OPTIMIZATION AND ANALYSIS OF WLAN RF
ENERGY HARVESTING SYSTEM ARCHITECTURE
FOR LOW POWER WIRELESS APPLICATIONS

A Thesis
by

Syeda Wajiha Munir

Submitted to the
Graduate School of Sciences and Engineering
In Partial Fulfillment of the Requirements for
the Degree of

Master of Science

in the
Department of Electrical and Electronics Engineering

Ozyegin University
January 2017

Copyright (©) 2017 by Syeda Wajiha Munir



OPTIMIZATION AND ANALYSIS OF WLAN RF
ENERGY HARVESTING SYSTEM ARCHITECTURE
FOR LOW POWER WIRELESS APPLICATIONS

Approved by:

Asst. Prof. Ali Ozer Ercan, Advisor
Department of Electrical and Electronics
Engineering

Ozyeg“m Unwversity

Assoc. Prof. Onur Kaya

Department of Electrical and Electronics
Engineering

Isik University

Asst. Prof. Ahmet Tekin

Department of Electrical and Electronics
Engineering

Ozyejin University

Date Approved: 05 January 2017



To my beloved parents and supporting siblings......

1l



ABSTRACT

The presented work proposes a radio frequency (RF) energy harvesting circuit design,
which scavenges energy from WLAN dual frequency band. In comparison to other
available sources for energy scavenging, e.g. solar, wind and thermal, RF energy
harvesting has received much attention in recent research work. Despite of the low
power density, RF energy harvesting can be a promising solution to power the energy
constrained wireless networks with careful design of energy harvester antenna and
processing circuitry. However, it is a critical challenge to obtain usable DC output
voltage from RF signals as signals received by harvester is of low amplitude, whereas
required voltage to operate any wireless device is proportionally high. Moreover, most
of the past work in RF energy harvesting is only effective for single frequency and
have less efficiency response.

Therefore, this research focuses to design an improved and optimized WLAN dual
band energy harvesting circuit with the inclusion of real time channel losses, as well
as fabrication dissipation loss; which is a novel aspect of the presented work. The
contribution of this dissertation goes beyond simulated design only, it also reports the
non-ideal simulation analysis and PCB implementation of designed circuit. Ideal and
non-ideal circuit design has been compared, with accompanying simulations on both
ideal and non-ideal conditions to investigate the upper bound on achievable harvested
energy. Simulation results report approximately 67% efficiency and total output of
13 pJ of energy, when the transmitter power is 1 Watt and distance from transmitter

is kept as 1 meter; with the ideal channel characteristics considered.
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OZETCE

Bu tezde WLAN ikili frekans bandinda, radyo frekansinda (RF) enerji harmanlayan
devre tasarimi onerilmektedir. Gilineg, riizgar ve 1s1 gibi diger enerji kaynaklarina
kiyasla, RF enerji harmanlamasi son caligmalarda c¢ok ilgi ¢ekmigtir. Diigiik giig
yogunlugu olmasina karsin RF harmanlama, dikkatli anten ve igleme devresi tasarimi
ile enerji yoniinden kisith telsiz aglarin gii¢ kaynagi olmak igin iimit veren bir ¢6ziim
olabilir. Telsiz cihazlarin igledigi DC voltajin kiyasla ytiksek oldugu durumda diigiik
genlikli RF sinyallerinden kullanilabilir DC ¢ikig voltajinin elde edilmesi kritik se-
viyede 6nemli bir zorluktur. Ayrica 6nceki caligmalarda ¢cogunlukla tek frekans bandinda
RF harmanlama iizerinde durulmustur ve verimlilikleri daha diigtiktiir.

Bu ¢aligma, gelistirilmis ve eniyilenmis iki bantli WLAN enerji harmanlama de-
vresi tasarimi tizerine yogunlagmaktadir. Gergek zamanl kanal kayiplar: ve tiretimden
kaynakl kayiplar tasarimda goz oniinde bulundurulmustur ve bu, tezin yenilikci
yonlerinden birisidir. Tasarlanan devrenin ideal olmayan benzetim analizi ve PCB
gergeklenmesi de raporlanmigtir. Ideal ve ideal olmayan devre tasarimi her iki duru-
mun da modellendigi benzetimlerde kiyaslanmig ve harmanlanabilecek enerjinin st
limitleri incelenmigtir. Benzetim sonuclari verici giicii 1 Watt ve verici-alict mesafesi
1 metre oldugunda, ideal kanal karakteristikleri altinda yaklasik 67% verimlilik ve

toplam 13 pJ enerji ¢ikisi gostermektedir.
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CHAPTER 1

INTRODUCTION

In recent years, there has been a rapid growth in many wireless communication ap-
plications such as wireless sensor networks and IoT etc [1]. Since these applications
constitute of large number of low power sensors, so ubiquitous supply of energy is
essential for their operation [2]. This led to the need of self sustained energizing
technique for powering wireless sensor networks (WSNs), with no need of battery re-
placement. In this regard, energy harvesting from ambient environmental sources and
converting them to usable DC voltage is the key solution [3]. Energy can be harvested
from different sources like solar, wind, vibrational, thermal and electromagnetic Radio
Frequency (RF) sources [4].

Solar energy can be a good option for harvesting energy, as it provides highest
energy density and it can easily operate the low power IoT applications. Despite
of the greater amount of harvested energy obtained, it is only able to function when
sunlight is present. Similarly, wind energy and other sources have the same constraint
of not been available all the time. Whereas, RF signals are omnipresent and thus fea-
sibility of RF harvesting for IoT applications is kept as the main focus of this thesis.
Although energy harvested from RF source may be enough only to supply very low
power applications today but still among all the sources, RF signal source is preferred
because of its adverse advantages [4]. With improvement and advancements in the
technology, RF energy harvesting may become more efficient, which can ultimately
solve the problem of replacing the batteries [5]. Secondly, RF energy is available

throughout the day and being transmitted from many radio transmitters present in



the specific vicinity. They include mobile cellular phones, mobile base stations, hand-
held radios and television broadcast stations within a frequency range of 3 kHz to 300
GHz [2]. Therefore, it provides diverse spectrum opportunity for energy harvesting
and energizing the low power devices without the regular need of replacing batteries
[6]. In addition to this, there is an active research potential in the investigation of the
multiple ways to scavenge energy from environment and convert them into electrical
energy to energize low power devices [7]. These low power wireless applications can
store this harvested energy for later use as well. Moreover, this particular area of RF/
microwave research also provides an enabling solution to the companies against finite
electrical battery life. Consequently, it makes easy to drive wireless mobile devices
for an increased duration of time. Therefore, there is a concrete motivation to equip
the WSNs with energy harvesting ability that would not only lessen the operational

cost of the system but also make it self sustained system (shown in Figure 1) [8]. As

Energy @{ :l)
Management Antenna
Transceiver
Energy
Energy Harvester === Storage Buffer | == 0
Microcontroller
Energy L3
Measurement .
Sensor Wireless
Sensor Node

Figure 1: Block Diagram of Energy harvesting Wireless Sensor Node [8]

a result of this motivation, the presented work explains the design and optimization
of WLAN energy harvesting system architecture. The analysis shows that designed

system is efficient enough to provide power to the wireless sensor node.



