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Palavras-Chave:

Resumo

Comunicagdo backscatter, transferéncia de energia sem fios, sensor passivo,

eficiéncia de conversdo RF-DC, circuito integrado de microondas monolitico

Atualmente, as redes de sensores sem fios dependem da durag3o da bateria
e,deste modo, existe um interesse renovado em criar um esquema de rede
de sensores passivos na area de internet das coisas e sistemas de redes
de sensores sem fios relacionados com o espaco. Os desafios do futuro
das comunicagbes de radio tém uma dupla evolugdo, sendo um o baixo
consumo de energia e, outro, a adaptacdo e o uso inteligente dos recursos
disponiveis. Radios diferentes dos convencionais devem ser usados para
reduzir o consumo de energia e devem adaptar-se ao ambiente de forma
inteligente e eficiente, de modo a que este use a menor quantidade de
energia possivel para estabelecer a comunicagdo. Esta tese incide sobre o
desenvolvimento de sensores passivos baseados em comunicacido de baixo
consumo energético (backscatter) com recurso a transmissdo de energia sem
fios de modo a que possam ser usados em diferentes aplicacGes inseridas na
internet das coisas. Nesse sentido, varias modulacdes de alta ordem para a
comunica¢do backscatter serdo exploradas e propostas com o objectivo de
aumentar a taxa de transmiss3o de dados. Além disso, os sensores precisam
de ser reduzidos em tamanho e econémicos de modo a serem incorporados
em outras tecnologias ou dispositivos. Consequentemente, o front-end de
radio frequéncia dos sensores serd projetado e implementado em circuito

integrado de microondas monolitico.






Keywords:

Abstract

Backscatter communication, wireless power transmission, passive sensof,

RF-DC conversion efficiency, monolithic microwave integrated circuit.

Nowadays, the |Wireless Sensor Networks (WSNs)| depend on the battery

duration of the sensors and there is a renewed interest in creating a passive

sensor network scheme in the area of [Internet of Things (loT)| and space

oriented WSN]| systems. The challenges for the future of radio communi-
cations have a twofold evolution, one being the low power consumption
and, another, the adaptability and intelligent use of the available resources.
Specially designed radios should be used to reduce power consumption, and
adapt to the environment in a smart and efficient way. This thesis will focus
on the development of passive sensors based on low power communication
(backscatter) with [Wireless Power Transfer (WPT)| capabilities used in
applications. In that sense, several high order modulations for the commu-

nication will be explored and proposed in order to increase the data rate.
Moreover, the sensors need to be small and cost effective in order to be

embedded in other technologies or devices. Consequently, the RF front-end

of the sensors will be designed and implemented in [Monolithic Microwave|
[Integrated Circuit (MMIC)|
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Chapter 1

Introduction

Outline

This chapter starts by providing the scope and the main motivation for this work. Then,
the thesis main contributions are presented and finally, the chapter is concluded with the

presentation of the document organization.

1.1 Background and motivation

The so called is progressively becoming a normal thing in everyones daily lives. The
desire of connecting everyday objects to the internet and to each other, to interact with other
users and machines, is increasingly becoming a reality. The number of applications that IoT
can provide is endless. It can be in wearables, cars, highways, smart homes, smart cities,
smart workspaces and one of the most important, the emergency systems. As the number of
uses increases largely, it seems reasonable that the number of users will also be astronomic,
because of that, it is estimated that this technology will connect 50 billion of devices using
the internet around 2020 [3].

As the devices continues to increase and evolve, all that concerns the communica-
tions go in the same direction, which leads to higher data rate communications and data
services. Thus, it becomes easy to understand that in order to succeed, a scalable and
robust communications system is essential [4]. Currently, the devices typically use the
already existing wired and wireless network infrastructures, however, because of all the
reasons said before, those existing networks will become increasingly congested, mainly in
the underserved regions of the globe. As it was described, the massive deployment of
sensors for either catastrophic scenarios, agriculture, oil pipe monitoring, railway line, and
power lines is of fundamental interest for the overall monitoring of these structures in a con-
trolled and condensed form, which will actually reduce significantly the cost of maintenance

and the revenue of most of these companies. Nevertheless, these structures are significantly



large in dimensions, which imposes that a more convenient radio communication is avail-
able for monitoring those. Unfortunately, the need of power and energy supply to those
sensors is similar to traditional foT|solutions. It is expected that these sensors are able to live
(be active) for several years, ideally spanning for 20 or more years, which imposes that some
alternatives to power up and/or supply those sensors with alternative energy sources, are

of fundamental need for correct operation.

The rapid increase in the progress and development of wireless communications and
identification made it possible to track and sense some materials wirelessly. The use of[Radio|

IFrequency Identification (RFID)|technology as an effective and reliable way for tracking and

sensing has gain a lot of importance in recent years. The technology is a short range
wireless communication system that comprises a tag, reader, data transfer, and processing
subsystems. This technology has been applied in many areas, such as industrial and automa-
tion, transportation control management, and access control, and has an enormous potential
for future applications (structural health monitoring, human health monitoring, and so on).
Some potential scenarios for the optimization of power are the passive sensors where the
sensing needs more power than in the normal situation. Passive tags are very cheap, small,
and low maintenance, and are already used in various applications [5]. Passive or battery-
free tags are an attractive option for[WSNs|and [RFID|applications, because they do not
need any maintenance requirements. This is due to the fact that passive do not use a
battery for power storage, since energy is harvested from several sources. Examples of these

sources are solar [6], motion or vibration [7], ambient RF [8]], or an RF signal generated by the
RFID|reader. The main difference between passive and active wireless transceivers is
the backscatter modulation [9] for the uplink, which consist in reflecting and modulating an
incident radio signal. An energy harvester and power management circuitry are responsible
for collecting sufficient energy to power the tag and any additional sensor. As previously

mentioned, this energy can come from a variety of sources but is typically reader-delivered

RF power. Over the last years, RF [Energy Harvesting (EH), which is the capability of con-

verting RF signals into electricity, has gained a lot of interest [10]. This renewed interest
for the area already resulted in the first commercial solutions. With the growth of portable

applications, many companies, such as eCoupled, WiPower, and Powermat, have devel-

oped solutions for the commercial market of |Wireless Energy Transfer (WET), Thus, there
is a strong motivation to enable a[WSN|with WPT| which could be capable to afford all the
operational costs. The new paradigm should be able to communicate and to enhance the

power to the sensor by using only electromagnetic waveforms transmitted over the air. This
gave rise to important concepts as backscatter radio solutions [11-14] but also to ap-
proaches [15-17]] that when combined can actually be a solution to build up totally passive
[18]]. In most systems and passive sensors, the reader to tag communication is
an|ASK|or [Phase Shift Keying (PSK)|that modulates either the amplitude, or both the ampli-
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tude and phase, of the readers transmitted RF carrier. However, some recent works [19-22]
have shown that modulated backscatter can be extended to include higher order modulation
schemes.

In conclusion, the importance of developing this thesis concerns the following research

lines:

to overcome the limitations related with battery maintenance and lifetime of sen-

SOrs.

* Backscatter communication - one of the key challenges for is the limited network
lifetime due to massive devices being powered with batteries. The low-power and
low-complexity backscatter communication has emerged to be a promising technology

to overcome this challenge.
¢ High order backscatter communication to increase the data rate of the sensors.

¢ Ambient backscatter communication to simplify the network sensor, eliminating the

need of dedicated RF transmitters.

* Synthesize|Long Range (LoRa)|signals, in order to use the already developed receivers,

with very low sensitivities.

. to minimize the costs and size and to enable the possibility of embedding the
technology into other devices.

1.2 The Problem

As pointed out in the[I.1} the massive growing of[oT|sensors will enable the deployment
of the which will led to the increase of the number of batteries per device. In [23], the
associated manufacturing energy and the waste of the related batteries was explored.
Considering that in 2025 there will be approximately 80 billion of connected devices, the
study in [23] estimated the number of the battery powered IoT devices without the passive
devices and all mobile devices and ended up with an estimate of 23 billion battery pow-
ered devices in 2025. Figure presents the results obtained for the battery powered
devices.

Moreover, in the study [23] they assumed one battery per device, and each was re-
placed every second year. Thus, they could estimate the number of annual batteries con-
sumed, which it is presented in Fig. In 2025, 12 billion of batteries will be needed for
powering the devices.

The same study [23] explored the energy needed to manufacture the 12 billion of batter-
ies, assuming that a battery requires 100 times the energy capacity of it and considering a
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Figure 1.1: Estimates for associated manufacturing energy and the waste of the [[oT] related
batteries. a) Battery powered [[oT| devices, b) Annual battery consumption, c) Energy for
battery manufacturing.



typical AAA alkaline battery with a capacity of 1.8 Wh (1.2 Ah, 1.5 V). Figure [1.1(c)| presents
an estimate for worldwide energy consumption for [loT|battery manufacturing, and in 2025
the manufacture of these [[oT]| batteries is expected to add approximately 2 TWh of energy

consumption.
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12%
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Pwr Management

()

Figure 1.2: Wireless sensors power subsystem. a) Simulated wireless sensor with com-
mercial components [1]. b) Optimized wireless sensor with commercial components [1]. c)
Sensor with RF backscatter communication [2].

Through the presented studies, one can be said that the major problem of these devices
is the battery. Thus, one of the focus of this thesis will be the exploration of WPT]to replace
the batteries.

Another challenge that we want to overcome in this thesis, is to reduce the power con-
sumed while the sensors are communicating. In most of the sensors, the power consumed

by the wireless link will be the most significant part of the total system power. When refer-
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ring to low power sensors and devices, careful power management and power conservation
are critical for the device lifetime and effectiveness. Some wireless sensors power subsystem
examples were taken from the state of the art and are presented in Fig. In Fig.
the radio consumption is 50% [1]. In [1] the authors simulated an optimized sensor for
low powering operation by reducing the power management circuitry, the ADC and radio
blocks during the active modes. However the radio consumption is 27%, Fig. In [2]
the authors refer to a backscatter based sensor and it can be seen in Fig. that the ra-
dio consumption reduced to 2%. Through this analysis one can be said that the power of
the sensors can be reduced by using different approaches in the communication, namely
backscatter.

A key challenge of this thesis will be the combination of the two proposed solutions, the
[WPT]to replace the batteries and the backscatter communication to decrease the radio power
consumption of the sensor.

1.3 The Thesis

The purpose of this PhD is to study innovative and disruptive ways to improve the de-
sign of suitable passive sensors regarding the efficiency of RF-DC converters to maximize
energy collection, power optimization, reduce operational costs, increase the communica-
tion performance and reduce size of sensors. Within the framework of this work, the fo-
cus will be to obtain cost-effective passive sensors capable of combining with
backscatter modulation (from[ASK]to [Quadrature Amplitude Modulation (QAM)).

As referred in the the main objective of this thesis is the design of wireless passive
sensors that use low power communication (backscatter) that can be combined with
In that sense the approach that will be followed can be divided into several objectives.

The first objective of this thesis is to evaluate the most appropriate configurations of the
rectifiers to be used in the (number of stages & Schottky diodes) and the most suitable
configurations for the backscatter modulator (Transistor / RF switch / PIN diode).

The second objective is to propose and design a prototype for the passive low power
communication (backscatter radio) and to increase the modulation order from[ASK]to[QAM]
in order to increase the transmission bit rate and the distance of the communication.

The third objective is to develop prototypes of sensors (temperature, humidity, air
quality, soil humidity, accelerometer) that use backscatter radio communication and at the
same time are supplied by wireless power transfer.

Design of the sensor using approaches will be followed, to reduce the size of
the radio front-end.

The main goals of this PhD are to study, characterize, implement and design suitable
passive sensors that can be deployed in the context. Among the different requirements,
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the following will guide our work: increase efficiency of the rectifier, maximize the power
optimization, reduce the power consumption of sensors, increase the communication per-

formance and reduce the sensors area.

1.4 Original Contributions

The concept of backscatter radio communication is being pointed out as a promising ar-
chitecture to cope with the foreseen challenging requirements of the future generations of
sensors communication, due to its low power consumption. This Ph.D. work aims precisely
in addressing some of the current limitations of such concept, by proposing and implement-
ing innovative designs combining different technologies to improve power consumption,
data rate, size and range of communication of the sensors.

This manuscript is based on work presented in papers published in top journals and
conferences in the field of this thesis and containing original contributions to the state of-
the-art. In particular, one can highlight the following ones:

¢ The development of a fully-passive sensor which consisted in combining two different
technologies, backscatter communication and WPT|by using two different frequencies.
The sensor was tested and validated with very promising results.

* The design of an RF front-end with only one transistor and behaves as a RF-DC rec-
tifier and a backscatter modulator, depending on the gate transistors’ voltage. The
solution demonstrated very promising results in terms of the rectifier efficiency and
modulation.

* The design of a high order backscatter modulator with very high data rates and a
reduced number of active components. It was demonstrated that this modulator can

achieve different orders of modulation by varying the gate bias of two transistors.

¢ The development of a dual-band high order backscatter modulator that will enable the
development of sensors that backscatter ambient signals instead of using a CW gener-
ator. The proposed modulator presented high data rates for two different frequencies.

¢ The implementation of a wireless tag that utilizes 4-PAM technique to modulate the

amplitude backscattered FM signals in order to send data to a nearby reader.

* The design of a high order backscatter modulator combined with The solution
presented was combined with for ultra low-power wireless applications that re-
quire high bandwidth communications. The solution demonstrated the highest re-
ported bit rate with a limited amount of RF power.
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1.5 Publications

In the scope of this PhD the following developed work was already presented and/or
published:

Patents:

e WO 2018/104865 Al "Passive sensor system powered by wireless energy transmis-
sion”, Ricardo Correia and Nuno Borges Carvalho, Universidade de Aveiro e Instituto

de Telecomunicagdes.

Book Chapters:

¢ N. B. Carvalho, R. Correia, A. Boaventura, R. Gongalves, and D. Belo, "Far-Field Wire-
less Power Transmission For Low Power Applications” Chapter 6 in, Frontiers of Re-
search and Development of Wireless Power Transfer, CMC Books, Tokyo, 2016.

* R. Correia, D. Belo and N. B. Carvalho, “Internet of Things”, Chapter 8 in, Recent Wire-
less Power Transfer Technologies via Radio Waves, Naoki Shinohara, Kyoto University,
Japan, April 2018.

Journals:

¢ R. Correia, D. Belo, F. Pereira, M. Jordo and N. B. Carvalho, “Backscatter Modulation
for Wearable Devices: A Backscatter Modulator, Consisting of an Antenna and a 1-
MHz Binary Backscatter Modulator Operating at a Carrier Frequency of 915 MHz,” in
IEEE Microwave Magazine, vol. 20, no. 1, pp. 78-84, Jan. 2019.

e S. N. Daskalakis, R. Correia, G. Goussetis, M. M. Tentzeris, N. B. Carvalho and A.
Georgiadis, "Four-PAM Modulation of Ambient FM Backscattering for Spectrally Effi-
cient Low-Power Applications,” in IEEE Transactions on Microwave Theory and Tech-
niques, vol. 66, no. 12, pp. 5909-5921, Dec. 2018.

e R. Correia, P. Pinho and N. B. Carvalho, ”Backscatter radio communication for IoT
applications.” i-ETC: ISEL Academic Journal of Electronics Telecommunications and
Computers, vol. 4, no. 1, 2018.

