectenna system is buried
under dry sand but for the second setup, the rectenna is buried under slightly
wet sand as illustrated in Fig. 6.2. For each setup, the voltage of the rectenna
system is measured at different depths.
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Figure 6.2: Experimental setup of sensors buried in dry sand and slightly wet
sand.

6.3.1 Fine Sand and WUSN

Since we are using fine sand, the dielectric material is almost 2.5 when the VWC
is 0 [61]. Moreover, we also use a thin plastic pipe and label it at different
depths to keep track of the the different altitude levels. For this experiment, an
omnidirectional 3dBi antenna is connected to the rectifier and using a voltmeter,
we measure the voltages at each depth. The packaging of the rectenna system
is shown in Fig. 6.3. The rectenna system is wrapped by a foam material that
has a dielectric constant of 1. Basically, a router running the designed algorithm
transmits packets at a power level of 17dBm. Fig. 6.4 shows that the distance
from the Wi-Fi router to the pipe is almost 50cm.

The pipe is 50cm long with a 50cm diameter. It is labeled from 10cm to 50cm
as shown in Fig. 6.5. At every level, we lower the rectenna system and cover
it with fine sand and measure the value of the voltage. The pipe used in this
experiment introduces additional reflections and can also lead to some losses as
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Figure 6.3: Rectenna packaging.

Figure 6.4: Distance from the router to the pipe.

well. In order to quantify the measured losses, the rectenna system was placed
inside the pipe when its empty. The voltage is measured also outside the pipe.
Accordingly, the pipe introduces almost 10-20mV loss in the received signal. Next
we start varying the rectenna system for the case of dry sand. Ultimately, we
can recall that in the dry sand case, the dielectric constant is 2.5 [61]. For the
second setup, we add distilled water to the sand uniformly and we evaluate the
voltage received when the rectenna system is buried under the slightly wet sand.
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The volume of the plastic pipe is almost 0.098mˆ3 that corresponds to 98liters.
To ensure a uniform sand-water composition, we use a 1.57L bucket and we filled
it with 20% water and 80% sand which is 0.314L and 1.26L, respectively. As
a result, the voltage level drops even more when the rectenna is buried under
the wet sand. Fig. 6.7 shows the variation in the voltage level for each setup at
different depths .
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Figure 6.5: voltage is measured as the rectenna is lowered in the pipe and covered
with sand.
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Figure 6.6: Comparing the voltage results of the rectenna when buried either
under dry sand or under slightly wet sand.
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6.4 Remote Sensing Using A Drone

After verifying that underground communication in a lossy medium is feasible,
basic means of Wi-Fi signal transmissions are examined. Hence, we will study
the ability of harvesting Wi-Fi signals from a dedicated continuous Wi-Fi signal
mounted on a drone.

The main contribution so far validates the effectiveness of our proposed al-
gorithm in indoor environments and outdoor WSNs. For outdoor scenarios such
as smart agriculture, the field is filled with soil moisture irrigation, temperature
sensors and others and are spread out on the field. However, typical distances
separating sensors from each other and from the AP range between 5 to 20m.
This problem limits harvesting from a fixed AP. Therefore, there is a need to have
a mobile transmitter that ensures RF wake-up and RF energy harvesting. Conse-
quently, a drone that flies over the field serves as a promising solution. The basic
use of drones in environmental applications focuses on taking pictures of the field.
These pictures help specialists to identify many vegetation problems. Therefore,
using a drone to wake-up sensors and recharge batteries on top of taking pictures
will lead to the birth of smart agriculture. In this section, a drone hovering over
the field at different heights will be examined. The voltage received level at the
output of the rectenna system is studied in detail to find the optimum approach
for either RF wake-up or RF charging applications. The following experiment is
conducted in Turin, Italy. It is a collaboration between AUB and CNR-IEIIT.

Figure 6.7: RF energy harvesting from the drone’s telemetry signals.
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For this experiment, a drone is sending RF telemetry signal at a power trans-
mit level of 20dBm. These telemetry signals operate at the same GPS frequency
and herein send the drone’s location information. Our aim is to capture these
telemetry signals that are sent over 2.4GHz and convert them into voltage in
order to wake-up a field sensor. As a result, two different setups are conducted
and in each, we measure the proximity and the maximum distance that the drone
needs to fly over in order to achieve a successful wake-up.

6.4.1 Drone’s Flying Approach 1: Vertical

In the first approach, a patch antenna that operates at 2.4GHz is connected to
the rectifier to mimic a sensor node as shown in Fig. 6.8. The rectenna system is
placed at 1.8m from the ground level. In the first approach, the drone hovers the
field vertically at a height of 15m with respect to the ground level. Then the drone
starts to decrease its altitude until it reaches a height of 5m as shown in Fig. 6.9.
For the vertical approach, the maximum received voltage was 80mV when the
drone scavenges the field at a height of 5m as illustrated in Fig. 6.10. Fig. 6.11,
shows the voltage received levels for different drone altitude configurations.

Figure 6.8: Sensor system composed of a rectifier and a 3dB patch antenna.
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Figure 6.9: Vertical approach: Drone flying over the field starting at an altitude
of 15m and reaching 5m.