1.1 Brief Overview of Energy Harvesting Architecture

The basic architecture of RF energy harvesting has been shown in Figure 2. It includes
the receiving antenna, matching network and voltage rectifier, that finally provides
DC output voltage for load circuitry. There are certain constraints associated with
processing circuitry of RF energy harvesting system, which are also dealt in this work.
By optimizing and improving such constraints, overall system output and efficiency
can be increased thus, making RF energy harvesting a promising solution for low

power applications [9)].
Impedance e
Antenna : Rectifying
((({l})))_} receiver [ "rllaetti\hégf | circuit

Figure 2: Overall General Architecture

Different RF sources can be used to harvest energy e.g. FM/AM, WLAN, LTE/GSM
cellular base stations and DTV sources. The design of processing circuitry is depen-

dent up on the type of RF source used as mentioned in the next chapters.

1.2 Contribution

This dissertation considers energy harvesting from WLAN dual RF frequencies i.e.
2.4 GHz and 5.8 GHz and includes the optimized circuit design for energy harvesting
on Advance Design System (ADS) Agilent software. Moreover, it also presents RF
signals transmission from WLAN source to receiver at a distance ranging from 1
m to 10 m via wireless channel, while considering realistic channel models provided
by ADS. In simulation environment, dual-band microstrip patch antenna has been
designed and used at receiving side to scavenge energy from Wi-Fi routers, which
was published in [5]. Two separate impedance matching networks are designed for

dual operating frequencies of WLAN which are composed of different combination



of inductive and capacitive elements using smith chart utility [8]. It exhibits the
efficient matching and maximum power transfer from antenna to the rest of circuit.
4-stage voltage rectifier has been designed to provide enough voltage to energize the
low power devices and storage circuit has also been optimized. To compare this ideal
design with practical realistic design, we have considered non-idealities in this design,
by including PCB losses and component losses. In the end, we not only analyze this

non-ideal system efficiency but also compares it with ideal design.

e In the previous work, only receiving part of RF energy harvesting was consid-
ered, which did not include the transmitter parameters and wireless channel
attributes. It is the matter of fact that energy harvested is dependent on many
factors out of which channel conditions, distance between source and harvesting
circuit is an important consideration. In this work, characteristics of wireless
channel and transmitter attributes have also been analyzed under different con-

ditions.

e The past work majorly refers to the single RF band energy harvesting, while this
work explains the design and analysis of dual band RF energy harvesting system.
It is observed that harvested energy can be increased if multiple frequency
bands are used. In this regard, two separate LC matching networks have been

designed.

e In most of the work only design and simulations for ideal circuit has been shown
as in [3], whereas presented work models the actual non-ideal behaviour of RF
energy harvesting system. It explains the inclusion of PCB losses and parasitic
losses and shows their effects on the overall efficiency of an ideal system. The
ADS simulations have been performed under different source power values, at
different distance range from transmitter and finally the overall efficiency and

total harvested energy has been calculated for both WLAN frequencies.



1.3 Owutline of Thestis

This dissertation is organized in five chapters, as follows:

The first chapter is an introduction section that outlines the work as well as in-
stigates the research covered in this work. The second chapter covers theoretical
background research work and also some of the existing research potential in RF en-
ergy harvesting that was used as beginning step point for the circuit design outlined
in this thesis. The third chapter explains the circuit design to harvest energy from
WLAN dual band RF and analysis in the light of system efficiency and total energy
harvested. Moreover, it also includes the effect of transmission frequency, channel
conditions, distance between source and receiver and source power. The fourth chap-
ter includes the simulations used to model the actual non-idealities, that occur in real
circuits, such as the PCB and parasitic losses, and compares the harvesting results
with the ideal case. The final chapter concludes the thesis by providing the conclu-
sions drawn from this work as well suggests some improvements in energy harvesting
circuit that would lead to a more efficient design and overall total harvested energy

can be increased.



CHAPTER 11

RELATED WORK

Recently, there has been an upsurge of research interest in providing energy harvest-
ing ability to wireless devices . It enables the wireless system or node to sustain
its energy consumption demand, which in turn is a promising solution against lim-
ited battery lifetime and its replacement [8]. Moreover, energy harvesting has a key
enabling role in virtually perpetual operation of wireless sensor networks (WSNs).
Energy scavenging can be classified, according to the source, from where energy is

harvested as shown in the Figure 3 [2].
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Energy Source ; Low-PowerApplication
Stored Energy

Figure 3: Energy Harvesting from different sources [2].

Above flow diagram shows the fact that after energy has been collected from envi-
ronment, the signals are directed to the power conversion unit, which is designed
according to the type of source [8]. However, overall hierarchy remain the same i.e.

conversion of collected signal to DC voltage. It is important to note the total amount



of energy harvested from different sources are not same, as Table. 1 shows the es-
timated power per unit area, that can be harvested from different available sources.
In [4] it has been explained, that energy can be scavenged from solar and vibrational
sources but RF sources are widely used, despite of the fact that less amount of energy
can be harvested from RF as compared to solar, wind and other sources.

The most promising source for harvesting energy is sun. It is because of the
fact, that it provides the highest energy density and solar cells are easily available
in variety of sizes and capacity. Moreover, in [10] a solar energy harvesting method
is used as a power source for wireless sensor networks, that consists of sensor motes.
The integrated solar energy harvester presented in [11], scavenges energy by using
array of photo-diodes, fabricated with storage capacitors on a chip. In spite of above
mentioned benefits of solar harvesting, it also has a drawback of being able to operate
only when direct sunlight is present.

Vibrational energy source can also be one of the candidate to energize the low
power applications [8]. In [12] vibrational energy harvesting technique is presented,
which uses the piezoelectric crystal. It elaborates the conversion of force applied on
shoes during walk, to usable DC output voltage. Moreover, [13] has indicated that
vibrational energy from environment can be used to operate autonomous wireless
monitoring sensor system.

Despite of the fact that low energy can be harvested from RF signals, yet many
recent research work is focused on RF energy harvesting because of ubiquitous avail-
ability of RF signals [14]. A wireless battery charging system using RF energy har-
vesting has been studied in [6]. Different RF sources have been used by the researchers
to estimate the total amount of energy harvested, details are mentioned in Table. I.
The maximum theoretical power available for RF energy harvesting is 7.0 uWW and

1.0 uW for 2.4 GHz and 900 MHz frequency respectively; for free space distance



of 40 meters, which is according to the FCC regulations limits defined [15]. More-
over, [4] presents an RF energy harvesting system that can scavenge energy from
the ambient surroundings at the down-link RF frequecny of GSM-900. Similarly, an
experimental RF energy harvesting system for cell towers is presented in [16]. The
recent, research also shows that a mobile phone can be energized with the charging

rate of 4mV /second at a frequency of 915MHz [2].

Table 1: Total Harvested Power from Different RF Sources

RF Sources Transmitting Power | Frequency Band | Distance | Harvested Power
TV tower [17] 960 kW 674680 MHz 4.1 km 60 mW
Downlink-GSM [18] 3W 915 MHz 5m 189 mW
LTE band [§] 906 MHz 15 m 0.3 uW
0.5 W 915 MHz 1m 40 mW/m?
Mobile Phone [19] 0.5 W 915 MHz 5m 1.6 mW/m?
0.5 W 915 MHz 10 m 0.4 mW/m?
Cellular Tower [14] 800 MHz 30 cm 21.9 mW
Uplink-GSM [14] 1.9 GHz 30 cm 4.1 uyW
WiFi Router [20] 2.4 GHz 1m 0.001lmW

WLAN 2.4 GHz RF energy harvesting system has been designed and analysed in
[20] to achieve optimum amount of efficiency. The research in [6] provides different
techniques for RF energy harvesting, that includes the generation of a small amount
of the DC electrical power to drive circuits in wireless communication electronics

devices. In [17], it has been mentioned that total of 60 uWW energy is harvest-able



from Tokyo TV towers, which is 4.1 km away from energy harvesting system.