* M. Jorddo, R. Correia and N. B. Carvalho, “"Multi-sine channel optimization for RF-to-
dc performance characterization,” in URSI Radio Science Bulletin, vol. 2018, no. 364,
pp- 39-11, March 2018.

e F Alimenti, V. Palazzi, C. Mariotti, P. Mezzanotte, R. Correia, N. B. Carvalho, L. Roselli,
”Smart Hardware for Smart Objects: Microwave Electronic Circuits to Make Objects
Smart,” in IEEE Microwave Magazine, vol. 19, no. 6, pp. 48-68, Sept.-Oct. 2018.
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R. Correia and N. B. Carvalho, ”Ultrafast Backscatter Modulator With Low-Power
Consumption and Wireless Power Transmission Capabilities” in IEEE Microwave and
Wireless Components Letters, vol. 27, no. 12, pp. 1152-1154, Dec. 2017.

F. Pereira, R. Correia, and N. Carvalho, "Passive Sensors for Long Duration Internet of
Things Networks” Sensors, vol. 17, no. 10, p. 2268, Oct 2017.

R. Correia, A. Boaventura, and N. Borges Carvalho, “Quadrature Amplitude Backscat-
ter Modulator for Passive Wireless Sensors in IoT Applications” in IEEE Transactions
on Microwave Theory and Techniques, vol. 65, no. 4, pp. 1103-1110, Apr 2017.

R. Correia, N. B. Carvalho, and S. Kawasaki, “Continuously Power Delivering for Pas-
sive Backscatter Wireless Sensor Networks” in IEEE Transactions on Microwave The-
ory and Techniques, vol. 64, no. 11, pp. 3723-3731, Nov. 2016.

International Conferences:

R. Correia and N. B. Carvalho, “"OFDM-like High Order Backscatter Modulation,” 2018
IEEE MTT-S International Microwave Workshop Series on 5G Hardware and System
Technologies (IMWS-5G), Dublin, 2018, pp. 1-3.

R. Correia and N. B. Carvalho, “Dual-Band High Order Modulation Ambient Backscat-
ter” 2018 IEEE/MTT-S International Microwave Symposium - IMS, Philadelphia, PA,
2018, pp. 270-273.

S. Daskalakis, R. Correia, G. Goussetis, M. Tentzeris, N. B. Carvalho and A. Georgiadis,
”Spectrally Efficient 4-PAM Ambient FM Backscattering for Wireless Sensing and RFID
Applications” 2018 IEEE /MTT-S International Microwave Symposium - IMS, Philadel-
phia, PA, 2018, pp. 266-269.

F. Pereira, R. Correia, and N. Carvalho, "Comparison of active and passive sensors
for IoT applications” 2018 IEEE Wireless Power Transfer Conference (WPTC), Jun 2018
(accepted).

M. Jorddo, R. Correia and N. B. Carvalho, "High order modulation backscatter sys-
tems characterization” 2018 IEEE Topical Conference on Wireless Sensors and Sensor
Networks (WiSNet), Anaheim, CA, 2018, pp. 44-46.

R. Correia and N. B. Carvalho, "THEMT based RF to DC converter efficiency enhance-
ment using special designed waveforms” in 2017 IEEE MTT-S International Microwave
Symposium (IMS), Jun 2017, pp. 609612.

R. Correia and N. B. Carvalho, ”Single transistor passive backscatter sensor” in 2017
IEEE MTT-S International Microwave Symposium (IMS), Jun 2017, pp. 820823.

9



D. Belo, R. Correia, P. Pinho, and N. B. Carvalho, “Enabling a constant and efficient
flow of wireless energy for IoT sensors” in 2017 IEEE MTT-S International Microwave
Symposium (IMS), Jun 2017, pp. 13421344.

* D. Belo, R. Correia, F. Pereira and N. B. Carvalho, “Dual band wireless power and data
transfer for space-based sensors” 2017 Topical Workshop on Internet of Space (TWIOS),
Phoenix, AZ, 2017, pp. 1-4.

* R. Correia and N. B. Carvalho, "Design of high order modulation backscatter wire-
less sensor for passive IoT solutions” 2016 IEEE Wireless Power Transfer Conference
(WPTC), Aveiro, 2016, pp. 1-3.

¢ M. Jordao, R. Correia, D. Ribeiro, P. Cruz, and N. B. Carvalho, "RF to-DC and backscat-
ter load modulator characterization” 2016 87th ARFTG Microwave Measurement Con-
ference (ARFTG), San Francisco, CA, 2016, pp. 1-4.

* R. Correia, N. B. D. Carvalho, G. Fukuda, A. Miyaji, and S. Kawasaki, "Backscatter
Wireless Sensor Network with WPT Capabilities” in IEEE MTT-S International Mi-
crowave Symposium (IMS), 2015, pp. 14.

* R. Correia, N. B. Carvalho, and S. Kawasaki, “Backscatter radio coverage enhance-
ments using improved WPT signal waveform” in 2015 IEEE Wireless Power Transfer
Conference (WPTC), May 2015, pp. 13.

1.6 Document Organization
The thesis document was organized in eight main chapters as follows:

¢ Chapter I - Introduction: The first chapter presents the background and motivation of
this Ph.D. thesis. Then, presents the problem’s description that underlies the thesis, as
well as the general objectives and the structure of this document;

* Chapter II - State-of-the-art: In this chapter an overview of the history on the backscat-
ter communication and is presented. Hence, it is shown how these two concepts
are related in order to provide fully passive sensors. High order modulation in the
backscatter communication is explored and a combination with[WPT]is described;

¢ Chapter III - Backscatter modulation: In this chapter an analysis on the link budget of
the backscatter radio communication will be performed as well as the concepts behind
this technology. An example of application based on the backscatter modulation will
be presented and its application on wearable devices.;
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¢ Chapter IV - Backscatter modulation with capabilities: In this chapter the com-
bination of with backscatter modulation will be demonstrated and explained.
Some pratical examples will be shown, the sensor itself working on two different fre-
quencies (one for performing backscatter communication and the other for and
distances achieved for communication and supply the sensor. Moreover a passive so-

lution for a sensor using only one transistor will be presented and analysed. ;

¢ Chapter V - High order backscatter modulation: This chapter introduces a solution
for developing a high order backscatter modulator. Different orders of modulation will
be shown, as well as different data rates obtained. Moreover a dual-band high order
backscatter modulator that can perform a modulation in two different bands
will be analysed. In this chapter a high order backscatter modulator using ambient FM
radio waves will be shown. Finally, a high order backscatter modulator combined with

will be demonstrated.;

¢ Chapter VI - MMIC QAM modulator: This chapter will provide a description and
the plan for an initial characterization of a single-chip QAM backscatter modulator
designed for 24 GHz. The simulations and layout design will be shown as well as the
plans for the characterization of the chip. The developed design was fabricated on
0.13 um SiGe technology.;

¢ Chapter VII - Conclusions and Future Work: The last chapter concludes this thesis
document and gives some insights regarding potential future work in this field from

the author’s point of view.
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Chapter 2

State of the Art

Outline

Considering that the focus of this work is on the passive backscatter sensors with
capabilities, the history and an overview of some concepts need to be addressed. In this
chapter the history of the backscatter communication, [WPT| and [MMIC| will be explored.

Moreover, the state of the art of different rectifiers and different approaches of backscatter

communication will also be presented.

2.1 Backscatter communication

2.1.1 History

The concept of communication by scattering dates back to 1880, where the photophone
was discovered by Alexander Graham Bell [24]. This system consisted in performing speech
communication on a beam of light. The sound waves were projected through an instrument
toward a mirror, and through the vibration in the mirror, a modulation was caused in the
reflected beam of light. The receiver could demodulate the incident modulated light beam,
which resulted in the reproduction of the transmitted signal. In the experiments, they could
transmit speech over 213 meters. In 1945, Leon Theremin developed a very advanced modu-
lated backscatter device that contained a passive listening device [25]. This device consisted
in a replica of the Great Seal of the United States and was used by the Soviet Union to spy
on the US embassy in Moscow. The device consisted of a monopole antenna connected to
a resonant cavity with a flexible sound-sensitive conductive membrane. The changes of the

membrane modified the resonant frequency of the cavity and the antennas load. Thus, when

the device was radiated by an outside RF Continuous Wave (CW)|signal, the antenna would

reflect a modulated signal originated by the voices of those present in the room.

12
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Figure 2.1: History of RFID and backscatter communication.

In 1948, Harry Stockman reported a method to communicate with the use of reflections

generated by mechanical devices, which included audio transfer over microwave frequen-

cies [26]. Nowadays, the modern tags use similar modulated backscatter operating prin-

ciples. These concepts contributed to the evolution of commercial applications based on

backscatter communication. Donald B. Harris was the first inventor of the combination of
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this technique with WPT, by proposing a battery free system for voice communication with
backscatter modulation in 1960 [27]. From this date, the [RFID| technology started to grow
and has evolved into systems with different applications.

In this decade, the companies began commercializing anti-theft systems that used radio

waves to determine whether an item had been paid for or not. The 1-bit [Electronic Article|
[Surveillance (EAS)|tags were used for counter-theft and were the first large scale use of [RFID
concept [28].

The first application was automated tolling systems where cars are assigned tags
that can be interrogated and read by a reader infrastructure implemented in toll booths.
Some other commercial applications used the technology for inventory management, for
the automotive industry, for the location of livestock and wildlife, for anti-theft in the retail
trade, for keys and electronic documents, and in agriculture and nature reserves [5]. Fig-
ure 2.1 presents the major milestones of RFID|technology.

2.2 Wireless Power Transmission

2.2.1 History

A process that occurs in any system where electrical energy is transmitted from a power
source to a load without the connection of electrical conductors is, by definition, In
the late 19th century, Nikola Tesla described the freedom to transfer energy between two
points without the need for a physical connection to a power source as of “all-surpassing
importance to man [29]”. While several methods of wireless power have been introduced
since Tesla's work, including near-field magnetic resonance and inductive coupling, laser-
based optical power transmission, and far-field RF/microwave energy transmission, only
RF/microwave and laser-based systems are truly long-range methods.

Interest in microwave-power transfer began to spark again in 1968 after an article by Pe-

ter Glaser introducing a concept known as|Space Solar Power (SSP)|or |Solar-Power Satellite|

[30]. He envisioned placing massive solar panel farms in space and then beaming the
power down to earth as an effort to reduce fossil fuel consumption and meet energy demand.
Many systems-level engineering challenges for the SSP system were addressed in this work,
most relevantly the investigation of more appropriate semiconductor diodes. Much of this
work collimated in 1975 with the demonstration of a one-mile-long[WPT]system demonstra-
tion with a DC to DC efficiency of 54% (RF-DC efficiency of 82.5% at 2.45 GHz) with a DC
output power of 30 kW [31].

In 1975, William Brown demonstrated the WPT long distance coverage when he trans-
mitted a microwave beam converted to DC power by an RF-DC converter at a distance of
1.6 km (Radiated microwave power transmission system efficiency measurements). The con-

cept of a rectenna has been initially proposed by William Brown. The rectenna is a simple

14



device which has a rectifier attached directly to an antenna. In this manner, DC power could

be readily obtained from [Radio Frequency (RF)[signals incident on the antenna. As a solu-

tion to the low-power handling capacity of the rectenna, Brown and the Purdue professors
developed a rectenna array. This array consisted of many rectennas linked together across a
common load. Thus, the DC power provided was the sum of the power from all the recten-
nas. One of the first semiconductor rectenna arrays used much lower power than Brown's
previous designs at 8 W, but still had an efficiency of 50%, much higher reliability, and lower
weight. Brown continued to develop this technology and in 1964, he demonstrated a more
efficient microwave-powered helicopter outfitted with a 2.4 GHz rectenna array that could
fly 60 feet above an antenna for a sustained period [32]. In the 1990's and 2000's, there was
a large amount of work exploring higher frequencies for for applications as well
as lower frequencies for[RFID|and [WSN]applications. The challenge for the community

has been to create the most efficient and economic manner to transfer microwave energy.

Thus, a trend to higher frequencies where smaller aperture sizes would be possible has been
a focus. Additionally, there has been work by several researchers working on for
applications. These applications tend to have a significantly lower power density available,
which makes[EH|a challenge.

15
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Figure 2.2: History of radio transmission and wireless power transfer.

While there are too many projects to name individually, Naoki Shinohara [33-35] and

Kai Chang [36-38] have been among the most recognized names working on|WPT|focusing
on [SSP] There has been a progression from high powers at low frequencies to lower powers

at higher frequencies. Nowadays, there is a lot of interest in this area in order to develop
solutions for the commercial market of This has also been explored in space, where
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one of the main problems, power connectors, constitute a very important component for
the success of every space mission. These missions require crucial connector attention in
order to perform successful operations. In the far field electromagnetic the choice
of wireless, saves the cost of deploying long wires in harsh environment, issues related of
rotating connectors in the case of solar panels, limit the mobility of portable devices and the
payloads of spacecraft. Technologies enabling the development of compact systems for[WPT]
through [RF waves is thus very important for future space based systems.

Two major communities have made significant contributions towards fulfilling Tesla's
dream of wireless power: [SSP| or [SPS| and [RFID| Though still in the experimental stage, re-
searchers working in have made advancements in energy conversion at great distances

and high powers (greater than 1 W) to enable electricity to be shared via radio waves, namely
collecting solar energy in orbital stations around earth and beaming it to ground stations via
microwave power transfer [30,33}39]. Meanwhile the community has focused on the
ultra-low power harvesting (usually much less than 1 W) necessary to provide energy for
wireless, batteryless tags and backscatter sensors [40]. Future development in
will certainly leverage the work of both and researchers and lead to the deploy-
ment of efficient, far-field, wireless power systems.

Figure[2.2| presents the major milestones of WPT!
g P )

2.2.2 RF-DC Converter

The concept relies on the same fundamentals of where both are composed
by RE-DC converters. Nevertheless, the system has a dedicated transmitter source,
which radiates high amount of energy, instead of systems that do not need any dedi-
cated source, since they use the available power generated by radio communications. The
system is composed by a matching network (to allow the maximum power transfer-
ence), a non-linear rectifying device, a low-pass filter and a DC load. Usually, the non-linear
rectifying device is a Schottky diode, due to their low voltage threshold and low junction
capacitance, which results in a more efficient operation at low powers and increases the
maximum operation frequency, respectively.

Figure 2.3 presents the RE-DC conversion efficiency of different rectifiers with different
topologies from 450 MHz to 94 GHz, based on [41-43] and with some more work recently
reported. Besides the single-band converters which are presented in most of the references
presented in the Fig. dual-band converters, to harvest in two different sources, are pre-
sented in [38,144-46], as a triple-band converter in [47]. Some works presented the combi-
nation of different sources, such as light, heat, electromagnetic waves, vibration and other
[17,48,49].

Most of traditional rectifiers can only exhibit reasonable RF-DC conversion efficiency
with a narrow input power range. The efficiency declines very quickly when the input
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power deviates from the operating range, limiting the wireless charging applications with
considerable variations of input power. Thus, it is necessary to implement and design rec-
tifiers with a wide operating input power range [50-52]. The authors, in [53] designed an
adaptive rectifier for WPT, which could adapt the configuration of the rectifier to the input
power level.
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Figure 2.3: State of the art in RF-DC converters, with different topologies, from 450 MHz to
94 GHz.

In Fig. different topologies of rectifiers are presented. The charge pumps (voltage
multiplier) are the rectifiers more used in applications, since they require a consider-
able DC voltage to power electronics. The charge pump rectifier (Fig. 2.4(d))can be explained
in the following way: It is a single-stage voltage multiplier that ideally produces a voltage
which will be twice the peak voltage (V) of the input signal. In the negative semi-cycles of
the input signal, the diode D2 charges the capacitor C2 with the peak voltage of the input
signal (—V,) . When the input signal switches for its positive semi-cycle, the pre-charged
capacitor C2 behaves like voltage source in series with the input signal (V) thereby dou-
bling the voltage of the signal that finally will be rectified by diode D1. This circuit produces
more DC output voltage than single diode rectifiers but its efficiency is lower for low in-
put signal because there is an additional diode that influences its performance. The charge
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pump behaves similarly, and the maximum output voltage of a N-stage multiplier is given
by (2N —1)(V, —2Vp), where N is the number of the stages, V,, is the peak amplitude of the
AC signal and Vp the voltage drop of diode. The main conclusions that can be taken from

simulations and experimental works are:

¢ The efficiency of the rectifier decreases with the increase of the diodes (increasing
the number of diodes means increasing the parasitics, less diodes means minimum

amount of input power to switch on the rectifying devices);
* Increasing the number of stages will increase the output voltage.