Figure 6.10: Vertical approach: Voltage received.
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Figure 6.11: Vertical approach: Wake-Up distance.

6.4.2 Drone’s Flying Approach 2: Raster

The drone can fly over the field horizontally as well. Therefore, we need to find
the optimal approach that can guarantee a triggered wake-up. Thereafter, the
same setup as before where the patch antenna and the rectifier system mimic the
whole sensor node, is now tested for the case where the drone approaches the
field in a horizontal/raster manner. The drone maintains a steady 5m altitude
from the ground level. Fig. 6.12 shows that the maximum voltage received level
is 20mV.

Figure 6.12: Raster approach: Voltage received.
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6.4.3 Comparison Between Approach 1 and 2

According to the voltage results, using a drone for RF wake-up is achievable.
We can notice that when the drone was hovering vertically, the antenna’s power
received level was higher than the raster case. Basically, since the drone is main-
taining an almost stable position perpendicular to the plane of the sensor node,
the antenna’s reception level is better. However, in the raster case, the drone
was flying from left to right and vice versa over the field which limits the power
received at the patch antenna. Hence, the results in Fig. 6.13, present the voltage
results. As a result, in both cases we are able to rectify the drone’s telemetry sig-
nals and we can wake-up sensors. Fundamentally, using the power management
circuit designed in section 5.2, the LMC6001 amplifier can successfully wake-up
field sensors for both approaches. However, for the vertical approach case, the
voltage level is higher since the power received level is higher. Hence, we can use
the latter for RF based charging applications as well and not limit its application
for RF based wake-up applications. The designed DC-DC boost will function
accordingly and charge sensor fields batteries. Mainly, for each application it is
crucial to choose the most adequate approach that can achieve both, optimal
distances and energy efficiency purposes.

Figure 6.13: Vertical and Raster approach distance variations and maximum
achieved voltage.
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Chapter 7

Conclusion and Future Work

In this thesis, RF energy harvesting from commercial Wi-Fi routers is studied.
The goal is to design a novel system that is able to harvest and rectify Wi-Fi
signals at low power levels. We conduct experiments in order to identify the
challenges of efficient energy harvesting from ambient Wi-Fi signals. As a solu-
tion, we design, implement and evaluate a packet injection algorithm using the
colasoft packet builder. The algorithm increases channel occupancy by injecting
additional traffic in a controlled manner in order to avoid the intermittent recep-
tion of Wi-Fi signals. We measure the received power level from the Wi-Fi router
with the proposed algorithm and compare it to a dedicated point-to-point trans-
mission using a rectenna system. Moreover, we evaluate the effect of the packet
injection algorithm on existing Wi-Fi users in the network using an experimental
study with video streaming over smartphones. For this, we perform an analytical
comparison and assess packet data captured using wireshark, in order to opti-
mize the packet sizes and the inter-packet delay. As a result, we chose a packet
size of 1000Bytes and an inter-packet delay of 1ms. The download duration of
a 16.81MB video increased by 8.1% and the bit rate decreased by 5.1% due to
the effect of the packet injection algorithm, which is regarded as an acceptable
trade-off. To further explore performance under realistic operational conditions,
we have also investigated the positive effect of interference from Wi-Fi routers
in a given geographical area on the efficiency of energy harvesting, with focus on
antenna gains, antenna patterns, routers spacing, and distance to the receiver. In
the second complementary part of the thesis, we studied the performance of two
different RF circuit designs as part of front-end power management units. These
included proposed designs with passive and active components for RF wake-up
and RF energy harvesting use cases. Detailed results are presented for both de-
signs including a wide range of experiments in order to demonstrate performance
effectiveness and identify existing trade-offs. Finally, we demonstrated the feasi-
bility of utilizing the proposed packet injection algorithm and hardware designs
in real systems using smart agriculture as a case study. This included two main
studies: i. a study on using ambient Wi-Fi signals for wake-up and energy charg-
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ing of sensors embedded in a field up to 50cm below ground level, with dry and
wet sand; ii. as study on utilizing RF signals transmitted by drones for waking
up sensors deployed in remote areas in a field.

As future work, we can further optimize the software based packet injection
algorithm to be adaptive as a function of the Wi-Fi networks load in order to
minimize impact on active users. Another research extension is to enhance the
hardware RF circuit design by improving its energy efficiency while reducing
the false wake-up, e.g., using some addressing mechanisms. In addition, massive
antenna arrays can be used at the receiver side in order to improve the energy
harvesting rate and extend the range between the transmitter and the receiver,
which is important for large-scale areas.
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Appendix A

Abbreviations

WSN Wireless Sensor Networks
IoT Internet of Things
M2M Machine to Machine
M2P Machine to Person
WEH wireless Energy Harvesting
WuR Wake-up Radio
MAC Medium Access Protocols
WuRx Wake-up Receiver
WuS Wake-up Signal
FCS Frame Check Sequence
DoS Denial of Service
PSR Packet Success Rate
CSMA/CA Carrier Sense Multiple Access with Collision Avoidance
WUSN Wireless Underground Sensor Networks
VWC Volumetric Water Content
TDR Time Domain Reflectometry
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