2.1 Recent Research on Energy Harvesting Antennas

Antenna at the receiving end of energy harvesting circuit has always been an im-
portant consideration for research teams [21], [22]. Receiving antenna and rectifying
circuit combined called as rectenna, has significant impact on the efficiency of RF
energy harvesting system [1], [23] and [24]. Recently, improved designs of rectenna
have been implemented to increase the efficiency in terms of energy scavenging [6].
It has been reported in [5], [25], that an efficient energy harvesting system requires a
rectenna with high RF-DC conversion. The primary design focus of past research on
RF energy harvesting is scavenging energy from a single RF band [22], [20]. However,
in the recent reported research, the design of dual band [24] and triple band [26] an-
tennas for RF harvesting applications, have gained much attention. Moreover, in [27],
(28], authors have highlighted the advantages of compact multiple band microstrip
patch antennas for wireless applications.

Antennas can be designed in different structures, for instance dipole, unipolar and
patch antennas. Whereas out of all forms of antenna, microstrip patch antenna has
attained the great interest and attention because of its diverse advantages [6]. In this
regard, several studies have been reported where microstrip patch antenna has proven
the improved efficiency. The literature in [21], explains the comparison of different
antennas and their impact on overall energy harvesting system. Microstrip patch
antennas designed in [5], [24] consists of a square-shaped patch and it is fed via 50 €2
microstrip line. Such antennas are potentially well suited for RF energy harvesting
system, due to the bandwidth criteria and return loss at designed frequencies [1].
Furthermore, miniaturized microstrip antennas have reduced overall size, so they
are more likely to use in wireless devices [6]. In addition, they have wide range

applications in telecommunication systems as they are economically low profile, light



weight and compact, which consequently allow multi-band operation [26]. Different
methodologies have been proposed by researchers, to fulfil the dual-band operation
requirements; for example by simple variation in slot length and width of patch
antenna has received much attention [27], [28]. In the presented work, dual band
microstrip patch antenna has been utilized for designed RF energy harvesting system

(explained in next chapter), which has also been published in [5].

2.2 Literature Review on the Processing Circuitry of RF
Energy Harvesting

It is known that input impedance of harvesting circuit should be matched to the

characteristics impedance of receiving antenna, to maximize the energy transfer [9].

In literature, different impedance matching techniques are discussed, matching can

be accomplished by means of a LC matching, stub-matching network or pi-matching

network [23], as shown in Figure 4.

MATCHING
MATCHING RECTIFIER
RECTIFIER ANTENNA
ANTENNA oo + LOAD p NETHORK, *Hose
I ! ! ; i
! 1 vm ; I I 1 vm
L R | ]
Rs : ,< JI : : Cm :
Vs [ I L vy i iR; Ca=—
| Lywd (R0 Ca L myftes
: % ' !
| ! i i
| ! i I
I 1 : I
| ! i ;
! ' : '
@ ®
MATCHING RECTIFIER
ANTENNA  yeTWORK + LOAD

Figure 4: (a) Stub Matching (b) T- Matching (c¢) Pi-Matching [7].
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In [4], the design of pi-matching network using inductor and capacitor has been
presented, that matches the antenna impedance to the input impedance of rectifier.
In [8], ADS smith chart utility has been used to find the optimum matching network
for RF energy harvesting system. Similarly, [17] shows the design and implementation
of matching network for harvesting energy from DTV source,which utilizes the design
of T-matching network using the ADS smith chart tool. The output of matching
circuit is fed to rectifier circuit, that converts the matched AC signal to usable DC
voltage. Different topologies of rectifier circuit has been discussed in the literature
for RF energy harvesting such as Greinacher rectifier [29], Villard voltage rectifier
and Dickson rectifier [30]. Figure 5 shows the Villard and Dickson rectifiers, while
Greinacher rectifier is used in [31]. The most important component of rectifier is
diode, which plays significant role in harvesting maximum energy and consequently,

enhances the overall efficiency of system. [2], [7].

| I
I ; T aun
T Vnecriﬁed T LV -
| | i T Ffec’tlﬁed
il H J:_ + J?_
Ver f p— - Ve —— )
- L
(a) (b)

Figure 5: (a) Villard Rectifier (b) Dickson Rectifier [8].

It has been reported in [32] that HSMS-28XX Schottky diodes (shown in Figure 6)
are the most preferable candidates for RF energy harvesting rectification circuitry.
In [8], author has used HSMS-2850 Schottky diode because of its low capacitance
and low forward voltage. Similarly, [3] shows the utilization of SMS7630 Schottky
diode for WLAN energy harvesting system while low operating voltage HSMS-2860

Schottky diodes are been deployed in analogue TV harvesting system mentioned in

11
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Figure 6: HSMS Schottky Diodes

[33] . Two Schottky diodes are used in each rectifier stage. The number of stages are
another important consideration of rectifier circuit as mentioned in [5], [32]. Different
number of stages are used in past research work depending upon the application and

type of RF source.

2.3 Background Research About Non-Ideal Behaviour of
Harvesting System

Modelling of all the losses and other non-idealities of ideal RF energy harvesting
system is an important consideration. In chapter 4, detailed analysis of non-ideal
model and its comparison with ideal circuit design will be discussed. As PCB losses
will be considered so, it is important to consider some significant facts about trans-
mission lines. Therefore, a short review has been done in this regard as well. PCB
lines/ microstrip lines are used in circuit implementation, they carry and transmit
RF /microwave signals. The physical parameters of these transmission lines are cru-
cial and they vary according to the frequency of signal transmitting through them
23].

The past research work on PCB design of RF energy harvesting circuit and its
implementation shows that, critical consideration of substrate and transmission lines
is required [1]. Moreover, component losses are also taken into account to nearly

estimate the total loss during the RF energy harvesting operation [9].
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It is important to contemplate all PCB losses and other factors of non-ideal circuit,
because actual incident RF power on antenna can be 0 dBm or even lower and after
passing through the processing circuitry it may decreases further [8]. Consequently,
there is a requirement of such an energy harvesting circuit that can work properly
under all these constraints and realistic condition. In this regard, [7] shows the PCB
implementation of RF energy harvesting circuit. Similarly, [9] explains the procedure
of designing non-ideal PCB layout using S-parameter analysis of ADS software. In the
presented work, the design, analysis and comparison of non-ideal circuit design has
been discussed in detail. Moreover, our work includes the hardware implementation
of RF energy harvesting circuit along with the receiving antenna, which is a novel

aspect.
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CHAPTER II1

RF ENERGY HARVESTING FROM WLAN ACCESS
POINTS

3.1 Design of System Architecture

This chapter explains the design and analysis of RF energy harvesting from dual
WLAN frequency band. It includes the detail design procedure of receiving microstrip
patch antenna, selection of stages in voltage rectifier and optimization of matching
network. It will be shown later in this chapter, that the proposed circuit design
can harvest energy from dual frequencies of WLAN. Moreover, the designed system
is efficient enough to operate at dual frequency band and provide sufficient voltage,
that may energize low power devices.

The overall RF energy harvesting system architecture comprises of two sub-systems
namely RF signal transmitter/source and RF signal receiver. RF source generates
and transmits the signal via pathloss channel, and signals are ultimately incident on
receiving antenna [30]. The crucial challenge in harvesting RF energy is the path loss
between source and the receiver. The Friis transmission equation (1) [34] relates the

received (P,) and transmitted source (P;) powers with the distance R as:

A
P, = PSGtGr(m)z (1)

Where G; and G, are antenna gains, and A is the wavelength of the transmitted
signal. The received RF power decreases with the square of the distance in free space
environment, while it becomes worse in case of urban and rural environment. Thus
energy harvesting circuit requires special design consideration and it becomes more

critical issue when real time environment is considered which involves various channel
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conditions as shown in Figure 7.