In this thesis, the focus will be on N-stage Dickson voltage multipliers to boost the output
DC voltage to a level compliant with passive tags.
Diodes are typically modeled in the small signal and the I-V characteristics can be repre-

sented by the semiphysical exponential model:

[1%»}
ID(VD) = 15(6”” —1), (21)
where I is the diode saturation current, k is the Boltzmann constant (1.381 x 10~23 TZZ((g ),

T is the junction temperature (considering room temperature of 298K), g is the electronic
charge (1.602 x 10~1C), and n is an empirical ideality factor, used for modeling imperfec-
tions in the junction. The I-V curve presented in Fig. is characterized by three major
regions. The voltages Vj, and Vr give respect to the breakdown and turn-on voltage, re-
spectively. For low voltages, below the V},, the diode is reverse biased and conducts in
the reverse direction (breakdown region). Between V}, and Vr, the diode is off and only a
small amount of leakage current flows (off region) and the total diode current approximates
a constant value equal to —Is. Above Vr, the diode is forward biased and the current flows
normally (turn-on region).

Nowadays, the scenario of energy management is fundamental for the new applications,

the concepts of and assume a fundamental role to extend the duration of sensors
and electrical circuits in terms of energy capabilities.
Most of the circuits for these type of applications are based on diode solutions and optimized
for low power RF signals [41], which in certain cases are not the objective to achieve, but
the main objective is the use of these RF-DC converters in very high power configurations,
some of them include powering electrical cars, powering space probes, powering large home
electrical utensils.

The efficiencies of these systems are very low for lower input powers, thus it is of paramount
importance to evaluate this type of technology for other power values as well. Some alterna-
tives to explore and maximize RF-DC conversion efficiency should be discussed and studied
in order to overcome the problem derived from propagation scenarios or reduced transmit-

ted power. Some authors have adressed this problem in diode based solutions, those include
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[54] that shown that the RF-DC conversion efficiency can be improved by selecting the ap-
propriate excitation signal. In [55] the use of multitone signals was proposed to increase the
efficiency in RF-DC converters with Schottky diodes approach. In [56] the use of chaotic sig-
nals was proposed in order to increase RF-DC conversion efficiency for systems as well
as for WPT. The authors in [56]] used the Schottky diode approach to implement the rectifier.

The use of high [Peak-to-Average Power Ratio (PAPR) waveforms (intermittent CW signals

by varying the duty-cycle, UWB signals, [Power-optimized Waveforms (POW))| chaotic sig-

nals, white noise, modulated signals and multi-carrier signals) to increase and improve the
WPT efficiency has been demonstrated in [54-62]. Some more recent work focuses in the
model to enable an analysis of the multisine-based WPT system focusing on the bandwidth
of the signal and the rectifier [63]. The authors in [64] demonstrated the use of modulated
signals to improve the RF-DC converter efficiency. Nonetheless, they proposed
meous Power Variance (IPV) to describe, more accurately than the variation of the
instantaneous power and the occurence of signals peaks that affect directly the RF-DC con-

verter efficiency.

Another application of the rectifiers is their usage on|Wake-on Radio (WoR)|applications

[65-69]. Since one of the focus of this thesis is the low power communication of the sensors
it is important to explore the concept. Most of the studies used a single stage rectifier
to design the[WoR)] to increase the sensitivity of the receiver. The[WoR]architectures use two
radios: a main radio responsible for the uplink and a second low-power WoR] which is used
to continuously listen to the transmission medium for a wakeup signal. When the wakeup

21



signal is validated, the main radio is woken up and establishes the communication.

2.3 Different combinations in Backscatter communication

2.3.1 Backscatter communication with WPT capabilities

Passive tags use the [RF power, from the reader, to energize the digital part of the
tag, which is responsible for the modulation of the incoming wave. To enable the possibility
of having a totally passive tag with data logging and advanced computing, a more
careful and detailed should be designed and optimized to power the intelligent tags.
This integration of passive passive sensing and increased computing capabilities have
enabled the interest in the concept of passive wireless sensors. The concept of having pas-
sive wireless sensors with data logging and advanced computing capabilities will play an
important role in the context, where a lot of sensors can be connected, deployed any-
where, and give information about environment without the need of batteries. Nonetheless,
the increase of sensors will imply the heighten of batteries to be deployed, which will
have a negative ambient impact. As it was mentioned previously, battery-powered tags can
improve the distance of communication but have some limitations when referring to the
battery cost and its replacement. Thus, the alternatives to the battery systems are based on
EH technology or other different sources (solar [6], motion or vibration [7], ambient RF [8]).
To overcome the drawbacks employed from the EH and batteries, the concept of WPT was
explored to supply the tags with power.

In [70], a solution using inductive WPT and [Ultra High Frequency (UHF) RFID was pre-
sented. The work proves that combining the inductive WPT with the UHF RFID increments
the tag sensitivity in 21 dB, which increases the [Interrogation Zone (1Z), However, the use of

inductive WPT requires proximity between the tag and the power source. Regarding electro-
magnetic WPT, a comparison between different rectifier topologies and different stage levels
was presented in [71]. The obtained results show a high dependence between the received
power and the most efficient topology. A structure with a two-tone signal at 1.8 GHz and
2.4 GHz was shown in [72]. The results present a voltage output 20% higher in average
when comparing with a single-tone input. The work in reference [73] begins with a reader
that is configured to transmit power in CW. After rectification, the power charges the storage
capacitor to 5.5 V. The storage capacitor, once charged, powers the tag that performs sensing
and communication, reflecting the carrier wave. This entire process occurs at a distance of
1 m between the reader and tag. The same principle was used in [74]. The work in [18}75]
presents a solution using dual band wireless power and data transfer. One frequency is
exclusively used to transmit energy to the sensor, and the other is fully dedicated to commu-
nication through backscatter. A similar approach, using different frequencies for transmitted
energy and communication was presented in [76]. In that work, a differentiated circuit for
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the RF-DC conversion is used for each frequency. The work in [77] used two different bands
for RF communication and for WPT. The authors used 5.8 GHz to power up a portion of
radio that is connected to a battery with an RF-DC converter. This path is only to turn the
battery ON for the main transceiver as a[WoR| and the link for the power up is no longer
needed once the main transceiver is turned ON. The system is not passive and uses the WPT
link to activate the main transceiver. Nevertheless, despite of having passive systems for
communication, it is utmost important to improve the data rate in order to reduce on-chip

power consumption and extend read range.

2.3.2 Backscatter communication with high order modulation

In most[RFID|systems and passive sensors, the reader to tag communication is an[ASK]or
that modulates either the amplitude, or both the amplitude and phase, of the reader’s
transmitted |RF carrier. The use of this technology entails a number of advantages over bar-
code technologies such as tracking people, items, and equipment in real time, non-line of
sight requirement, long reading range, and standing harsh environment. However, the work
[19] has shown that modulated backscatter can be extended to include higher order modula-
tion schemes, such as While[ASK]and [PSK] transmit 1 bit of data per symbol period,
B-QAM]based can transmit 2 bits per symbol period, thus increasing the data rate and lead-
ing to reduced on-chip power consumption and extended read range. The work presented in
[19}20] refers to a[-QAM]backscatter in semipassive systems, by using a coin cell battery as
a power source for the modulator and a microcontroller that needs 3 V of supply. This way,
the authors proved the Quadrature Phase Shitt Keying (QPSK)modulator and battery pow-
ered system, by using an approach with a four lumped impedances connected to a RF switch

that is controlled by a microcontroller. The same authors developed a 16-QAM modulator
for UHF backscatter communication with a consumption of 1.49 mW at a rate of 96 Mbps
only in the modulator (not the overall system with data generation logic feeding the modu-
lator) [21]. This modulator was implemented with 5 switches with lumped terminations as
a 16-to-1 multiplexer to modulate the load between 16 different states.

In [78], the authors presented an I/Q backscatter modulator that use bias currents to
change the impedance of two PIN diodes. The circuit comprises a Wilkinson power divider,
two filters (low pass and high pass) to guarantee symmetrical paths on the board, one in
each branch, and one PIN diode for each branch. The bias consumption of the circuit is
80 mW (excluding |Digital-to-Analog Converters (DACs)|and [Field-Programmable Gate Ar-|
logic), which imposes high power consumption and data rate limitations. The
use of this circuit for a low power sensor is not feasible. Another approach that uses the

PIN diodes was presented in [79]. Pozar presented a reflection type phase shifter using a
quadrature hybrid and two PIN diodes. By biasing the diodes to the ON and OFF state it
was possible to change the total path length for both reflected waves, producing a phase shift
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Table 2.1: Performance summary and comparison

Reference 182] [19] 121] 178] [83] 184 [85]
T Integrated Discrete Discrete Discrete Integrated Discrete Integrated

echnology e e o

circuit components | components | components circuit components circuit

Frequency 5.8 GHz 900 MHz 900 MHz 868 MHz 2.9 GHz 245GHz | 10 GHzto 11.1 GHz
Modulation 32-QAM 4-QAM 16-QAM QAM BPSK 16-QAM BPSK

Data rate 2.5 Mb/s 400 kb/s 96 Mb/s - 330 Mb/s 960 Mb/s 10 Mb/s

Power consumption | 113 uW 115 nW 1.4 mW 80 mW 0.12 mW 59 uw -

Energy p/bit 45.2 pd/bit | 0.29 pJ/bit 15.5 pJ/bit - 0.36 pJ/bit | 61.5 fJ/bit

at the output. However, the consumption of the PIN diodes is not suitable for low power

Sensors.

One different solution to obtain a [Binary Phase Shift Keying (BPSK)| modulation was

presented in [80]. The authors presented a phase-shift modulator with two switches that
are connected to each other by a 90°delay line or 0°delay line. The phase-shift modulator
was implemented as a two-port device that selectively delays the signal by 90°between port
1 and port 2, or passes the signal from port 1 to port 2 with no delay, achieving a
modulation.

In [81]], two multi-antenna technologies were used. The authors presented an energy

harvester (Staggered-Pattern Charge Collector (SPCC)) that has two independent antenna
arrays and harvests power to supply a microcontroller. They also present a
|Array Phase Modulator (RAPM)| that backscatters the signal from the reader to the reader.
The[RAPM|comprises two switches that are controlled by a microcontroller. The four switch-
ing states are connected through coplanar waveguides of different wavelengths, each sepa-
rated by 90°. The[RAPM]can be used for[QPSK|modulation by calibrating the phase offsets in
the switches. To increase the range of communication of backscattering systems, a 32-QAM

[82] was developed at 5.8 GHz. These systems proved to be very suitable for low power
communications due to the low energy per bit consumption and the achievable data rates.
The authors in [83] presented a BPSK modulator with 330 Mb/s of data rate at 2.9 GHz.

Table[2.1|compares the modulators results from the provided state of the art references.

2.3.3 Ambient Backscatter communication

One of the key challenges for practical [oT]| and WSNs|is the delivering autonomy to a
massive number of devices which conventionally need to be powered with batteries. More-

over, ensuring low cost is an equally important parameter pertaining to the viability of such
systems. Low-power and low-complexity backscatter communications have emerged as a
promising paradigm to address aforementioned challenges. This technology delivers ultra-
low-cost and ultra-low-power wireless communications by modulating the reflection of in-
cident [RF|carrier signals.

In recent works, existing ambient [RF signals have been proposed for backscatter com-
munication instead of a[CW|emitter signal [86,[87]]. This approach simplifies the complexity
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and cost of the system and its deployment. In [88]], broadcast frequency modulated (FM) sig-
nals have been used to power the tag and enable effective communication between tag and
reader. The initial implementations were able to communicate over distances of several feet,
even in cases where transmission towers were up to many kilometers away. In [89], a tag
capable of transmitting FM reflections to a computer or a tablet through a low-cost [software]
Idefined radio (SDR)|reader was demonstrated. Moreover, Table 2.2 provides the summary

of ambient backscatter communication systems.

To conclude, the main advantages of using this technique are:

¢ There is no need to develop additional dedicated sources, since it already uses

available [RF sources and can be traduced in lower costs and power consumption;
* Do not require dedicated frequency spectrum which is scarce and expensive;

¢ The backscatter tag can transmit data anytime without initiation from receivers, being

on the presence of ambient sources.

2.3.4 Backscatter existing standards

Some recent works demonstrate the ability to synthesize transmissions compatible with
WiFi (802.11 b) [107], [Bluetooth Low Energy (BLE)] [108,109], Zigbee [110,[111], (104,
112] at uWs of power using backscatter transmissions. Through these systems it is possible

to increase existing [loT|networks with additional sensing without changing the existing de-
ployment. In [107], the authors create IEEE 802.11 b packets using backscatter and receive
the packets on WiFi chipsets, while consuming 4-5 orders of magnitude lower power than

existing WiFi chipsets. In [109] the authors presented a prototype that produces a band-

pass [Frequency Shift Keying (FSK) modulation at 1IMb/s, which enabled the compability

with conventional advertising channels. The advertising channels are used for uni-
directional (broadcast) communication, including device discovery and sensor beacons. In
[112] the authors developed an hybrid analog-digital backscatter that can synthesize
symbols and be decoded at the receiver below -135 dBm signal strength. Thus, it will avoid
the build of a custom reader, since the backscattered signal can be decoded with available
decoders. In most of these works, the authors use a carrier generator to enable the
backscatter communication. An alternative solution, that do not need any external or com-
plementary device, relies on the radio test mode present in many radio transceivers to
generate an unmodulated carrier that is necessary for the backscatter communication [111].
Moreover, all the prototypes presented suffer from low data rates and are limited in terms
of scalability for other applications. Thus, it enables the possibility to implement an hybrid
backscatter modulator that can synthesize all the presented standards.
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Table 2.2: Ambient Backscatter Communications Systems

Reference

Obijective

Ambient RF source

Results

Increase communication

1 Mbps at distances

| range and bitrate TV tower
190] (theoretical analysis, 539 MHz from 1.2 m to. 21 m and
) 1 kbps at a distance of 24 m.
| | experiment and prototype)
Reduce energy consumption
[91] of backscatter transmitters g:\ﬂst?\;ﬁ; 11.7 uW at transmitter.
|| (experiment and prototype) '
Increase the communication 5 Mbps at a range of 1 m
02! range and bitrate Wi-Fi AP and 1 Mbps at a range
1 (theoretical analysis, 2.4 GHz of 5m
| | experiment and prototype) ’
Improve BER performance
and reduce the Reduce complexity
[93] complexity of detectors N. A. maintaining BER
(theoretical analysis and performance as good.
simulation)
'] Reduce phase cancellation Reduce phase
o4 problem (theoretical Signal generator cancellation problem.
1 analysis, simulation, 915 MHz Increase the communication
experiment and prototype) range.
T . 10°-1 and 10"-2 BER
b o | A wnsdaonee
of transmit SNR.
'] Increase communication TV tower
[96] ;e:]r;glg)tlas?tsr;eoretlcal 626-632 MHz 1 kbps at a range of 100 m.
o7 Irzcr:]rgejze;gc;ri\:rr:tinlcatlon Wi-Fi AP 50 kbps.at arange of
| (experiment and prototype) 2.4 GHz 3.6 m with 10°-3 BER.
Increase bitrate Increase bitrate while
[98] (theoretical analysis and N. A. .
simulation) reducing robustness.
Improve communication .
_ range, bitrate, BER, TV tower Backscatter transmitter
199 reliability and energy 920 MHz gonsumes 0.25 uW for
. TX and 0.54 uW for RX.
consumption
] 10™-3 BER with 15 dB
Improve BER performance . N
[100: (theoretical analysis N. A. of transmit SNR and 1071
1 and simulation) bits/s/Hz with 20 dB of
transmit SNR.
] Reduce energy
[101 consumption of Wi-Fi AP 14.5 uW at 1 Mbps and
1 backscatter transmitters 2.4 GHz 59.2 uW at 11 Mbps.
(experiment and prototype)
] Multiple access problem
[102] (theoretical analysis N. A. Up to 8 backscatter transmitters.
and simulation)
] 2 kbps between the backscatter
| , ) ) TV tower transmitter and the relay node
[103] Increase bitrate (simulation) 539 MHz and 1 kbps between the relay
node and backscatter receiver.
B tag can backscatter an ambient
Simplify system transmission sent from
[104] topologies (experiment LoRaltransmission | a nearby node (20 cm away)
and prototype) to a gateway up to 1.1 km
(220 uW power consumption)
'] Simplify wireless system 5 m tag-reader distance
[105] topologies (experiment FM station with 2.5 kb/s - energy
and prototype) per packet of 36.9 ud.
[ | . 1 m tag-reader distance
ncrease bit rate with 345 b/s - power
[106] PAM modulation FM station