Y
Y

NLAN
(ED - Ta]l >>p CE:\-C_‘ e m ing Circuitj— 4-Stage Voltage Rectifier |~ Storing Circuit
[Charnel

WLAN_Source Tx_antenna Channel Rx_antenna

Figure 7: The proposed architecture

The proposed architecture is simulated on ADS Agilent software, which not only
provides an option for WLAN source but also considers practical channel model in-
cluding all the real time impairments. A frequency domain method of harmonic bal-
anced analysis is used in this work since our ultimate goal is to compute the steady
state solution of a non-linear circuit. The source power (P;) of the transmitter and
the distance (d) between the transmitting RF source and receiving antenna greatly
affects the harvested energy [2]. RF signals are transmitted from WLAN 802.11a/b
source via transmitter antenna and wireless channel, which are collected at the energy
harvesting circuitry. The front-end of RF energy harvester is the receiving antenna,
which converts the incident RF signal into AC voltages and currents.

The matching network ensures the maximum power delivery from antenna to
voltage rectifier and increases the input power to the rest of the circuit. In our case
4-stage voltage rectifier has been used and LC matching technique is utilized for the
design of matching circuit. The storing circuit at the end of system architecture allows
uninterrupted power delivery to the load even when external energy is not available
[16]. Figure 8 shows the proposed system architecture of receiving side of RF energy
harvesting system. In RF energy harvesting, the amount of harvested energy depends
on the transmitting power, frequency of the RF signals and the distance between RF

signal source and the harvesting system.
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Figure 8: Schematic diagram of 4-stage WLAN energy harvesting system

3.2 Effect of Transmitting Source Power

Transmitting power has a significant effect on the total energy obtained at the output
of circuit. WLAN source can operate at different RF power levels and with the change
in P,, the received RF power changes accordingly. In this regard, three realistic
transmitter power levels are considered and simulations are performed to obtain the
results in Figure 9 (a, b). Whereas, Figure 9 (a) reveals that for 2.4 GHz and at a
fixed distance of 1 meter, almost 20 dBm, 15 dBm and 10 dBm power is collected
on receiving antenna against P, = 1 W, 500 mW and 200 mW respectively. By
increasing source power, received power increases linearly, but increase is different for
both WLAN frequencies i.e. received power for 2.4 GHz is more as compared to 5.8
GHz.

It also elaborates the fact that higher frequencies are more vulnerable to path-
loss, that is the reason P, at 5.8 GHz is less than 2.4 GHz for the fixed distance. By
observing the above values of obtained P,, rest of comparison and analysis considers
P, from -30 dBm to 30 dBm. Moreover, this received power is converted to total
energy harvested at output of designed circuit in Figure 7. For different P, levels,
total harvested energy varies according to the fact that increase in source power leads

to the exponential increase in total harvested energy with respect to time, as shown
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in Figure 10. It also elaborates the trend of harvested energy with source power, i.e.
at fixed time instant of 8 ms and distance of 3 m, total harvested energy is 2.0 nJ

and 4.0 nJ, when the source power (P;) is 700 mW and 900 mW respectively.
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Figure 9: Effect of distance on received power at different transmitting power levels
for Indoor Office Environment (a) at 2.4 GHz (b) at 5.8 GHz

3.2.1 Effect of Channel Conditions

The free-space model mentioned in equation (1) has the assumption that there is only
one single path between a transmitter and a receiver. However, due to RF scattering

and reflection, a receiver may collect RF signals from a transmitter via multiple paths.
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Moreover, in practical indoor environment channel is no more free space so wireless
fading channel model of ADS, and realistic indoor office environment has been used

in simulations.
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Figure 10: Effect of source power (P;) on harvested energy

In order to investigate the effect of realistic channel model and power incident on
receiving antenna for a range of distance, circuit shown in Figure 7 has been used.
Whereas, receiving antenna is integrated with harvesting circuit which scavenges
energy at dual frequencies of 2.4 GHz and 5.8 GHz. In simulations, distance is varied
between 1 meter to 10 meters and corresponding received power (P,) is measured at
receiving antenna, the plot of received power versus distance is shown in Figure 9.

The (P,) diminishes with increase in distance between source and harvesting circuit.

3.3 WLAN Dual-Band M:icrostrip Patch Antenna

The antenna can be designed to operate on either single frequency or multiple frequen-
cies, in which the system can harvest from a single or multiple sources simultaneously
[24]. The efficient way of RF energy harvesting is to design an antenna that can

operate on multiple frequency bands so that system can simultaneously harvest from
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a single or multiple sources [21]. In this regard, design of high directive dual band
microstrip patch antenna has received much importance [6]. Moreover, such antennas
have promising gain and bandwidth values [4].

In the presented work, our dual band microstrip patch antenna published in [],
has been utilized as a receiving antenna to scavenge WLAN-RF signals from the
environment. The designed antenna can simultaneously harvest energy from dual
WLAN frequency bands i.e. 2.4 GHz and 5.8 GHz, and it is efficient enough to
transfer maximum power from environment to the rest of processing circuitry. In
the presented work, transmitted WLAN signals are received by patch antenna via
wireless channel which are then converted to DC power by the voltage rectifier block

after impedance matching.
3.3.1 Fabricated Antenna Results

In order to authenticate our simulated results mentioned in [|, a prototype of the
proposed antenna is implemented and fabricated on FR-4 epoxy substrate (e,=4.4,

tanD=0.025) as shown in Figure 11.

Figure 11: Fabricated prototype of designed WLAN microstrip patch antenna

The dielectric constant of the substrate is the most important parameter as it has
a considerable role in the overall performance, width, length and resonant frequency

of antenna [20], [24]. The physical dimensions of prototype are kept according to
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the equations mentioned in [23]. Whereas in general, microstrip antennas are %)\
structures; thus, they are easy to fabricate and their size make them preferable to be

used in RF energy harvesting applications. [21].
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Figure 12: Simulated and fabricated reflection coefficient of proposed antenna

Figure 12 shows the simulated and measured results of the proposed antenna, it
is clear that for 2.4 GHz, the 10 dB bandwidth is between 2.39-2.52 GHz, which
covers the IEEE 802.11b frequency band. Similarly at 5.8 GHz, the bandwidth is
between 5.65-5.85 GHz and reflection coefficient is as low as -35 dB. Thus, the pro-
posed antenna receives all the frequencies of desired bands and attenuates the rest of
unwanted frequencies. If measured results of antenna are compared with the simu-
lated results, the measured reflection coefficient displays well agreement in resonance
frequency bands and corresponding bandwidth. Later, in next chapter the antenna
has been integrated with the rest of energy harvesting circuit using ADS momentum

layout.
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3.4 Matching Network

According to the operating frequency of RF source, the received RF power (P,) is
matched with the remaining circuit. Impedance matching is important in the design
of energy harvesting system as it decreases the transmission loss between antenna

and rectifier, thus increases the voltage for rectifier circuit [25].
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Figure 13: (a) ADS smith chart utility (b) The proposed LC matching network

The most commonly used impedance-matching technique for energy harvesting, is
LC matching network. In the presented work, as shown in Figure 13 (a), ADS smith
chart [8] is used to obtain two different LC matching networks for WLAN dual fre-
quency bands with optimal values of inductor and capacitor, such that high RF-DC
conversion efficiency is achieved. Firstly in ADS, the load impedance for matching
circuit was simulated (shown by square on Figure 13 (a)) and then smith chart utility
assistance was done to find the best power matching LC network, one similar to Fig-
ure 13 (b). For that perfect matching circuit, the impedance was matched to centre
i.e. 50 ohms; which is shown by an arc extended from square to the centre of the
smith chart. To verify the design of our matching circuit which is connected to the
output of antenna, input and output voltage has been plotted in ADS. This is done
in order to verify that matching circuit is providing the exact matched antenna to

voltage rectifier, as shown in Figure 14.
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Figure 14: Output voltage of matching circuit

The above figure shows that input voltage (v;,) is matched to vparen, thus satisfying
the purpose of impedance matching. In addition, it can also be seen that voltage is
AC; which means that rectifier is needed to convert it to DC power. Small alterations
in the matching circuit parameters can change the frequency range over which the
power transfer is maximum [7]. The efficiency of the impedance matching is high at
the designed frequency, that is why separate matching combinations are used for low
and high WLAN frequencies. After matching circuit, signal is then fed to voltage
rectifier which converts RF power to DC output voltage.

As it is already mentioned that, two matching networks are designed for dual WLAN
frequencies and they are integrated one by one with the rest of the circuit to ob-
tain the results. However for practical prototype, two complete separate circuits are
needed to evaluate the corresponding results. To fix this critical issue, two separate
bandpass filters can be deployed at the output of matching networks as mentioned
in [9]. The twofold reason of each bandpass filter is: that it allows the frequency
band to pass, whose power transfer is being maximized by the respective impedance

matching network e.g in case of 2.4 GHz matching network is connected to bandpass
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filter which only allows this lower WLAN band. The second most important consid-
eration, is to reject the high-frequency components which consequently results in the

undesired harmonic re-radiation and electromagnetic (EM) interferences [9].

3.5 Voltage Rectifier

The main component of the rectifying circuit are diodes, which transforms RF signals
into DC voltage [20]. Single stage voltage rectifier consists of stage capacitors and
diodes as shown in Figure 15. Whereas, multistage rectifier design is recommended
for an increased efficiency of energy harvesting system. Generally, higher conversion
efficiency can be achieved by diodes with lower built-in voltage [5]. In the presented
work, 4-stage voltage rectifier is used, while topology is Grainacher voltage doubler
[3] which provides enough and smooth voltage supply to operate low power wireless

system.

4<
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Figure 15: Single stage voltage rectifier

3.5.1 Choice of Non-Linear Components

The selection of non-linear component diode is of significance importance, as it de-
termines the conversion efficiency of system [1]. Conversion efficiency is defined as a
ratio of DC output power to incident power on receiving antenna. It is of paramount

importance to measure the efficiency of designed system [33].

_ DCOutput Power
~ InputRF Power

(2)
In designing RF energy harvesting circuit, it is desirable to attain higher conversion

efficiency so low built in voltage diodes are preferred. HSMS-285x family of zero
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Figure 16: Voltage Rectifier with Schottky Diode

bias Schottky detector diodes has been designed and optimized for use in circuits
where input power may be as low as -20 dBm. They are ideal component for RF-ID
applications [22]. Moreover, these microwave detector diodes from Avago technologies
are preferred because of its low forward voltage as well as its ability to perform up to
5.8 GHz RF frequencies. High frequency diode (HF) vendor library in ADS provides
an option to select HSMS-2850 diode which not only increases the low built in voltage
but also provide low substrate losses [32]. Single stage voltage rectifier shown in
Figure 16, is made up of two HSMS-2850 diodes and two stage capacitors of same
values. Whereas, if high voltage diodes are used it results in significant increase of
harmonics due to the nonlinear behaviour of the diode; consequently, it decreases the
conversion efficiency of rectifier circuitry [22], [15]. There is another critical parameter
i.e. saturation current, which has impact on the efficiency of diodes. In designing
RF energy harvesting circuit, it is preferred that diodes should have high saturation

current, low equivalent series resistance (ESR) and low junction capacitance [32].
3.5.2 Effect of Number of Stages

The number of rectifier stages has a major influence on the output voltage of the
energy harvesting circuit. Selection of number of rectifier stages should be done

carefully such that output voltage can be enough to energize low power devices.
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Optimal number of stages should be added to the system because parasitic loss of
non-linear devices increase by increasing number of stages which effects the overall

performance and efficiency of system [3], [8].

Qutput Valtage (V)
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Figure 17: Stored voltage versus input RF power for different rectifier stages (a) at
2.4 GHz (b) at 5.8 GHz

Voltage stored at the storing capacitor has a direct relation with number of stages
i.e. voltae stored is directly proportional to the number of stages. By increasing num-
ber of stages, output voltage increases but after certain number of stages, efficiency of
system decays down. In the designed system, 4-stages of voltage rectifier are cascaded
in series with each other. Figure 17 and Figure 18 show the effect of number of stages
on output voltage stored at capacitor and overall efficiency of system respectively.
The designed system can provide voltage of 7 V across 10 k2 load for an input power
of 10 dBm, given that signal transmitting frequency is 2.4 GHz as shown in Figure 17
(a). In ADS simulations for input RF power, parameter sweep of -30 dBm to 30 dBm
has been used and number of rectifier stages are varied from 1 to 4. Moreover, it can
also be seen that voltage increases exponential and saturates after 12 dBm because
at this point capacitor fills up and reaches its saturation level.

It is clear from Figure 17 and Figure 18 that, the number of stages are directly

proportional to the output voltage and the efficiency of the energy harvesting system.
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Figure 18: Efficiency versus Incident RF Power at different rectifier stages (a) For
2.4 GHz (b) For 5.8 GHz

However, losses due to the nonlinear components in each rectifier stage limit the
number of stages in the designed system. Therefore, if the number of rectifier stages
are increased further, the voltage gain and overall efficiency would decrease. Thus,
this aspect make it necessary to choose such number of stages which can provide
sufficient voltage for WSNs applications. According to [33], turn-on voltages of typical
sensor nodes are in the range of 1.8 V - 3.6 V, thus our proposed system of 4-stages
is suitable to provide the maximum required voltage for sensors node applications.
Moreover,the highest efficiency of 57% is achievable at an input power of 15 dBm for
2.4 GHz, after that it decreases as shown in Figure 18 (a). It can be inferred that
increase in RF input power is relatively higher than increase in respective output DC
power; therefore, over all efficiency decreases after certain threshold power level as

shown in Figure 18 (a, b).

3.6 Storage Circuit

In storing circuit optimum capacitor should be used which can store enough charge
to power the intended application such as wireless sensor nodes. Our proposed circuit

design includes a capacitor across the load to store and provide DC output voltage
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(shown in Figure 19). The output is not a good DC signal without a capacitor across
the load [4], so it is optimized to store sufficient amount of charge.