(experiment and prototype)

consumption of 27 uW.
34.5 km from the FM station.
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Table 2.3: Overview of Reflection Amplifiers

. DC Bias Gain | RF Input | Frequency
Reference | Year Device Type Power (mW) | (dB) (dBm) (GHz)
0.045 40 -75
[122] 2017 0.039 29 -84 58
[123] tunnel diode 0.178 13 .30 0.915
[124] 0.2 17 0.890
[125] 2015 0.029 41.4 -92 5.8
[126] 0.045 34.4 -70 5.45
[113] 2014 bipolar transistor 0.325 10.2 -50 0.920
[114] 2 13 -55 5.25
[115] 2013 MESFET 18 10.2 - 4.5
[116] Josephson junction - 30 -145 2.7
[117] 2012 MOSFET 0.120 22.3 -71.9 4
[118] 2011 6.3 11.5 - 5.8
[119] 2008 209.3 -75
[120] | 2006 PHEMT 330 14 45 21.2
[121] 2003 - 8.1 - 6.26

2.3.5 Augmented Backscatter radio communication range

The backscatter radio links are a very interesting topic to explore since most of the tags,
when are establishing the communication with the reader, have no power storage available.
As it is known, the passive tags collect power from the transmitter which limits their usage
for short range applications. The forward link is limited by the minimum signal strength
required for the tag to power up (tag sensitivity) and the return link is limited by the reader
sensitivity. Thus, it is utmost important to improve the link ranges. This can be done by im-
proving the reader sensitivity or on the tag power requirements. Some recent studies have
suggested the use of reflection amplifiers to improve the communication range of RFIDs| The
reflection amplifiers are defined by a negative load impedance and can amplify the backscat-
tered [RE|signal with a certain amount of biasing power. There are two approaches referred
in the literature, one by using|Field Effect Transistors (FETs)|[113-121] and the other based on
tunneling effects from tunnel diodes [122-126]]. Table [2.3| presents an overview of the exist-

ing reflection amplifiers. The tunnel diodes prove to be a very good solution to improve the
communication range of the passive tags. Nonetheless, all the prototypes developed refer
to ASK/PSK backscatter modulation leaving the possibility of using a tunnel diode to boost
the backscatter communication range with high order modulation.
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2.4 Monolithic Microwave Integrated Circuit

The [MMIC] is a microwave circuit composed by active and passive components which
are fabricated on the same semiconductor substrate. This is the main characteristic of MMIC|
and is implicit in its name, since the word monolithic (from the Greek) means “as a single
stone”.

MMICs| are utilized in most applications that comprise transmitting and receiving mi-
crowave signals and can be divided into three main areas: military, space and civil applica-
tions. Military and space applications are the ones that have pushed and helped to advance
the development of technology. Some examples of military applications are the phased-array
radar, smart munitions, passive millimetre-wave imaging, instrumentation, etc.. The satel-
lite communications, radiometers, remote sensing and low earth orbit mobile systems are
some examples of MMIC|applications in space. There are some other applications as mobile
phones, global positioning, high speed internet access, automotive industry within auto-
tolling, vehicle identification, road-traffic information, cruise-control systems, Bluetooth and
similar wireless systems that serve as example of civil applications.

There are two main features of that are utmost suited for almost every applica-
tion previously mentioned, which are their small dimensions and low weight. They can be
cheap, if fabricated in large quantities, and very reliable.

With the availability of high resistivity|Gallium Arsenide (GaAs)[substrates, MMICs|were

developed, where all active and passive [REF components, and conducting paths are embed-

ded in different metal layers on a single substrate. After some time, when these devices

were integrated on a silicon substrate, it came to known as a [Radio Frequency Integrated|

Circuit (RFIC)| and sometimes [MMIC]| interchangeably. [RFICs| are more used to operate at

lower frequencies than MMICs
There are two main differentiating factors between [RFIC|and MMIC]|technologies.

* The first is process technology — tend to be built with mainstream mixed sig-
nal/Complementary Metal-Oxide-Semiconductor (CMOS), Bipolar, or[Bipolar Comple-|
mentary Metal-Oxide-Semiconductor (BiICMOS)| flows, where MMICs tend to be built
with alternate materials such as III-V compounds, SOS, or graphene.

* The second is the design methodology —[RFICs|tend to be designed and their resulting
products specified in the time domain using traditional analog/mixed signal tools, and
tend to be designed and specified using S parameters in the frequency domain
[127].

MMICs|have been dominated by III-V technologies particularly in their early era.
[Electron-Mobility Transistors (HEMTs)/based on[Indium Phosphide (InP) are known for their

superior high-frequency properties but a high fabrication cost of based MMICs make
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them less suitable for mass production. Traditionally, GaAs and have been the
most popular semiconductor materials used for the design of RF components - especially
power amplifiers. Albeit Si devices are typically more cheaper than GaAs, one must say that
they do not work as well as GaAs for most high-frequency or for high-power applications.
GaAs metamorphic HEMT (mHEMT) process technologies have shown performances close
to InP devices [128,[129]. [Gallium Nitride (GaN)| HEMT technologies are more suitable for
high power applications below the mm-wave spectrum, still there are some designs above
30 GHz [130,[131]]. [Si| technologies have emerged during the last years, due to their low-

cost in mass production and the possibility of monolithic integration of analog and digital

circuits on the same substrate. Both|Silicon Germanium (SiGe)|based [Heterojunction Bipolar]
[Transistors (HBTs)land CMOS have been used in mm-wave circuits and systems [132,
133].

Nevertheless, devices can exceed the performance of GaAs, though only in low-
power, high-frequency applications, such as in the front-end design of mobile phones. The
performance of the SiGe BICMOS processes is approaching that of III-V technologies [134,
135]. Furthermore, with the advancement of SiGe processes with maximum oscillation fre-
quencies of 500 GHz [136] and combined with the lower cost of silicon manufacturing, has

made it more popular in recent years.

2.4.1 History of MMIC

The first step which contributed to the development of monolithic circuits was made
by Jan Czochralski who invented the Czochralski process, which is used for growing sin-
gle crystals and in the production of semiconductor wafers [137]. Nevertheless, the change
in the electronic industry from vacuum-valve to solid-state technology was only possible
when in 1947 Bell Telephone Laboratories invented the transistor [138]. Later on, in 1959,
Jack Kilby from Texas Instruments patented the IC [139-141]. This discovery enabled a large
number of components to be printed onto the surface of a single part of semiconductor ma-
terial and the first ICs were made of germanium (Ge). Robert Noyce of Fairchild Semicon-
ductor, some years later, in 1961, patented a complex unitary circuit made of silicon [142]. In
1967 Please Optoelectronics and Microwave Ltd. fabricated a 4 um gate length GaAs
ISemiconductor Field Effect Transistor (MESFET) at 1 GHz and it become the world first
commercial GaAs MESFET - GAT1. One year later, become the first publication of simple

monolithic microwave GaAs circuits using diodes and microstrip lines [143,144]. The major
events in the history of MMIC and the consequent development of new designs during and
after these years are presented in Fig.
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Chapter 3

Backscatter modulation

Outline

In the context, where billions of connected objects are expected to be ubiquitously
deployed worldwide, the frequent battery maintenance of ubiquitous wireless nodes is un-
desirable or even impossible. The growth of the devices will be made possible only if the
sensors battery needs are eliminated or reduced significantly. For low power sensors and
devices, careful power management and power conservation are critical to device lifetime
and effectiveness. One of the possible solutions is to change completely the paradigm of the
radio transceivers in the wireless nodes of the [lo1]system.

This chapter provides an analysis on the link budget of backscatter radio communication
and on the concepts that support this technology. Moreover, a pratical implementation of a
backscatter modulator will be presented.

3.1 Analysis of Backscatter-Radio Link Budgets

[RFID]is a kind of the contactless automatic identification technology via radio frequency
signal, and it is one of the most developed rapidly technologies in automatic identification
technology field. It uses RF to identify the target and collect data via non-contact radio
communication. With the operating frequency of RFID system increasing, for passive RFID
systems working at the[UHFand microwave bands and on the basis of backscattering modu-
lation principle to work, it becomes very important to research on response model of electro-
magnetic field and calculation of the read distance. To modulate the backscattered signal, the
RFID chip switches its input impedance between two states (amplitude modulation). In or-
der to improve the reading range, the tag’s antenna is generally matched to the impedance of
the chip. The matching is obtained in special conditions, at a given frequency and usually for
tag placed in free space. The impedance of the chip is a function of frequency and received
power and the impedance of the antenna is highly dependent on the support on which the
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tag is placed. Figure [3.1|illustrates the operation of a modern passive RFID system that in-

cludes an RFID reader and an RFID tag, composed of an antenna and an [Integrated Circuit]
[AC)|chip. The reader signal alternates between a[CW]and modulated transmissions. The tag
sends data during one of the CW periods by switching its input impedance between two

states, effectively changing its[Radar Cross-section (RCS)|and thus modulating the backscat-

tered field. The of a scattering target is defined by the equivalent area of the target based
on the target scattering the incident power isotropically [145]. By knowing the transmitting
energy, wavelength and antenna’s gains, the of an object can be used to predict the
reflected power (backscatter) or identify the object based on characteristics. There are
some studies that explored the decrease of in order to avoid the detection from radar
systems [146|147]]. The objective in this thesis is the opposite, since the goal is to control
or modulate the The variations in time of the can be understand as the message
to be decoded. Considering two different impedances on the tag, one states is usually high
and another is low to provide a significant difference in the backscattered signal. Data ex-
change between RFID reader and tag can employ various modulation and coding schemes
(amplitude modulation and Manchester coding). The signal transmitted on the forward link
(reader to tag) contains both CW and modulated commands as shown in Fig. On the
reverse link (tag to reader), the data is sent back during one of CW periods when the tag
impedance modulates the backscattered signal. If the receiver is non-coherent, it can only
register a magnitude difference between two scalar RCS values (scalar differential RCS). If
the receiver is coherent (such as an RFID reader where transmitter and receiver are phase
locked), it detects both amplitude and phase of the signal and can register a vector differ-
ence between two RCS values (vector differential RCS). This difference depends on relative
phases of the field scattered in different chip impedance states, that is a difference of two
scalar RCS values. Two chip impedances can result in the same scalar RCS values for the tag

but produce nonzero modulated backscattered power [148].

RFID Reader Power RFID Tag
data

Transmitter

A

v Circulator | 7 Zey

Baseband
processor

Antenna
é:‘:
o
o

A

I' 1' .
A4 SNt
Receiver N
Modulated

backscatter

Figure 3.1: Passive RFID system overview
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Reader transmission
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RCS,

Received signal

\/

Time

Figure 3.2: Data exchange between an RFID reader and a tag.

The operation of a typical passive backscatter RFID system includes an RFID reader and
a passive RFID tag, shown in Fig. The chip obtains power and data from the RF signal
transmitted by the RFID reader. The tag sends data back by switching its input impedance
between two states Z.; and Z. and thus modulating the backscattered signal. At each
impedance state the tag presents a certain RCS. One of the impedance states is generally
high RCS; and another is low RCS, to provide a significant difference in the backscattered
signal. The impedance match between the antenna and the chip is very important in RFID,
since it influences directly the RFID system performance characteristics such as the range of

a tag (the maximum distance that the reader can read or write data to the tag).

In Fig.|3.3|it is demonstrated the equivalent circuit of an RFID tag, where the antenna is
represented with its Thevenin equivalent. In the Fig. 3.3/ the complex antenna impedance
is represented by Z, = R, + jX, and the complex chip (load) impedance is represented by
Z. = R+ jX.. The antenna impedance is typically matched to the high impedance state
of the chip in order to maximize the collected power. The variation of the chip impedance
with power and frequency can affect the performance of the tag. Nevertheless, in order
to maximize the tag range, the antenna impedance is matched to the chip impedance at
low power levels that are required for the chip to work. In most tag application scenarios
the tag continues to operate when brought closer to the RFID reader antenna where the
power incident on the tag is higher. Nevertheless, it is possible to have a situation where a
significant variation of the chip impedance with a higher input power results in a several tag

impedance mismatch and causes dead spots within operational range of the tag.

The information transferred between reader and tag can employ various modulation and
coding schemes. The signal transmitted on the uplink (reader to tag) contains both CW and

modulated commands. On the downlink (tag to reader) the data is sent back during one of
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CW periods when the tag impedance modulates the backscattered signal [149]. One of the
major problems of a passive backscatter RFID system is the read ability that is limited by the
overall efficiency of the system. The antenna characteristics have a radical effect on the read
ability of RFID system.

@ Antenna Chip 7
C

Figure 3.3: Equivalent circuit of an RFID tag

The power scattered back from a loaded antenna can be divided into two parts. The first
is the structural mode and is due to currents induced on the antenna when it is terminated
with the complex conjugate impedance (due to the interaction between the incident field and
the antenna structure). The second is the antenna mode and is due to the mismatch between

the antenna impedance and the load impedance [150-152].

The total backscattered field can be written as the field scattered by the open-circuited
antenna plus the re-radiated field [153]. The re-radiated power can be obtained from the
equivalent circuit shown in Fig.[3.3] which is the approach used in [148]. The power density
of an electromagnetic wave incident to the RFID tag antenna in free space is given by

P
5 = o (3.1)

4r2 7

where Pr, is the transmitted power, Gr, is the gain of the reader transmitting antenna, and r
the distance to the tag, as can be seen in Fig. The power Pryq collected by the tag antenna
is by definition the maximum power that can be delivered to the complex conjugate matched
load:

PTX GTX
L A (3.2)

where A, is the effective area of the antenna and considering the Friis formula is given by

PTag =SA, =

(Ae = %Gmg). The power reflected by the tag and received by the reader is given by the
radar equation [19]:

_ PT”SGT“SGRXA2 _ Pr, Gy GRX)\2
X (47tr)2 7 any

Pr (3.3)
where Gg, is the gain of the reader receiving antenna, A is the radiation wavelength and ¢
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Reader r

Figure 3.4: Reader to Tag and Tag to Reader communication.

represents the RCS of tag antenna which is the amount of reflected power. The effective area
(Ae) and the RCS (0) of an antenna loaded by an impedance Z are given by [79]:

GragA?
Ae= =151~ 1peP), (3.4)
o= A—Zcz |As — pe|? (3.5)
47_1_ Tag S cl s

where Gryg is the gain of tag antenna and p is the reflection coefficient defined by[3.6] A;isa
complex vector that represents the structural component, due to the fact that any conducting
object will scatter electromagnetic waves [154]. On equation [3.4] the term 1 — |o.|? refers to
the transmission coefficient and when the load is matched (o, = 0), the effective area is given
by the Friis formula.