O

Figure 19: Storage Circuit

3.6.1 Selection of Capacitor

The reasonable value of capacitor can be used to store enough energy for the intended
applications. In Figure 20, the voltage on the storage capacitor as a function of time

is plotted for a range of capacitance values. In addition, charging time is also of
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Figure 20: Output voltage versus time at different storage capacitors.

paramount importance while selecting a storage capacitor, because if it is too short

the output at the node may experience energy shortage; whereas if it is too long, an

27



additional amount of energy will be lost due to leakage in capacitor [33]. Among the
tested values of capacitors, 700 nF has more charging time as compared to 100 nF
as shown in Figure 20; for example, 100 nF capacitor saturates at 3 ms, while 700
nF is still in charging state even at 10 ms. Therefore, optimum capacitors should
be chosen according to the requirement of application. There are some applications
where capacitors may not be able to store enough charge, then a battery or a super

capacitor can be deployed as an alternative [1].
3.6.2 Effect of Load Resistor

In ADS effect of load resistor has been simulated using parameters sweep of -30 dBm
to 30 dBm for RF input power and 10 k€2 to 160 k€2 for load resistor. It is clear from
Figure 21, that the circuit yields the optimized value of efficiency at a particular load,
or we can say that efficiency decreases if either load value is too high or it is very
low. It can be observed that among the tested loads, resistor of 10 k{2 provides the
maximum attainable efficiency in case of both 2.4 GHz and 5.8 GHz, i.e. our system

works efficiently if load value is 10 k2 as in Figure 21 (a, b).
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Figure 21: Efficiency versus incident RF power at different loads (a) for 2.4 GHz (b)
for 5.8 GHz

However when received power is lower, i.e. from -30 dBm to -15 dBm then 60 k2
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load provides the maximum efficiency. The amount of total charge stored in capacitor
at output end of circuit also depends on the transmitting frequency of source. WLAN
dual frequencies provides different efficiencies and voltages as shown in Figure 18 and
Figure 21. Low transmitting frequency provides overall efficiency of 57% while at 5.8
GHz, the efficiency decreases to 35%. Similarly, the voltage obtained at the output
of the circuit also decreases at high transmitting frequency as shown in Figure 18 (a,
b). For example, at P,= 10 dBm, maximum voltage for 2.4 GHz and 5.8 GHz is 7 V

and 5 V respectively.

3.7 Impact of Channel Impairments on Harvested Energy

The total amount of energy harvested depends on the number of factors as mentioned
in previous section. We know that, the wireless radio channel offers fundamental
limitations to the performance of any wireless communications systems. Moreover,
radio channels are very random, thus their effect is not easy to analyze [34]. Such
channel impairments e.g. path-loss and different fading models drastically effects the

total amount of harvested energy.
3.7.1 Effect of Path-Loss

Impact of fading model or impairment conditions of a channel on the total amount of
harvested energy is shown in Figure 23. In the designed system, energy collected at
the output storing capacitor varies with the distance between transmitter and receiver.
Path-loss is directly proportional to the distance between source and receiver, because
path loss of the channel is the ratio of transmitted power to the received power;
whereas, received power varies with the distance [34].

Therefore, it is an important parameter which not only effects the total received
power at the front-end of receiving antenna, but also total harvested energy. Energy
harvested is plotted on log scale as a function of time for a range of distance as

shown in Figure 22. It is noticeable that energy increases exponentially with time

29



but decreases as an inverse function with increase in distance, e.g. at 5 ms energy
obtained at 1 meter is greater than energy collected at a distance of 10 meters. The
exponential increase is because of the fact that energy stored is function of voltage

collected at capacitor which has exponential relation with time.
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Figure 22: Energy harvested versus time for range of distance from transmitter

3.7.2 Effect of Different Fading Models

A fading model is a statistical model to include the effect of a propagation environment
on RF signals [35]. In simulation, ADS Agilent provides an option of channel model
type which can be changed as an no fading, rayleigh faded or rician faded. Energy
as a function of time varies according to the type of channel selected as shown in
Figure 23.

It can be clearly seen that at a fixed distance of 1 m and a constant P, of 1 W,
energy harvested from rayleigh faded channel is less than no fading and rician channel.
It is because of the fact, that in rayleigh fading there is no line of sight (LOS). Signal in
this case is obtained via reflected paths, thus received signal becomes more distorted
and faded as compared to rician where there is one or more LOS [34].

The result shown in Figure 23 satisfies the basic wireless communication channel
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Figure 23: Energy harvested versus time at different fading models

modelling approach i.e. the output of: Rayleigh Channel < Rician Channel <
Nofading Channel [35]. The performance of rayleigh fading channel is the worst, as
bit error rate (BER) of this channel is much affected by noise [35]. In addition to the
channel impairments, there are other important factors which can greatly effects the

output. These constraints mainly are component losses and PCB fabrication losses,

which will be discussed in next chapter.
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CHAPTER IV

MODELLING OF NON-IDEALITIES IN RF ENERGY
HARVESTING SYSTEM

This chapter focuses on modelling and analysis of non-idealities in WLAN-RF en-
ergy harvesting system. The previous chapter explains the design methodology for
ideal harvesting system and provides the analysis under the influence of different
constraints. As described earlier, RF energy harvesting system constitutes of some
important components, that includes receiving antenna, impedance matching net-
work, voltage rectification circuit and load branch; which can be a wireless sensor
network e.g. sensor-node or some IoT applications.

The main goal is to analyze and discuss the non-ideal behaviour of RF energy
harvesting circuit. For this purpose, we need to understand the factors that are
responsible for non-ideal behaviour of any circuit. In this regard, the two important
parameters that should be taken into account are, the practical losses of components
and the fabrication losses. In this work, ideal schematic mentioned in chapter-3, is
transformed to non-ideal design by doing the following steps and procedure:

1. Ideal components are replaced by the non-ideal vendor based components as shown
in Figure 24.

2. The traces of transmission lines are placed around each component to include the
conductor and dielectric losses [7].

Further details of above two steps are mentioned in the next sections. Moreover,
non-ideal circuit has been modified in ADS Agilent schematic and for its S-parameters
analysis, layout momentum design has been generated corresponding to schematic

(shown in Figure 25). This chapter shows the non-ideal circuit design for 2.4 GHz
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and 5.8 GHz, while design procedure for only low frequency has been reported in this

thesis. Similar procedure is adopted for designing 5.8 GHz non-ideal circuit.

Figure 25: PCB Layout of non-ideal circuit for WLAN energy harvesting.

4.1 Circuit Design and Analysis

In previous simulations and analysis, we assumed that all the components except
Schottky diodes exhibit ideal behaviour. The results obtained under this ideal as-
sumption, reveals specific efficiency, output voltage and ultimately total energy har-

vested at different times and for a range of input RF power. To analyze and compare
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the similar results for non-ideal design, inclusion of parasitic effects and losses from
non-ideal components should be considered. Moreover, it is significantly important

to incorporate all related practical models of components and substrate losses in the

simulations.
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Figure 26: MSUB, MLIN, MTEE and MCORN modules of ADS

Therefore, Agilent ADS ideal case simulations have been repeated after incorporat-
ing the microstrip transmission line (MLIN), to include the Printed Circuit Board
(PCB) losses i.e conductor and dielectric losses. In other words, connecting lines are
now replaced with straight MLIN, cross shape, tee and corner junctions shown in
Figure 26. The dimensions of transmission lines are calculated using line calculator
[9] tool of ADS, which provides an option to calculate the length and width of line
against receiving frequency, relative permittivity and substrate thickness .

Moreover ADS substrate module, MSUB is used to define the dielectric parame-
ters, i.e. €, and tanD. In addition, ADS vendor supplied component libraries are used
to model the components for circuit design as shown in Figure 24. It not only pro-
vides a closer result to that of the practical system, but also anticipate the maximum
achievable efficiency and total harvested energy. In addition, the design also elab-
orates the integration of WLAN source, transmitter, wireless channel and receiving

antenna to the PCB layout.
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4.1.1 Inclusion of PCB Losses

With the effect of PCB included, one can estimate the losses due to the dimensions
of traces and substrate leakages of a practical prototype [8]. According to the specific
design, the alteration of substrate characteristics can be performed by the option
provided by MSUB block shown in Figure 26. MLIN are placed around each lumped
components to incorporate the PCB traces loss in practical scenario as depicted in
Figure 24.

The substrate definition has been provided, which is FR-4 epoxy substrate with
€, equal to 4.4 and tanD of 0.025. Whereby, in Figure 26 "H’ is cover height and "Mu’
is relative permeability. Secondly, the microstrip line is configured by defining length
and width according to results of line calculator [17]. After defining substrate and
trace characteristics, the transformed circuit has been integrated to channel model via
receiving antenna, to include the effect of channel impairments on the total harvested

energy.
4.1.2 Influence of Components Losses

It is known that each component in practical circuit has some losses which depends
upon the value and the physical size of component. To incorporate this type of losses,
vendor component library of ADS has been used. Instead of using ideal lumped com-
ponent as for the ideal circuit design mentioned in previous chapter, vendor defined
components has been integrated in the schematic.

Consequently at this stage, our designed RF energy harvesting circuit not only
considers the practical losses due to PCB fabrication, but also estimates the losses due
to components themselves. The explanatory flow chart for the complete procedure of

non-ideal circuit analysis has been shown in Figure 27.
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Figure 27: Flow diagram of non-ideal circuit design and analysis

4.2 S-parameter Analysis of Non-Ideal Design

According to RF/microwave concept in [23], transmission coefficients and reflection
coefficients are of significant importance to explain the behaviour of PCB design to-
wards high frequency RF signal. For this purpose, S-parameters should be calculated
against each subsection of circuit i.e matching network, voltage rectifier and storage

circuit.
4.2.1 Layout Generation

ADS momentum tool has been used to generate the layout and the corresponding
substrate has been defined in ADS emulation setup category as shown in Figure 25.
The first step is to define the PCB layers in layout window. For layer disposition
definition, momentum functionality available in layout window has been selected. In

the next step, integration of all the parts and placing of some essential simulation
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points, known as ports, is performed. Ports must be placed around matching network,
voltage rectifier and storage circuit, in order to estimate the S-parameters of each
sub-component. The output frequency plan of S-parameter analysis is defined with a
linear sweep type and with a range of 0 to 5 GHz in steps of 0.1 GHz. S-parameters
simulations are performed and corresponding data set is obtained as a touchstone file,

which will be used in the schematic simulation later.
4.2.2 S-Block Schematic

S-parameters are necessary to make an accurate simulation of the PCB, that is why
layout was generated. Whereas, creating another S-block schematic is essential in
order to evaluate the non-ideal circuit behaviour [9]. Harmonic balance (HB) method
is configured, while maintaining the same parameters as mentioned in chapter-3. For
this purpose, a S-parameter file based block having number of ports equal to ports in
layout design, is imported and placed in schematic as shown in Figure 28. If we push
into this block, it should provide the PC directory link for S-parameter data file. In
our layout design there were six ports, two ports for input and output of matching

circuit. Similarly, 2 ports for the rectification block and last two for storage circuit.
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HB1
Freg[1]=2.4 GHz

Input
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Figure 28: ADS S-parameter block schematic design.

Since the S-parameters are calculated using these ports, so pre-defined three sections
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Figure 29: ADS S-parameter block schematic design with channel.

of ideal circuit should be situated between the same port number as they were in
layout. It can be observed from Figure 28, that now ideal circuit is no more ideal,
in fact it includes the PCB and component losses in the form of S-parameter file.
Therefore, all the simulations have been repeated with this circuit design to analyze
the behaviour of our actual circuit.

Similarly, channel model, WLAN source and receiving antenna model can be
integrated in the place of simple source as shown in Figure 29. To incorporate the
channel impairments and transmitting source attributes, the wireless channel model
has been integrated with the circuit. Moreover, Figure 29 also provides us with some
important outcomes i.e. total energy harvested under various channel conditions and
at different levels of source power P,, for non-ideal circuit design. The details of

results and their analysis are mentioned in the next section.

4.3 Simulation and Results

The detailed analysis for designed non-ideal system has been performed which includes
the comparison of total output voltage versus input RF power incident on receiving
antenna. In addition, we have also calculated efficiency of a system at dual frequencies
i,e. 2.4 GHz and 5.8 GHz and compared it with ideal system overall efficiencies

as shown in Figure 31 and Figure 32. As we know that, interfacing channel with
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the receiving section has significant effect on the total energy harvested. Therefore,
channel has been incorporated with WLAN source at one side and receiver circuit at
the other. For a fixed distance of 1 meter, total harvested energy versus time has
been calculated at different source power as shown in Figure 30. The details of theses

results are mentioned in next subsections.
4.3.1 Comparison between Ideal and Non-Ideal Design

Our main goal is to calculate the total harvested energy under different constraints
and conditions. Therefore, ideal and non-ideal circuit design has been compared in
the light of energy harvested at different source powers, at multiple time instances
and for a range of distance from source to receiver; whereas, distance range is shown

in terms of power received at input antenna.

_ 14E5 1pe BOE6

_ 12854 | Non-ideal  —e— — speg|| Nonldeal  —e—

B 4 | Ideal £ ]| 1deal ——

3 e S 4066

T 8.0E6 = 1

T - g 3.0E6

£ B.0E-E 5 1

T 1 = 20E6

B 4056 = -

= =

= 1 1.0E-6 -

= 2086 = ]

00B0 4o ————1——71 7 71T T T T D'DED_'I'"'I'|'|'|'|'|'|'
0 2 = 4 35 & T &8 85 10 ooz S L 0

time. msec time, msec
(a (b)

pe 2566 ape T-0ET

_ 1| Non-deal  —e— + BOE7— Nonldeal | —e—

& 2064 Ideal 2 1| 1deal

E ] E 5057 =

= N = i

3 1566 I 4057

g ] g .

E ] £ 30E-7

5 10E6 E 7

& ] 2 2057

2 507 : 1

wm P w1087

D.DED_.l..|.|..|.|.|.. 00E0 geog T T T T T
i 5 3 4 35 & 7T & % 1o i 2z 3 4 5 & 7 & 8 10

fime, msec fime. msec
() (d)

Figure 30: Energy versus Time for Ideal and Non-Ideal Case at (a) Ps =1 W (b) P
= 500 mW (c) P, = 250 mW (d) P, = 100 mW
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It is therefore, assumed that for a particular distance, specific amount of power is
incident on receiving antenna. It can be observed from Figure 30, that the energy
harvested from non-ideal circuit is relatively less as compared to the energy harvested
from ideal energy harvesting circuit. The decrease in energy is due to the fact, that
now the circuit is more practical, since it includes parasitic losses and PCB dielectric
losses. However, energy curve follows the same trend with time as that of ideal energy
graph. Moreover, it has been shown that energy increases exponentially with time. It
is because of the fact that voltage stored on capacitor has exponential relation with
time i.e. expected charging characteristic of a capacitor. The harvested energy has

been calculated by the following formula:

1
Estored<t) = EC‘/siored(t) (3)

Where 'C" is the capacitance of storage capacitor which is chosen under the criteria as
mentioned in previous chapter. Another important information, that can be inferred
from the results is the increasing trend of harvested energy with increase in source
power and it is also valid in both ideal and non-ideal cases; the respective result has

been explained in next subsection.
4.3.2 Effect of Non-Ideal Behaviour on the Efficiency

It is clearly observable that, at 2.4 GHz output voltage and overall efficiency of a
system is more than 5.8 GHz. Another important result, we can infer from these
results is that output voltage for ideal case is clearly more than non-ideal circuit be-
cause of PCB losses and vendor (non-ideal) component inclusion in circuit schematic.
Ideal and non-ideal both circuit design give maximum efficiencies at 15 dBm for 2.4
GHz and same for 5.8 GHz. Whereas, at 2.4 GHz voltage becomes saturated when
input RF power exceeds 15 dBm; but in case of high frequency same stable voltage
condition is achieved at almost 18 dBm as shown in Figure 31 and Figure 32. For

example, in Figure 31 (b) at 2.4 GHz maximum efficiency of 60% is obtained in ideal
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scenario whereas; almost 40% efficiency is obtained for corresponding non-ideal case
while the incident RF power is considered between -20 dBm to 25 dBm. The efficiency
achieved in the simulation of the ideal system is quite higher, since the characteriza-
tion of S-parameter has not been done; likewise, the dielectric and conductor losses

were not been taken into account.
4.3.3 Effect of Source Power at different time instances