_Z(:_Z;k
Pe= 7o Zs

The ASK/PSK backscatter modulation requires two different and distinct load impedance

(3.6)

states, therefore equation[3.7)shows the variation of p. between two load impedances (Z; and
Z5) which modulate the antenna reflection coefficient and consequently the RCS.

Zip—Z;

ey 3.7
01,2 Zio + Zg (3.7)

The modulation factor is an important parameter that should be defined to design an
appropriate and efficient backscatter circuit. The power reflection achieves its maximum
when the reflection coefficients are equal to 1 and -1, meaning that no power is absorbed. The
RF tags use ASK modulation and switch between a matched load and a short, to guarantee
balanced power in the tag, Fig.

Through[3.4/and 3.5} it is possible to conclude that minimizing the mismatch between the
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Figure 3.5: ASK and PSK tag modulation effects.

antenna and load (p. = 0) will produce best results. Nonetheless, to transfer information on
backscatter communication there are needed at least two different load impedances, thus it
is utmost important to consider differential given by 3.9

In order to determine the actual data transfer in the uplink it is necessary to take into
account the modulation between two impedances (Z; and Z,) or the reflection coefficients
(p1 and p3). In [155] a 50% duty-cycle square wave modulation between two impedances
was assumed, which gave rise to the effect of load modulation on and

_ GT%’AZ 1 2 2
Ay = 2 (1= S (01 + 02)), (3.8)
)\2
A(Tm = EG%ﬂgml — p2|2, (39)

where m means the the modulation. By substituting[3.8/on[3.2land 3.9)in[3.3} it is possible
to determine the average power delivered to the tag and the modulated power backscattered

by the tag received by the reader, respectively.

A 1
Prag, = G, PryGrag (121 = S (101 + lpaf?)), (3.10)

A 1
PRXm = GTXPTXGRXG%ag( )41|P1 _P2|2- (3.11)

47ty

Taking into account the polarization mismatch and multipath fade margins on and
B.IT

Gry Pry GrugA2X

— _1 2 2
PTagm - (47T7’)2Ff (1 2<|p1’ + |PZ| ))/ (312)

36



Gy Pry Gry G, A X5 X 1
Pry,, = (4m)4a15_: Z‘Pl —p2f%, (3.13)

where X represents the polarization mismatch (X the forward-link and X}, the reverse-
link polarization mismatch), F represents the backscatter link budget fade margin and Fy

forward fade margin.

Depending on the configurations of the receiving and transmitting reader antennas
the equations and can be slightly different. In the monostatic configuration, where
the receiving and transmitting reader antennas are the same, the distance in the forward
and backscatter links are the same and represented as r. The bistatic configuration uses two
different antennas in the reader, and they can be closely spaced (bistatic collocated) or widely
spaced (bistatic dislocated). The distances in the forward link and in the backscatter link can
be different between them, so the average power delivered to the tag and the modulated
power backscattered by the tag received by the reader in the bistatic configuration, are given

by:

 GrPrGrg?X, 1, o .
PTugm - (47T7’f)2Ff (1 - E(’pl, + ‘p2| ))I (314)
p._ OrPrGryGri Xy o1 ol (3.15)

Considering an example of an RFID tag, it is possible to calculate the power delivered
to the tag from the reader and the modulated power backscattered by the tag which was
received from the reader. The following parameters were taken into account:

¢ Frequency = 866 MHz

Grug = 2 dBi

Gr, = Gg, = 6 dBi

Pr, =30 dBm

Reader Sensitivity——80 dBm to —90 dBm

Tag Sensitivity——15 dBm to —20 dBm
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Figure 3.6: Different configurations of the antennas in backscatter link. (a) Monostatic. (b)
Bistatic Collocated. (c) Bistatic Dislocated.
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Figure 3.7: Average power delivered to the tag and the modulated power backscattered by
the tag received by the reader in the monostatic configuration.

Since the reader antennas are circularly polarized and the tag antenna is linear polar-
ized, a 3 dB polarization mismatch is considered. In order to simplify calculations, it was
considered a dominant direct line-of-sight (F = 0 dB). In this example, the non-zero input
impedance in one state of the tag will not be considered. This non-zero state is directly re-
lated to the incapability of the to provide a true short circuit. As it was mentioned, the
RFID tag switch between a match load and a short (p; = 0 and p, = —1) which results in a
modulation factor of M = 0.25. Considering all these parameters and the equations and
B.13]it is possible to obtain the Fig. The presented results allow the understanding of the
propagation mechanisms that influence the tag received power and the backscatter commu-
nication. These calculations are useful for predicting bacskatter radio system performance.
Moreover, it enables to define properly the states of modulation in a backscatter system. If
the backscatter sweeps between short and open (reflection coefficient of -1 and 1) the power
reflection is maximized but the power available on the tag is penalized. From the Fig.
it can be observed that the major limitation is related to the tag sensitivity, which limits the
distance that is possible to power up the tag (6 m to 11 m). On the other hand, the reader
sensitivity allows the backscatter communication from 20 m to 34 m.

As it was said previously, the PSK modulation will maximize the power reflected from
the tag and the ASK modulation will maximize the power available on the tag, which means
that a semi-passive tag will communicate at a larger distance than a passive tag, as can be
seen in Fig. Moreover, in Fig. 3.8l we demonstrate a possible solution to overcome the
limitation imposed by the tag sensitivity, which consist in adding a different tone to supply
the tag. Two different tones were added (one at 400 MHz and other at 1.7 GHz) to power the
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tag, meaning that the sensor could continuously be powered with one frequency (400 MHz
or 1.7 GHz) and communicate at the other (866 MHz).

Adding one tone at 1.7 GHz with 0.5 W will improve the distance that is possible to
power up the tag (7 m to 12 m), but the significant improve was verified when a tone at
400 MHz with 0.5 W was added. The distance to power the tag increased from 11 m to 20 m.
The equation [3.16|was used to compute different sensitivities of the tag with the added extra

tone.

_ Gry Pry GTag/\ZX 1 2 2 Gry, Pry, GTag/\%XZ
PTotalTagm = (47T7’)2Pf (1 - §(|Pl| + |P2| )) + (47T7’)2Ff2 ’ (3.16)

On the other hand, the reader sensitivity allows the backscatter communication from

28 m to 50 m, by using a tag with PSK modulation.

In chapter {4, different tag approaches which operate in two different frequencies (one
for backscatter communication and the other for the WPT link), are studied, designed and

discussed.
40 —*—Power received by Tag
—*—Power received by Reader
20% —+—Power received by Reader (semi-passive tag)
——Power received by Tag with an added tone (0.5 W @ 1.7 GHz)
. orN Power received by Tag with an added tone (0.5 W @ 400 MHz)
o
=)
5}
=
o
o

Distance Reader-Tag (m)

Figure 3.8: Average power delivered to the tag and the modulated power backscattered
by the tag received by the reader in the monostatic configuration, considering four different
approaches: The tag operating with ASK modulation (passive); The tag operating with PSK
modulation (semi-passive); The tag operating at two different frequencies (adding 400 MHz
to supply the tag); The tag operating at two different frequencies (adding 1.7 GHz to supply
the tag).
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3.2 Backscatter Modulation for Wearable Devices

In this section, a BPSK backscatter modulator working at 915 MHz will be designed and
experimentally validated. Moreover, the modulator will be evaluated as a potential use case

on wearable applications.

3.2.1 Design strategy

The developed BPSK backscatter modulator is presented in Fig. The circuit is com-
posed by a surface mount ceramic chip antenna (VJ5601M915MXBSR from Vishay) designed
to operate at 915 MHz, the antenna tuning circuit with two inductors and the E-pHEMT
(ATF54143 from Broadcom, chosen for its low gate-source drive capacitance) that is respon-
sible for the ON and OFF switching. By changing the voltage presented to the gate of the
transistor between 0 V and 0.8 V it is possible to change the phase of the reflection coeffi-
cient. The BPSK modulation was used in order to maximize the reflected power. The overall

dimension of the circuit is 1.8 cm x 2 cm with a weight of 1.6 g.

2cm

1.8 cm

Figure 3.9: Photograph of the developed backscatter modulator. Element values are L1 = 22
nH, L2 = 27 nH. Substrate for the transmission lines is Astra MT77, thickness = 0.762 mm,
e, =3.0,tan 6 = 0.0017.

In order to implement this circuit, several simulations were conducted. Figure (on
the right) presents the reflection coefficient (S11) simulated results when the voltage pre-
sented to the gate of the transistor varies from 0 V up to 0.8 V, for a 915 MHz operating
frequency. These results were performed with a variation from -30 dBm to 0 dBm of in-
put power, in order to understand the behavior of the modulator at lower values of input
power. As shown in Fig. it is possible to achieve 180°phase shift by simply switching
the voltage at the gate of transistor from 0 V to 0.8 V. The simulations were performed with
|Advanced Design System (ADS)|and the schematic developed is presented in Fig. (on
the left).
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Figure 3.10: Simulations of backscatter modulator. On the left the proposed circuit developed
in ADS. On the right the results obtained for the S11 from the simulated circuit with two
different voltages at the gate of transistor (0 V and 0.8 V).

After theoretically validating the transistor behaviour, it was necessary to measure the
antenna with the tuning circuit to guarantee matching at 915 MHz. A simple PCB was de-
veloped, containing two inductors, the antenna and an SMA connector. A Performance
Network Analyzer (E8361C from Agilent Technologies) was used to measure the reflection
coefficient (S11) and the results obtained are presented in Fig. showing a reasonable
match at the operating frequency.

Magnitude (dB)

860 880 900 920 940 960 980
Frequency (MHz)

Figure 3.11: Measured Sq; of the tunned chip antenna.

After these validations, the solution developed is presented in Fig. Backscatter com-
munication technology can facilitate the use of wearable devices, and when combined with
can increase the number of possible applications. In Fig. we present a possible
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block diagram of a wearable device that can have sensing capabilities without requiring bat-
teries. In order to power the microcontroller and the sensors, a rectifier (RF-DC converter)
must be developed to convert the [RF|signals into DC energy.

Rectifier

Matching Network Backscatter modulator

Figure 3.12: Block diagram of a battery-free wearable device.

3.2.2 DUT Performance in Wearable Applications

In order to evaluate the behavior of the backscatter modulator as a wearable device,
we inserted the developed circuit presented in Fig. into a wristwatch, as can be seen
in Fig. The two wires coming out from the wristwatch will connect to the waveform
generator, which produces an 0.8 Vpp, 1.0 MHz square wave signal. In a real scenario, this
modulating signal would be replaced by the bit stream generated by the microcontroller
which will contain the desired sensing information.

The setup used for the experimental measurements can be seen in Fig. It is com-
posed of two commercial antennas (ALR-8610-AC from Alien), a signal generator (SMW200A
from Rohde & Schwarz) to generate the CW at 915 MHz, a spectrum analyzer (FSW8 from
Rohde & Schwarz) to obtain the reflected wave at 915 + 1 MHz and a low frequency wave-
form generator (33250A from Agilent Technologies) to generate the 1.0 MHz square wave
signal.

In order to evaluate the proposed wristwatch presented in Fig. we conducted two
different scenarios, which are shown in Fig. The wristwatch with the backscatter mod-
ulator inside was attached to the wrist of a person and several measurements were taken
while the person was moving. Two different scenarios were taken into account. First, the
person was moving away from the antennas with its back turned to them. Second, the per-
son was moving towards the antennas while facing them. The power transmitted from the
signal generator at 915 MHz was 22 dBm. Considering the losses introduced by the antenna
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Figure 3.13: Backscatter modulator embedded into the watch.

Spectrum
Analyzer

Waveform
Signal Generator
Generator

Figure 3.14: Laboratorial measurement setup.
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cables (3 dB) and the gain of the antenna (estimated at 5.5 dBi without cable and 4 dBi with
cable) the Equivalent Isotropic Radiated Power (EIRP) was estimated to be 23 dBm (the an-
tenna was used with cable). The power obtained at the modulation frequency (916 MHz) in
the spectrum analyzer for the two different scenarios is presented in Fig. In Fig.
we present two obtained results, for a distance of 4 m in both scenarios (front and back).

915 MHz 915 MHz
1 MHz 1 MHz
22-dBm 08V 22-dBm 08V
S/’frgitrzueT GSA%:;clor Waveform Sl\pnzﬁtrzueT GSrg:aE\ltlor Waveform
A Y . Generator A Y . Generator

RX

A
A/
A

'

12 mrz 715 MM2 916 bz 12 mrz 715 MM2 416 maniz

(a) (b)

Figure 3.15: Two different scenarios to measure the backscatter modulator embedded into
the watch. On the left the person is placed in front of the setup. On the right the person is
turning his back to the setup.

——Front of the setup
——Back to the setup | ]|

Power received {dBm)

Distance (m)

Figure 3.16: Power received by the spectrum analyzer at 916 MHz.

Since BPSK modulation is being used and the bandwidth needed to transfer such low bit
rate is very small, all the signal powers that are being received can be decoded by any general
purpose receiver. By analyzing Fig. it can be seen that as the distance increases, the
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Figure 3.17: Measurement results with the person placed at 4 m from the transmit-
ter/receiver. On the left the person is placed in front of the setup. On the right the person is
turning his back to the setup.

power received at the modulation frequency decreases. Comparing the received values for

the two scenarios described previously, when the person is with its back turned to the reader,

the power received is lower due to some body blockage. Moreover, at higher distances the

received power is similar in both scenarios mainly due to the multipath effects.

3.3

Conclusions

The tag modulation states must be properly chosen in order to maximize the power
absorbed by the tag while maximizing the power reflected from the tag. As it was seen
in Fig. [3.§8| the PSK modulation (with reflection coefficients of -1 and 1) maximizes the
power reflected from the tag but penalizes the power transferred to the tag. In other
hand, by adding one more tone to supply the tag, the distance to power the tag was

improved. In the next chapter a more carefully analysis will be conducted.

The BPSK backscatter modulator presents a light, compact and efficient design, which
can be used in wearable devices. Although, tests were performed in a laboratory en-
vironment, the device was used in a real scenario application, inside a wristwatch.
These results are a proof of the concept, demonstrating that the technology can be im-
plemented in real wearable devices, where their use is increasing day by day. This
approach has the advantage of extending the wearable devices battery. This kind of
communication consumes less power than any other. Besides that, this technology
can also be combined with techniques allowing to have battery-less devices. By
using this approach, a considerable distance between the reader and the device was
achieved, with conventional values for the transmitted power and sensitivity. The dis-
tance could be enhanced by increasing the transmitted power or antenna gain (bellow
the values of regulation).
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Chapter 4

Backscatter modulation with WPT
capabilities

Outline

Nowadays[WSNs|depend on the battery duration and there is a lot of interest in creating
a passive sensor network scheme in the area of loT|and space oriented WSN systems.
enables the control and the delivery of wireless power to |RF devices. All the devices made
with this technology can be sealed, embedded with these structures, or made mobile, so they
can be battery independent.

In this chapter, a complete passive that can potentiate the area and space craft
sensing will be presented. This should be capable of receiving a continuous flow of
energy, so that the sensing mechanisms can be continuously powered, as it was previously
demonstrated in the previous chapter. For this, a combination of backscatter modulation
with[WPT] using the same diode based approach as in a traditional circuit is proposed.
This way the cost is maintained low, but the amount of gathered energy is maximized during
the backscatter communication. Moreover, in this chapter the steps to implement the passive

sensor will be explained and experimentally validated.