The transmitting power (Ps) of WLAN router has significant effect on the total output
obtained in RF energy harvesting circuit. Therefore, energy comparison between ideal

and non-ideal design has been performed, to investigate the effect of P;. If the channel
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Figure 33: Energy harvested versus source power at t = 5 ms

model is assumed to be no fading and path-loss has been included, energy harvested
increases exponential with increase in P; for both ideal and non-ideal design for a

fixed distance of 3 meters (shown in Figure 33, Figure 34 and Figure 35).
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Figure 34: Energy harvested versus source power at t = 10 ms

Another considerable important parameter is the time instance at which particular

amount of energy is harvested e.g. Fyoreq at 5 ms, 10 ms and 15 ms. Figure 33 shows
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the energy collected at time equal to bms. Similarly, Figure 34 and Figure 35 shows
total harvested energy at t = 10 ms and t = 15 ms respectively, for a fixed distance of
3 meters in both ideal and non-ideal cases. This shows that PCB losses and individual
component energy dissipation, significantly decreases the efficiency and total amount
of energy harvested. It may not be possible to attain same energy for both the
cases, but improved design considerations can be considered and utilized. One of
the important consideration can be the reduction of transmission line lengths. This
leads to minimization of the undesired parasitic inductance offered by copper traces
in PCB [7], [9]. It can be inferred from these figures, that energy harvested increases

linearly with the increase in source power for a fixed time instance.
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Figure 35: Energy harvested versus source power at t = 15 ms.

In other words, we can say that if source power becomes double the energy har-
vested becomes twice as well. For the constant time and source power, energy har-

vested in non-ideal case is less than the ideal one as shown in the respective figures.
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4.4 PCB Fabrication and Measurement

It is known that practical implementation of PCB for designed circuit is an important
step to investigate the real time practical constraints. As it is mentioned earlier, that
PCB layout has been generated on FR4 substrate, now next step is to integrate our
designed microstrip patch antenna with the rest of processing circuitry. For this
purpose, we combined the two layouts i.e. combine antenna front plane with the
circuit layout and ground plane with the ground plane of energy harvesting circuit.
The next important step is to print PCB, it requires generation of a machine
language files, known as Gerber [7]. The number of Gerber files are equal to the
layout layers. Figure 36 shows the PCB gerber files with all the layers included.
There are two holes present in harvesting circuitry side, which are used to ground the

circuit with a common bottom ground plane.

Figure 36: Gerber File For Printing of RF Energy Harvesting PCB.

4.4.1 PCB Fabrication and Components Selection

The PCB is printed on double layered FR-4 epoxy glass substrate, where one of
the layer serves as a ground plane which has been made common with the antenna
ground plane. Moreover, antenna can be seen on the top side of the Figure 36, which

is integrated to the input of energy harvesting processing circuit from direct feed.
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Another important consideration is selection of components, as we have selected
the optimized components for our simulation. In this regard, we selected components
with such values and performance parameters which are as close as possible to ones
used in simulations. For example, instead of using HSMS-2850 schottky diode we
deployed BAS70 schottky diode (SOT-23 package). It has low capacitance of 2 pF
and low built in voltage characteristics, which is an important requirement of our RF
energy harvesting circuit. Moreover, storage capacitor of 0.68 uF has been connected

with the load resistor of 10 k2, which will be used to measure output voltage.

Figure 37: Prototype of WLAN-RF Energy Harvesting PCB.

4.4.2 Experimental Setup for Measurement

After the components have been assembled on PCB and respective soldering proce-
dure has been done, the next step is to take the measurement from the circuit. For
this purpose, WiFi router has been used as RF source for energy harvesting PCB. The
physical prototype PCB of WLAN-energy harvesting circuit has been shown in Fig-
ure 37; its output voltage has been measured at different distances from the WLAN
router, using Keysight 34411A Digital Multimeter.

The complete experimental setup has been shown in Figure 38. The harvesting
PCB has been placed in the vicinity of WLAN RF signals. Moreover, additional WiFi

router is also placed at a certain distance from the harvesting circuit which transmits
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RF signal at power level of 100 mW. We know that WiFi signals are omnipresent in
the lab environment, so antenna of harvesting PCB is also collecting RF signal of 2.4

GHz/5.8 GHz from the surrounding as well.

Figure 38: Prototype of WLAN-RF Energy Harvesting PCB.
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Figure 39: Prototype of WLAN-RF Energy Harvesting PCB.

In the experiment, the real time simulation has been plotted using data logger of

BenchVue software on PC which is later exported to Matlab for better visualization
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of results. By using high performance digital multi-meter, we have measured the
charging voltage of a storage capacitor with respect to time, which gives almost 0.6
volts or in terms of energy it is approximately 12.5 pJ at a fixed distance of 10 cm.
Moreover, the corresponding distance between router and PCB has also been var-
ied to observe the effect of distance on total harvested energy as shown in Figure 39.
It is evident from the graph that at a fixed time instant, energy harvested decreases
with increase in distance. In other words, if the harvesting device is placed far from
the WLAN source, the obtained energy decreases. Another important result is the ex-
ponential increase in energy with time as energy is measured across storage capacitor,

which is in well agreement with the simulations and expected results.
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CHAPTER V

CONCLUSION AND FUTURE WORK

In the presented work, dual-band RF energy harvesting system for WLAN frequency
has been designed on ADS software and its prototype has been fabricated. The
proposed system includes the design and fabrication of microstrip patch antenna,
matching network and 4-stage voltage rectifier. It has been shown that the proposed
system can harvest energy simultaneously from both 2.4 GHz and 5.8 GHz. Our
system shows 57% and 35% efficiency for 2.4 GHz and 5.8 GHz respectively, such that
15 dBm power is incident on receiving antenna. The novel aspect is the integration of
wireless channel model and actual WiF'i source with the harvester circuitry and total
amount of harvested energy has been calculated under different channel conditions
and at various source power levels.

Moreover, for inclusion of the PCB losses and parasitic losses to the designed cir-
cuit, ADS vendor components library and microstrip transmission lines are deployed
in the circuit design. To model the non-idealities S-parameter analysis has been per-
formed such that losses are incorporated and their effect on total harvested energy
has been calculated. The detailed comparison between ideal and non-ideal circuit
has been explained which shows that non-ideal circuit provides 35% efficiency at 2.4
GHz. To better investigate the actual circuit outcomes, PCB of the energy harvesting
circuit has been designed and fabricated on FR4 substrate. The SMD components
are mounted on the printed board and the results are calculated. The experimental
setup involves the placing of PCB near 2.4 GHz Wi-Fi routers, to verify that the
designed harvester has the ability to harvest ambient RF energy and can process this

signal to charge a capacitor. Our actual processing circuitry is able to provide voltage
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in order of few milli-volts.

In future to make our designed circuit more efficient and reliable, the following
potential modifications to the design will be considered for the designed system:
efficient impedance matching between the antenna and the rest of circuit and the
minimization of losses due to PCB traces. Moreover, the presented work will be
extended to combine the RF energy harvester with low power wireless sensor network.
Therefore, instead of relying on batteries, the wireless devices will used the energy

harvested by the energy harvester.
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