4.1 Backscatter

Our proposed system is based on Fig.{4.1/and it was firstly evaluated with another con-
figuration in [156]. It is composed by two matching networks, a backscatter modulator and
a dual band rectifier. The goal is to harvest electrical energy with one tone (1.8 GHz) and
with the other tone (2.45 GHz) transfer data by backscatter means. The [RE power harvester
employs a receiving antenna, an impedance matching network, DC power conditioning and

the sensor to be powered. The backscatter modulator employs the receiving antenna, an
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Figure 4.1: Block diagram of proposed system based on backscattering with WPT.

impedance matching network and a semiconductor device to control the reflection coeffi-
cient.

4.1.1 Backscatter design

In this section an implementation of a stand-alone circuit for backscatter modulation is
presented. The proposed system is shown in Fig.4.2land includes a switch (Broadcom ATF-
54143) that modulates the impedance of the antenna and causes a change in the amount of
energy reflected by the antenna. The signal at the gate of the transistor is a sequence of one
and zero bits. In common backscatter modulators, when the switching transistor is in the
ON-state, the incoming carrier signal is reflected by the antenna and scattered back to the
reader with ideally 77 phase-difference. During the OFF-state of the switching transistor, the
received signal is reflected back to the reader with ideally zero phase.

4.1.2 [WPT|RF-DC dual band design

Due to the need of having autonomous devices for the [EH| and technologies
are of interest in scientific as well as industrial areas. Since ambient is available in low
levels, there is a need to design efficient energy harvesters that can collect ambient energy
from different frequency bands. The proposal in this paper uses a dual band rectifier coping
with backscatter. In this section the configuration for the dual band rectifier is shown. The
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Matching Network

(a) (b)

Figure 4.2: (a) Configuration of proposed backscatter circuit. (b) Photograph of the backscat-
ter circuit. Element values are L1 =28.9 mm, W1 =0.4 mm, L2 =1 mm, W2 = 1.8 mm, L3
=13.5mm, W3=15mm, L4 =16.3 mm, W4 = 0.7 mm, L5 =1.3 mm, W5 = 0.6 mm, R1 =
50 ), C1 = 47 pF. Substrate for the transmission lines is Astra MT77, thickness = 0.762 mm,
e, = 3.0, tan 6 = 0.0017.

configuration used is based on the principle shown in due to the simplicity of the
design, and it is presented in Fig.

Some work on dual band operation has been developed in many different configurations.
In a microstrip printed dual frequency rectifier that operates at 1.8 GHz and 2.4 GHz
by using a cross-shaped match stub was presented. In a dual band (915 MHz / 2.45
GHz) rectifier based on resistance compression networks was designed in order to improve

the performance.

Dual band Rectifying Resisti

. esistive

impedance —[>|— Output DC Load
network circuit

Figure 4.3: Block diagram of dual band rectifier circuit.

In [159] the authors designed a dual band rectifier based on discrete elements for the fre-
quencies of 915 MHz and 2.45 GHz. In [160] a dual band two-section 1/3-wavelength trans-
former that operates at the fundamental frequency and its first harmonic was developed.
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Figure 4.4: (a) Configuration of proposed dual band rectifier. (b) Photograph of the dual band
rectifier. Element values are L1 = 4.7 mm, W1 =0.7 mm, L2 = 7.9 mm, W2 =2 mm, L3 =
7mm, W3 =2 mm, L4 = 5.4 mm, W4 = 0.4 mm. Substrate for the transmission lines is Astra
MT77, thickness = 0.762 mm, ¢, = 3.0, tan 6 = 0.0017.

Monzon showed a novel and elementary two-section impedance transformer, capable
of dual band operation under restricted load and frequency conditions. In [162], Giannini
and Scucchia presented a class of distributed element matching networks that was able to
guarantee the required impedance values at fundamental frequency and its second and third
harmonics. Chang presented a modified shunt-stub dual band impedance transformer
that contained four different configurations, each of which consisted of dual two-section
transmission lines. In our approach the dual band matching network is developed to match
the two different impedances. The dual band rectifier, including the matching network and
output DC has been designed and simulated using harmonic balance in and it was op-
timized for 2 dBm in order to achieve better efficiency in the frequencies of 1.8 GHz (for the
WPT) and 2.45 GHz (for the implementation of backscatter scheme). A two-stage Dickson
multiplier was designed and the diodes used were [RF| Schottky diodes (Skyworks SMS7630-
006LF), in order to provide stronger current drive ability, with the penalty that the capacitors
in parallel have to withstand the full DC voltage developed along the chain. A matching net-
work is essential in providing the maximum power transfer from the antenna to the rectifier
circuit. This matching network was designed and optimized in order to maximize the effi-
ciency of the rectifier for both frequencies at 1.8 GHz and 2.45 GHz. Fig. 4.4/ shows the final

prototype.

4.1.3 Integrating Backscatter solution withWPT|solution

Figure[d.5lillustrates the two different states of the transistor gate voltage for two different
frequency tones. Since the backscatter design is the same as the one explained in section
and the dual band rectifier the same as the one in section the combination of
these two circuits can be explained by the example in Fig.
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Figure 4.5: Different modes of operation with different frequencies (a) Vgze = 0 V for 1.8

GHz (b) Vgae = 0.6 V for 1.8 GHz. (c) Vigae = 0V for 2.45 GHz. (d) Vg = 0.6 V for 2.45
GHz.
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Figure 4.6: (a) Configuration of proposed backscatter modulator and dual band rectifier cir-
cuit. (b) Photograph of the backscatter modulator and dual band rectifier. Element values
areL1=1mm,W1=1.6mm,L2=6.3mm, W2=0.8mm, L3 =6.5mm, W3 =0.5mm, L4 =
1 mm, W4 =1.9 mm, L5 =4 mm, W5 = 1.2 mm. Substrate for the transmission lines is Astra
MT77, thickness = 0.762 mm, ¢, = 3.0, tan 6 = 0.0017.

During the OFF-state and ON-state of the switching transistor at 1.8 GHz, the circuit was
designed to have almost zero reflection coefficient, as shown in Fig.[4.5(a)|and Fig. The
same reflection coefficient is achieved during the OFF-state of the switching transistor when
the frequency is 2.45 GHz, as shown in Fig. During the ON-state of the switching
transistor at 2.45 GHz, the circuit was designed to have the reflection coefficient different
from 0 (ideally equal to 1), as illustrated in Fig.

In Fig. 4.1|the block diagram of a backscatter modulator with dual band rectifier design
is presented, and the main goal is to combine backscattering with The objective is
to obtain, for different states of the transistor (0 V and 0.6 V at gate) and for two different
frequencies (1.8 GHz and 2.45 GHz), modulation combined with Figure [4.6 shows
the prototype designed that includes the transistor which modulates the impedance of the

antenna and the two-stage Dickson multiplier.

4.1.4 Results
4.1.5 Backscatter Design

In this implementation, the backscatter modulator was designed for two different fre-
quencies and the goal was to achieve zero-phase when the switching transistor is at OFF-
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state (0 V at the gate of transistor) at 1.8 GHz and 2.45 GHz and when the transistor is at
ON-state (0.6 V at the gate of transistor) at 1.8 GHz. At 2.45 GHz when the transistor is at
the ON-state we intended to achieve 7 phase-difference. These results can be seen in Fig.
and the impedances obtained are shown in table[.2]and can be compared with the simulated
results shown in table The circuit in Fig. 4.2l was optimised to achieve two reflection co-
efficients (-1 and 1) which correspond respectively to a short circuit and an open circuit. The
designed backscatter works at 2.45 GHz, since the reflection coefficient varies from 1 to -1 as
the gate voltage of the transistor is switched from 0 to 0.6 V, as can be seen in Fig. At
1.8 GHz the reflection coefficient is always 1 (open circuit) as it was intended. In[4.1and
the values of the impedances for two different frequencies (1.8 GHz and 2.45 GHz) at two
different states of the gate voltage of the transistor (0 V and 0.6 V) are shown. The values of
the impedances at 1.8 GHz are very high (ideally infinite) in both states of the transistor. At
2.45 GHz when the gate voltage is 0 V the impedance is very high (ideally infinite) and with

0.6 V at the gate of transistor the value of the impedance is very low (ideally zero).

Sim. 1.8 GHz < Sim. 2.45 GHz
Exp. 1.8 GHz X Exp. 2.45 GHz

+1.0 +1.0

+2.0

+0.

0.

-1.0 1.0

(@) (b)

Figure 4.7: S11 parameter as function of frequency for two different values of transistor’s gate
voltage. (a) Vgae = 0 V. (b) Vigae = 0.6V.

4.1.6 WPT|RF-DC dual band design

Fig. 4.8 presents the output power achieved, measured and simulated, for both frequen-
cies, 1.8 GHz and 2.45 GHz, for different input powers. Fig. 4.8 shows the agreement be-
tween experimental and simulated results, except for 2.45 GHz. For 1.8 GHz, at 2 dBm of
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Table 4.1: Simulated results of system impedance as function of transistor’s gate voltage and
frequency.

Vgate(V) Z(Q) Z(Q)
1.8 GHz 2.45 GHz
0 3.40E3 + j609.68 | 1.01E3 + j687.28
0.6 1.50E3 + j2.12E3 4.46 —j0.83

Table 4.2: Experimental results of system impedance as function of transistor’s gate voltage
and frequency

Vgate(V) Z(Q) Z(Q)
1.8 GHz 2.45 GHz
0 531.84 — j808.03 | 46.35 — j245.27
0.6 1.38E3 — j1.27E3 | 12.20+ j5.97

Table 4.3: Dual band rectifier simulated results of dc output voltage as function of input power
per tone

Power | DC voltage (V) | DC voltage (V) DC voltage (V)
(dBm) 1.8 GHz 2.45 GHz 1.8 GHz + 2.45 GHz
-10 0.297 0.296 0.503
-8 0.422 0.421 0.686
-6 0.586 0.587 0.925
-4 0.800 0.802 1.233
-2 1.076 1.080 1.627
0 1.430 1.437 2.128
2 1.881 1.896 2.605
4 2.454 2.473 2.877

input power, the output power achieved is 0.76 mW and 0.82 mW in respectively, simulated
and experimental results. For 2.45 GHz, at 2 dBm of input power, the output power ob-
tained is 0.77 mW and 0.61 mW in respectively, simulated and experimental results. Using
two tones at the input of the system, 1.8 GHz and 2.45 GHz, the output power obtained at
2 dBm is 1.46 mW and 1.51 mW in respectively, simulated and experimental results. The
addition of another tone increases the output power, since the design is a dual band rectifier.
In table 4.4 and table 4.3|is shown, respectively, experimental and simulated results of the
voltage at the output as function of input power for different frequencies. The power that
is in the axis of Fig. and in the tables and for the two tones, is the power used
for backscatter communication (2.45 GHz tone) and not the overall power. The other tone
(1.8 GHz) is used to increase the dc output voltage.
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Figure 4.8: Simulated and experimental results of output power of dual band rectifier as
function of input power per tone.

Table 4.4: Dual band rectifier experimental results of dc output voltage as function of input
power per tone

Power | DC voltage (V) | DC voltage (V) DC voltage (V)
(dBm) 1.8 GHz 2.45 GHz 1.8 GHz + 2.45 GHz
-10 0.310 0.247 0.507
-8 0.440 0.357 0.692
-6 0.609 0.503 0.935
-4 0.831 0.697 1.249
-2 1.115 0.946 1.651
0 1.485 1.275 2.162
2 1.949 1.690 2.653
4 2.544 2.236 2.920

4.1.7 Integrating Backscatter solution with WPT|solution

At 1.8 GHz for both states of the transistor, we intended to achieve the highest output
power at 2 dBm and to match the impedance of the system as it can be seen, respectively in
Fig.|4.9|and Fig. At 2.45 GHz it was intended to obtain two different results, with 0 V at
the gate of transistor, the output power should be the maximum possible and the impedance
of the system should be matched as well. With 0.6 V at the gate of the transistor the goal was
to obtain the mismatch of the system impedance. In Fig.{4.9/and Fig. the results for these
goals can be seen.

In Fig. the DC output voltage obtained for the different states of transistor for two
different frequencies for both simulated and experimental results is demonstrated. It was
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Figure 4.9: Simulated and experimental results for output power of backscatter modulator
and dual band rectifier as function of input power per tone. (a) Vgae = 0 V. (b) Vigaee = 0.6 V.
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Figure 4.10: Simulated S, parameter as function of frequency and input power for two dif-
ferent values of gate voltage.

57



expected that this system could be capable to supply a microcontroller that needs 1.5 V of
supply.

By measuring the S1; parameter at 2 dBm we concluded that the circuit was matched for
the frequencies 1.7 GHz and 2.35 GHz. We measured the DC output voltage for these two
frequencies and compared with 1.8 GHz and 2.45 GHz. For 1.7 GHz at 2 dBm of input power
with 0 V at gate, the DC output voltage measured was 2.9 V (0.35 V below the simulated
value) and 1.8 V at 2.35 GHz (0.35 V below the simulated value), as shown in Fig.
Switching the gate voltage to 0.6 V, with 2 dBm of input power, the DC output voltage
measured at 1.7 GHz was 2.9 V (0.35 V below the simulated value) and 0.75 V at 2.35 GHz
(0.65 V above the simulated value), as illustrated in Fig.

The main purpose of this work was to validate both matching networks, for the backscat-
ter modulation and for the dual band rectifier, in order to design a system with the capability
to be fully passive with a continuous power delivering. Input power for the single tone is
different from the dual tone, but in these figures (Figs. and we intended to show
the increase of output power and DC voltage obtained when adding an extra tone. In terms
of application, this extra tone is the same as adding a fixed wireless power transmitter. We
should be aware that in the backscatter frequency (2.45 GHz) the signal will be modulated
as an ASK, thus the power delivered to the sensor will be lower in certain periods of the
modulation envelope. In our approach the delivering of power is constant, as can bee seen
by Figs. |4.9)and thus the sensor will be continuously powered.

The use of a second tone to increase the dc output voltage is shown in Fig. with
simulated and measured results. For 0 V voltage at gate, the simulated dc output voltage
obtained is 3.0 V and the measured one is 3.75 V, as illustrated in Fig. Switching the
gate of transistor to 0.6 V the simulated DC output voltage is 3.15 V and the measured one

is 3.10 V, as shown in Fig.

Figure shows the measured results of Si; parameter as function of frequency and
input power for two different voltage values at the gate of transistor. It can be seen that
comparing this figure with Fig. there are some differences on the loads and frequencies
between simulated and measured results. We believe this deviation is due to the models
used for the diode and transistor and at higher frequencies due to the serious parasitic ef-
fects arisen from via holes and soldering. The integration of backscatter with solution
was designed in order to modulate data by backscatter means and supply the wireless sen-
sors with by using two different tones at the input. The simulated results presented
in Fig. prove the capability of supplying the wireless sensor by at 1.8 GHz and
modulate data at 2.45 GHz. The measured results presented in Fig. evidence the capac-
ity of supplying the wireless sensor by at 1.7 GHz and modulate data as a traditional
backscatter at 2.35 GHz.

Figure shows the photograph of the measurement setup used to acquire the re-
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Figure 4.11: Simulated and experimental results for DC Vout voltage of backscatter modula-
tor and dual band rectifier as function of input power per tone. (a) Vg = OV. (b) Vigare = 0.6V.
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Figure 4.12: Measured S1; parameter as function of frequency and input power for two dif-
ferent values of gate voltage.
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Figure 4.14: Photograph of the measurement setup.
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Figure 4.15: Block diagram of the measurement setup.
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flection wave from the circuit shown in Fig. [4.6b. We used a vector signal generator (RO-
HDE&SCHWARZ, SMW200A) to generate 1.7 GHz and 2.35 GHz. A waveform generator
(Agilent, 33250A) was used to change the state of the transistor gate, continuously. At the
output of the vector signal generator we used a power combiner (Mini-Circuits, ZFRSC-183-
S+) to combine 1.7 GHz and 2.35 GHz to the input of our circuit. A coupler (Marki, CBR16-
0012) was used to measure the reflected waves from the circuit, by an oscilloscope (Tektronix,
MSO 71604C). Before acquiring the reflected waves, we calibrated the input power by using
a power meter (Agilent, N1913A). Figure [£.15 presents the block diagram of the measure-
ment setup.

Figures 4.13(a)} 4.13(b)| and 4.13(c)| show the acquisitions for -12 dBm, 0 dBm and 2 dBm
at the input power, respectively. The acquisitions were obtained with only one frequency
band turned on at each time. Figure presents three different acquisitions with two
frequency bands combined, with different input powers. By analyzing Figs.
and it is possible to observe that at 1.7 GHz the amplitude level does not change,
since the circuit is matched, so the reflected wave is reduced and does not change with the

transistor gate variation. At 2.35 GHz it is visible that the amplitude level is changing as the
state of the voltage gate varies. In this way, it is proven that it is possible at 1.7 GHz to supply
the wireless sensor by WPT and at 2.35 GHz to modulate the information by backscattering

means.

4.2 Passive Sensor with Over the Air validation

In this section, a temperature/accelerometer passive sensor will be designed and tested.
To implement this sensor, we followed the same architecture explained in the previous sec-
tion, which consists in three different concepts. The sensor was supplied by Com-
munication between the sensor and reader is established by a backscatter, and to ensure
minimum energy consumption, low power techniques are used. In a simplistic way, the
process starts by the transmission of two different waves by the reader to the sensor, one of
which is used in power transmission and the other of which is used to communicate. Once
the sensor is powered, the monitoring process starts. From the monitoring state, results from
after processing are used to modulate the incoming wave, which is the information that is
sent back from the reader to the tag. This new combination of technologies enables the pos-
sibility of using sensors without any cables or batteries to operate 340 cm from the reader.
The developed prototype measures acceleration and temperature. However, it is scalable.

4.2.1 WPT and Backscatter Techniques

To implement the combination of these two technologies, the approach used in reference
[18] was followed. In this approach, two different transmitter frequencies are used, one to
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supply the sensor and the other to communicate via backscatter.

Figure shows a block diagram of the proposed combined technologies. Two main
blocks are presented. The first, the RF harvesting circuit, is responsible for converting RF
signals into DC energy to supply the microcontroller and modulate the information acquired
by the sensors. The modulation is provided by switching the transistor ON and OFF, which
is part of the backscatter modulator block. This process is known as Modulated Scattering
Technique (MST) [163H165], resulting in this case in an[ASK|modulation.

Backscatter
modulator
( -
RF Power Temperature
harvesting Management Sensor
A & J

Accelerometer

Wave
Generator

Microcontroller

i) (1

2.4 GHz +

Demodulation
;» Demodulator Cloud
Gateway

Figure 4.16: Block diagram of the implemented system.

4.2.2 RF Front End Design and Optimization

The RF circuit is shown in Fig. It is divided into three main sections: the backscatter
modulator, which is composed of a switch transistor that modulates the impedance of the
antenna; the matching network, which was designed to provide backscatter load modulation
at one frequency and continuous flow of WPT at other frequency; and, the five-stage Dickson
multiplier, which allows for RF-DC conversion to provide sufficient DC power to supply the
microcontroller.

The main differences from the works presented in references [18|44] consist of the design
and the optimization of the matching network to provide enough DC power to supply the
digital processing unit. Once all of the lower frequency circuits within the sensor node were
designed, the sleep current consumption that resulted from the sum of all of the quiescent
currents was taken into consideration to model the load for the energy harvester, which was
designed to mimic the real load that the harvester sees while the sensor node is sleeping.
Out of all of the circuitry downstream from the output of the energy harvester, only the
large storage capacitor and Schottky diode that precedes it were included into the simulation
model of the load. All of the other circuits were replaced by an ideal current source that

64



Backscatter

Figure 4.17: Photograph of implemented system with backscatter modulator combined with
Wireless Power Transmission (WPT). Element values are L1 =21.2 mm, W1 = 1.87 mm, L2
=151 mm,W2=1.0mm, L3=21.9mm, W3 =0.8 mm, L4 =11.3 mm, W4 =1.87 mm, L5 =
171 mmW5=12mm,L6=6.7mm, W6 =11 mm,L7 =18.6 mm, W7 = 0.7 mm, R1 =50
, and C1 = 47 pF. Substrate for the transmission lines is Astra MT77, thickness = 0.762 mm,
¢ =3.0,tan 6 = 0.0017.
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was placed in parallel with the storage capacitor with a value set equal to the estimated
maximum sleep current consumption (that is, 5 yA). A harmonic balance simulation was
performed in to tune the matching network for the maximum conversion efficiency
and DC output with the ideal current. In references [18,44], simulations were performed for
a fixed load value, without any consideration of the digital processing unit consumption.

To provide both backscatter communication and wireless power transfer, a
I5-Parameter (LSSP)|simulation was performed with the objectives of matching the circuit in

both states of the transistor at 1.7 GHz, matching the system at 2.4 GHz in one state and
mismatching at the other state. This change of the antenna’s impedance at 2.4 GHz provides
the backscatter communication. Regarding the RF transmission, three patch antennas were
used. Two of them were connected to the wave generator, matched at 1.7 GHz and 2.4 GHz,
respectively, and the third connected to the sensor, matched at both frequencies (dual-band).
The patch antennas were chosen due to their high directivity.

4.2.3 Sensing and Processing Elements

The sensing part of the system is composed of a temperature sensor and an accelerome-
ter, both of which were chosen carefully to have low power consumption and reliable mea-
surements. Texas Instruments LM94021 was the temperature sensor that was selected. In
addition to its low power consumption (12 yA) and precise calibration, the sensor has a sim-
ple calibration process and temperature range from 50°to 150°[166|]. Since the measurements
performed during the tests were at ambient temperatures, the sensor was calibrated to oper-
ate between 0 and 40°, allowing for a better output resolution. The second sensor was added
to prove that the system can work with multiple sensors. Accelerometers were chosen due to
their low power consumption, human interaction factor, and a wide range of possible appli-
cations. The accelerometer chosen was Analog Devices ADXL362, which consumes 1.8 yA
at 100 Hz in operation mode and 10 nA in standby mode [167]. To acquire and process all
of the data that come from the sensors, a processing unit is necessary. The chosen microcon-
troller was MSP430F2132 from Texas Instruments. This microcontroller only consumes 2 A
in active mode and 0.3 #A in sleep mode. It also contains I/O ports, an Analog-to-Digital
Converter (ADC), timers, and communications protocols [168]. The only feature missing
for the microcontroller with regard to the final application was a unit. This unit was
added to the system as an external component. The sensing and processing elements were
supplied by the RF-DC converter. The voltage delivery from the RF-DC converter depends
on the distance from the reader as well as many other factors, such as wave reflections. Dif-
ferent levels of voltage create different behaviors in the components, and stable conditions
are important for performing sensing activities. To solve this problem, a voltage regulator
circuit was placed between the RF-DC circuit and sensing and processing units. The voltage
regulator output was 1.8 V. In Fig. the PCB with the sensing and processing elements is
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shown.

Figure 4.18: Developed Printed Circuit Board (PCB)

As important as choosing low power components is in the software development, they
should also be efficient to ensure that the components are only in active mode when they
are actually needed. These techniques allow for a reduction of the system power consump-
tion. The first software operation is the configuration of all of the elements, clocks, I/O
ports, timers, ADC, DAC, and sleep modes. After configurations, the software processes
the sensing block, reading the temperature and acceleration. The measured data need to be
processed since misleading measurement errors can occur. A message is then produced to
be delivered to the DAC. At this point, the DAC is responsible for controlling the system
impedance by varying the voltage. When the message bit is a zero, the DAC output voltage
is 0.0 V, which means that the system is adapted and, consequently, that there is no reflection.
By contrast, when the message bit is one, the DAC output voltage is 0.6 V, which means that
the impedance of the system is mismatched, which occurs with the reflection of the carrier
wave. After sending each bit, the microcontroller enters sleep mode for a short period of
time. When it sends the complete message, the microcontroller enters a longer period of
sleep. Figure [4.19illustrates the process described.

All of the message and sleep periods are defined by a simple variable on the code. The
same is done with the output voltage delivered by the DAC. This gives the system the ability
to easily modify the parameters for different applications. The message frame is composed
of a total of 11 bits: 3 bits to identify the tag ID, 2 bits to identify the sensor, 4 bits for the mea-
surement, and 2 bits to detect errors in the message. The following Table exemplifies
the message frame with the coding resulting from the measured temperature:

The power consumption of the tag is defined by the bit period and sleep period. Long
sleep periods result in low power consumption. The bit period is related to the frequency of
the reflected wave, which defines the deviation of the modulated message from the carrier.
Having a good deviation from the carrier wave is crucial to isolate the wave modulated by
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Configuration
Clock, ADC, I/O Ports,
Sleep mode, Timers.

Sensing Wake-up interrupt

ADC read temperature sensor; — SIeep mode

SPI gets the accelerometer

values;
l j 1Wake-up interrupt

Decimal-to-Binary
conversion

— Send data

lSPI communication

Digital-to-Analog
converter

Figure 4.19: Code diagram.

Table 4.5: Corresponding code from the measured temperature.
Temperature Code
(Celsius) (bits)
0.0-25 101-00-0001-11
25-5.0 101-00-0010-11
50-75 101-00-0011-01
(...) (...)
37.5-40.0 101-00-1111-01
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the tag from the carrier wave. Tests were conducted to optimize the periods. Periods of
366 s for the bit period and 6.312 ms for the sleep period were established. The tag average
consumption was 59 pA.

4.2.4 Measurements and Results

The first measurements were to ensure the correct operation of the digital logic. Fig-
ure shows the DAC output with the code 101-00-1000-11 that corresponds to a temper-
ature between 17.5°and 20°.

0.8 T T T T T

06 - " " m .

04 L N

Voltage (V)
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Wi i e | V) i o i

-0.2 L L 1 1
0 50 100 150 200 250 300
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Figure 4.20: Message with tag ID, sensor ID, measured temperature, and correction bits.

As discussed previously, the goal of this work was to develop a passive tag. However, to
perform and evaluate measurements, a reader is needed.

The reader is composed of a Vector Signal Generator (SMW200A, Rohde & Schwarz) to
generate two signals at different frequencies, one dual band patch antenna and a Spectrum
Analyzer (FSP, Rohde & Schwarz) to analyze the signal modulated and reflected by the tag.
The tag has a dual band antenna, a board with the RF front-end circuit, and another board
with the processing and sensing elements. The RF-DC circuit and processing sensing ele-
ments are not on the same board to allow for specific tests for each approach. Figure
shows the measurements setup.

The first measurement was taken to determine the optimal frequencies for system op-
eration. The S parameter of the RX and TX antennas was measured and is presented in
Fig. and Fig. respectively with the respective antennas used.

Based on the results, the frequency chosen for was 1.720 GHz and for performing
backscatter communication was 2.405 GHz.
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Figure 4.21: Measurements setup.
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Figure 4.22: Dual-band antenna used on the tag.
b) S11 parameter of the dual-band antenna.
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Figure 4.23: Two patch antennas used on the reader. a) S;; parameter of the WPT patch
antenna. b) S;; parameter of the backscatter communication patch antenna. c) Photograph

of both antennas used on the reader.
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The following measurements were used to evaluate the input power and output volt-
age after the RF-DC circuit under different test conditions. There are three parameters that
changed during the tests: load, tag adaptation, and power delivery. No load means that
there is no load attached to the RF-DC circuit, and a load occurs when the sensing and pro-
cessing board are attached to the RF-DC circuit. Backscatter absorbing is the state at which
the DAC output voltage is 0.0 V, meaning that the circuit is at its most adapted point (max-
imum absorption). In backscatter reflection, the DAC output is 0.6 V, corresponding to a
mismatch of the system impedance (maximum reflection). The power delivery to the sys-
tem varies from -20 dBm to 0 dBm. The results are shown in Fig. It can be concluded
that the frequency that is exclusively used for is not affected by the backscatter absorp-
tion or the reflection state. The figure also shows that the wave with 2.405 GHz generates
more DC voltage when the system is adapted than when it is not. Another aspect is that
there is a decrease of voltage when a load is present. As is known, maintaining the delivered

power and increasing the current makes the voltage drop.

To better understand the reliability of the[WPT|technique, the reader and tag were placed
at a distance of 300 cm from each other. During the test, the power transmitted by the reader
was varied from 0 dBm to 30 dBm at both frequencies. By measuring the power received
by the tag at both frequencies, its respective output voltage, and the tag state (ON or OFF),
it is possible to obtain all of the information about the process. Figure presents
the results. The transmitted power refers to both frequencies, which means that each tone is
increased from 0 dBm to 30 dBm. As it was stated in the previous section, the input power
for single tone is different from the dual tone and the main objective was to analyze the

behavior of the sensor when an extra tone is added.

Figure shows that an increment in the transmitted power results in linear growth
of the received power for both frequencies until the tag is OFF. The tag turns ON when the
transmitted power is near 26 dBm. At this point, the tag starts performing the backscatter
process, changing between reflecting and absorbing states. The ON state of the tag is re-
flected on the receiver power, at 2.405 GHz, where a decrease is visible on the growing line
after that point.

In addition to the previous test, for understanding the characteristics of another
test was conducted to measure the maximum distance at which the reader can supply the
tag. The maximum transmitted power, 30 dBm, was defined, and the maximum distance

of 430 cm between reader and tag was measured. In this point it is important to refer that

[European Telecommunications Standards Institute (ETSI)| legislates the amount of power
that can be transmitted. For an UHF RFID the legal limitation is 33 dBm [Effective Radiated|

Power (ERP

Even though the maximum distance at which the reader can supply the tag is 430 cm,

this does not mean that the complete system can work at that distance. For this system to
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Figure 4.24: Output voltage as function of input power.
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work, the tag needs to modulate the signal and reflect it with enough power so that it can be
received by the reader. Figure[4.26|presents the distances obtained as function of transmitted
power per tone in active mode of sensor. Considering a reader sensitivity of -85 dBm, the
maximum distance obtained was 330 cm.

4.3 Single Transistor Passive Backscatter Sensor

In this section a fully passive wireless sensor based on a single E-pHEMT device is pre-
sented. The implemented circuit behaves as a RF-DC rectifier when the gate of E-pHEMT
is unbiased and as a modulator when the generated voltage switches to 0.6 V. The sensor
achieves 83% efficiency for 16 dBm of input power and it is demonstrated that for higher
powers the backscatter modulator has a very good behavior. Through this implementation
it is possible to reduce the size and the number of components that composes the sensor.

4.3.1 Circuit description

The circuit was developed over the ATF54143 E-pHEMT device from Broadcom. As the
goal of this work focuses on a passive sensor, there are two main blocks that need to be devel-
oped such as the RF-DC converter to harvest or collect RF energy to supply a microcontroller
and the backscatter modulator which is responsible for the communication. The block dia-
gram of the proposed system is presented in Fig. and illustrates the blocks needed to
implement a passive sensor that harvest energy and modulate data with one transistor.

¥

Matching Network ‘ Rectifier *_ _____

|
— | P .
|
D | Microcontroller 1 __ External !
! uC | Sensors !
|
|

S
1 G
A
A

______

Backscatier modulator

Control

Figure 4.27: Block diagram of proposed system

The circuit was optimized to maximize the input [RF signal to the transistor, and also to

maximize the conversion efficiency from RF-DC converter. In this case the nonlinear be-
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haviour of the HEMT device is used, specially the nonlinear behavior of the drain-source
current.

In Fig. the schematic and photograph of the implemented circuit is shown. The
circuit includes a RF-DC converter that will generate output DC voltage to supply a micro-
controller which will change the gate voltage of the transistor, causing a variation in the
amount of energy reflected by the antenna.

DC output voltage

Load

Matching Network 1

| Iy S ||I
[ N il
| |
| | E
(I~ N J [ Gate voltage controller
—_—— =
;—m&—{ 1]

——-1 — e b

Matching Network 2

(a) (b)

Figure 4.28: Design of the circuit which includes the rectifier and modulator. a) Photograph.
b) Circuit schematic.

The matching networks 1 and 2 were designed with two main purposes for the frequency
of 2.45 GHz. First was to obtain the maximum efficiency when the gate voltage is 0 V with a
perfect matching S1; < —10 dB. Second, when the gate voltage is 0.6 V the efficiency should
be the minimum as possible with a perfect mismatch in terms of S-parameter. The load
used in the output of rectifier was fixed in 308 (), in order to increase the RF-DC conversion
efficiency for the unbiased gate state. In a real application, with a sensor, a more carefully
implementation should be conducted, as it was demonstrated in the previous section.
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4.3.2 Experimental results

Figure illustrates the rectifier/modulator design implemented. The circuit was opti-
mized to operate at 2.45 GHz and for 10 dBm of average input power using[LSSP|simulations
(Fig. shows simulated and measured Si; parameter). At 2.45 GHz with unbiased gate
the circuit behaves as a rectifier and it is matched. Changing the gate of the E-pHEMT device,
it is supposed that the circuit behave as a backscatter modulator with a low S;; parameter,

meaning that the incoming signal is reflected.
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Figure 4.29: Simulated and measured Sy, parameter for P;,, = 10 dBm.

The simulated and measured results for the efficiency as function of input power can be
seen in Fig. The first objective was to demonstrate that the efficiency is the maximum as
possible with an input power of 10 dBm and with unbiased gate. The small deviations from
the simulated results is due to the substrate used and the model for the E-pHEMT nonlinear
behavior. Figure[d.30shows that is possible to maintain a constant efficiency level by varying
the gate voltage level of the E-pHEMT device. The circuit can provide an RE-DC conversion
efficiency of 40% from -8 dBm to 19 dBm of input power, allowing this way to power up the
sensor microcontroller.

In order to validate the backscatter modulator, Fig. is presented. This figure present
the measured Si; parameter as function of input power at 2.45 GHz. As it was previously
mentioned, the circuit was optimized for an input power of 10 dBm. The operating mode
of the backscatter consists in switching the impedance across the antenna between matched
and short states.

Figure shows that for unbiased gate state the circuit is not perfect matched, since
the circuit was matched for high input power. Nevertheless, the behavior of the circuit from
0 dBm to 20 dBm is very good, and acts as a backscatter modulator by switching from unbi-
ased gate to 0.6 V at the E-pHEMT device.
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values of gate voltage. (a) P;,, = —10 dBm. (b) P;,, = 0 dBm. (c) P;, = 10 dBm. (d) P;,, =
20 dBm.
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4.4 Conclusions

¢ The developed backscatter design presented a good agreement between the measured
and simulated results. It was designed and optimized for two different frequencies
(1.8 GHz and 2.45 GHz) at 2 dBm but, as it was required, only modulates the data at one
frequency (2.45 GHz). The dual band rectifier design was implemented and optimized
to both maximize DC voltage and energy conversion efficiency. Both measured and
simulated results shown good matching at the designed frequencies for DC output
voltage and output power. By using the dual band rectifier, the major advantage is
the gain on output DC voltage when comparing to a single band rectifier. With the
proposed scheme it was shown that it is possible to supply a continuous power flow to
the wireless sensor with a combination of backscatter communications. This way the

sensors can be continuously powered during the operation mode.

* Moreover, a passive tag with sensing and processing elements was presented. The de-
veloped tag has two sensing elements: temperature and acceleration. It is important
to note that the microcontroller has the capability to incorporate a greater number and
different types of sensors. The aim is to use the tag in multiple scenarios, especially sit-
uations that do not allow for a physical connection, maintenance and access. Agricul-
ture, space, and smart house applications are good examples for which this technology
could be used. In agriculture, sensors need to be underground to measure soil condi-
tions. This scenario is not favorable for battery replacement. In space applications, the
monitoring system is usually connected by a large amount of cables. Removing the
cables would decrease the ship weight and consequently fuel consumption. In smart
house applications, the sensors could be embedded at different locations, making dif-
ferent types of measurements. One of the contributions from this work is the measure-
ment and testing of the technology, which combines WPT and backscatter techniques.
This technology enables the use of one frequency exclusively for power transmission
and another for communication, which allows for greater distances between the reader
and tag. Development of the sensing and processing elements to ensure maximum
power efficiency is an important addition. The obtained results shown a very good
distance at which it is possible for the sensor to communicate its measurements after
they are handled by its processing unit.

* A single E-pHEMT device acting as a rectifier and as a backscatter modulator was
demonstrated. The circuit achieved 82% of efficiency for an input power of 16 dBm
with unbiased gate and proves consistency acting as a backscatter modulator for higher
input powers with generated voltage equal to 0.6 V at the gate of the E-pHEMT. This
sensor demonstrated the capability of maintaining the rectifier efficiency equal to 40%
from -8 dBm to 19 dBm of input power by varying the gate voltage from 0 V to 0.6 V.
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Chapter 5

High Order backscatter modulation

Outline

Fully passive wireless networks are a key-enabling technologies for the Backscatter
radios are a hypothesis to design these passive wireless networks. Backscatter modulation
allows a remote device to wirelessly transfer information without requiring a traditional
transceiver. Instead, a backscatter device leverages a carrier transmitted by an access point
or base station. Nevertheless, the traditional approach is to use or backscatter
solutions which limits the data rate of the sensors, since it transfers only one bit per symbol
period. In this chapter a novel modulator which employs a Wilkinson power divider with
a phase shift in one of the design branch and two transistors acting as switches in order to
generate M-QAM backscatter modulation is proposed. The design strategy for high level
order backscatter modulations will be explained and a design approach will be presented in
this chapter.

This solution can be combined with WPT for ultra low-power wireless applications re-
quiring high bandwidth communications such as remote camera sensors or wireless audio.
This work challenges held assumptions concerning the backscatter link that backscatter com-
munication is limited to low bandwidth and binary modulation solutions. In this chapter, the
combination of high order backscatter modulation combined with[WPT|will be presented.

5.1 QAM backscatter modulation design strategy

Backscatter radios are based on the reflected waveform that should switch between a
fully matched and short circuit solution built on a switch that is directly connected to the re-
ceiving/transmitting antenna of the sensor. For a higher level modulation format, the num-
ber of different backscattered waves should change among several states, thus the switch
combinations should clearly create a specific impedance for that symbol combination. To
determine the most suitable impedances we had to test several implementations with differ-

81



ent number of transistors (E-PHEMTs). Figure 5.1 presents three different schemes, for

(Fig. ) and (Fig. and Fig. ) backscatter modulation.

Figure presents the traditional backscatter, a ON or OFF switch will impose
two different reflected waves by changing the impedances. The switch is made using a
simple transistor (ATF54143, from Broadcom) and biasing it to obtain an open or a short
circuit. Figure presents a higher order level backscatter modulation with two transis-
tors. This implementation create a solution with 4 stages in the switches: (ON, ON),
(ON, OFF), (OFF, ON) and (OFF, OFF). This particular solution is very difficult to implement
since the two states (ON, ON) and (OFF, OFF) are not completely complementary, which
imposes that the impedances seen by each of them, from the antenna point of view, are not
complementary and create a complex matching network to be designed to achieve the 4]
modulation format. To expand this solution into higher order modulations, such as
16-QAM, the complexity would increase and it would be very difficult to implement.

Figure[5.1k presents a solution for§-QAM] where a four-switch approach was used, [169].
Each branch of each switch is exactly equal and by changing the line and/or the stub in the
terminal of each switch, it is possible to achieve the impedance or the scattering parameters
required. Figure[5.22) presents the photograph of this solution. Despite the very good results
presented in [169], the dimensions of the circuit are very large and even larger if we extend
to higher order modulation, such as 16-QAM.

In order to minimize the dimensions of the circuit and to increase the modulation order
to a 16-QAM solution, a new implementation was evaluated. Figure 5.3 presents the design
for the 16-QAM solution. This model employs a Wilkinson power divider and each branch
is terminated with a line and an ideal impedance. The lines present a 45°phase shift respect
to each other, so as to allow that the reflected wave from each branch has 90°phase difference
from the other. Equation[5.1|shows the reflected wave as a sum of both reflected waves from
each branch. Using and is possible to determine the reflection coefficient of the

model for different impedances.

bl | b2 mIied:  al

b=—"F%+—7%= +—= 5.1
2TnT v e 6-1)
Ry — Zo Ry — Zo
_ ; _ 5.2
""Ri+Z T Ra+7%o (52)
r;L r, L
rob_vas Ve Lo LR (5.3)

a V2 V2 2 2

Considering two different values for each resistance (0 or o) we obtain four different
combinations with four different reflection coefficients:
Ri=0and R, =0=T=—5 ]2,
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Figure 5.1: Three types of design for two different backscatter modulation schemes. a)

backscatter modulation scheme; b) backscatter modulation scheme without the
possibility to increase the modulation order; c) Our proposed scheme for[4-QAM|backscatter

modulation with the possibility to increase the modulation order.
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Figure 5.2: Photograph of the [4-QAM|backscatter circuit.
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Figure 5.3: Model of the QAM solution.
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Ri=0and R, =co =T =1—ji;

Ri=oand R, =0=T = —1+j};

Ri=oandRy =c0o =T =1+l

Figure 5.4 presents the previous reflection coefficients in the Smith chart.

A similar reasoning can be used to create any type of multi-level higher order modula-
tion. In order to do that, arbitrary real impedances could be used, instead of the 0 and oo
impedance. Thus different impedances are implemented using an active load based on a
transistor, one example is presented in Fig. where different impedances were used in the
scheme presented in Fig. the impedances were 0 (), 20 (2, 60 (2 and 200€).

+j1.0

1.0

Figure 5.4: Simulation of the model for 4-QAM solution.

In a generalized scheme, the last approach can be extended, where the load presents dif-
ferent impedance values, consider for instance a, b, c and d real impedances. The impedances
are then matched with the overall circuit using a two branch approach and a microstrip line
scheme, were each branch imposes a specific delay. By combining these two degrees of
freedom, several impedance levels can be created. Equation |5.4/was deduced, where R rep-
resents the four different impedances in one branch and R represents the four impedances in
the other branch. It was based on Fig.[5.6|land presents the sixteen possibilities of impedances.

X =R/p+Q/0 (5.4)

5.1.1 Constellation Diagram Impedance Generation

In order to create different impedances for the constellation diagram creation, a transistor

was used as an active load, in this case the transistor was matched so that it presents an
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Figure 5.5: Simulation of the model for 16-QAM solution.
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Figure 5.6: Block diagram for different impedance terminations.
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impedance for different control voltages. The approach followed in this case was to use a
single transistor as is presented in Fig. The gate voltage in this case can be changed
from 0 V to 0.6 V. The matching network was optimized for the extreme cases 0 V and 0.6 V,
where the resistive value of the resistor is 4.7 + j0.5 (2 and 379.6 — j630.8 (), respectively. By
changing the gate voltage other impedances can be generated as is presented in Fig. For
this work and in order to create a QAM approach, the selected impedances were 4.7 4-j1.4 (),
149 +j1.8 O, 61.0 — j1.2 3, 566.6 + j1.4 ), as is presented in Fig.

In order to validate the system, we implemented and designed a simple circuit with only
one transistor and an impedance matching network. The objective in the simulations was to
achieve an open circuit when the gate voltage is 0.6 V and a short circuit with 0 V at the gate
of transistor. Nevertheless, we added two different voltages at the gate of transistor, 0.2 V
and 0.4 V, to characterize the system to 4 different voltage levels. We measured the circuit
for 26 voltages levels (from 0 V to 0.6 V) and we selected the levels more approximated with
the simulations (Fig. [5.8). Since the sensitivity of the circuit is higher between 0.3 V and 0.5
V, the measurement step selected, within this range, was 0.01 V instead of 0.1 V. Figure
shows the design of the circuit and Fig. the photograph of the implemented circuit.
Figure |5.8| presents the real impedances in the Smith chart. The purpose of the matching
network is to achieve real impedances in all levels at the drain of transistor, from 0 V to 0.6 V.
Figure 5.9 shows the simulation of total reflection coefficients possibilities of the solution.
The voltages at the gate of transistor were chosen from 0 V to 0.6 V with a step of 0.01 V. Using
this approach with a two branch network allows the creation of a multitude of impedance
arrangements, as can be seen in Fig. for several gate voltages. Despite this is a simulation
value, it already shows that for a real implementation a calibration procedure is fundamental

for the development of a true higher order modulation.

Matching Network MOSFET

'Matching Network
(a) (b)

Figure 5.7: Model for the characterization. a) Design of the circuit. b) Photograph of the
proposed characterization circuit.
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+1.0 Measured S-parameters

. % Selected measured S-parameters
+2.0 O Simulated S-parameters

Figure 5.8: Simulated, measured and selected measured S11 for different voltage levels at
the gate of transistor for 2.45 GHz at 0 dBm.

Figure 5.9: Simulated S;; for different voltage levels (from 0 V to 0.6 V with a step of 0.01V)
at the gate of each transistor for 2.45 GHz at 0 dBm.
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5.1.2 QAM Backscatter Implementation

Figure shows the design of the proposed 16-QAM scheme and Fig.[5.10(b)| the pro-
totype implemented that includes the Wilkinson power divider, two matching networks and
two transistors. This prototype was optimized for 0 dBm at 2.45 GHz and it was simulated
in[ADS| In Fig. is possible to view the difference of line length in each branch, and it
is related with the 45°phase shift. As it was previously mentioned we used two transistors,
in order to achieve the 16-QAM modulation. Fig.[5.19|presents the block diagram approach
to explain the different impedances obtained. With this approach the design illustrated in
Fig.[5.10(a)) was implemented in order to obtain the 16-QAM modulation. Each transistor is

switched for different voltage levels to achieve different reflection coefficients.

Wilkinson Power Divider

=TT T T T T T T Matching Network 1 MOSFET 1
.

[ Wilkinson Power Divider  matching Network 1 Mosfet 1

100 ohm

1 | , ;
| = : Matching Network 2

(a) (b)

Figure 5.10: 16-QAM backscatter modulation scheme. a) Design of 16-QAM backscatter
modulator. b) Photograph of the 16-QAM backscatter circuit.

5.1.3 Results

The measured results were obtained by using a power supply and the |[Performance Net-|
work Analyzer (PNA)|(E8361C, from Agilent Technologies) that was calibrated at 0 dBm for
the frequencies from 2 GHz to 3 GHz. Figure shows the photograph of the measure-
ment setup used to acquire the reflection coefficients from the circuit shown in Fig.
The switches were changed according to the simulated results, by biasing the gate of each

transistor. The results of the simulations and measurements are presented in Fig.[5.12Jand in
Table [5.1| are presented the different reflection coefficients for different voltages at the tran-
sistor. Table [5.1| shows also the simulated and experimental voltage levels used to obtain
the matching between the reflection coefficients. As can be seen in the Table the volt-
ages measured and simulated are different, due to the models used for the transistor. The
obtained results clearly showed that the 16-QAM modulation is viable and as it was men-
tioned previously, the points can be better adjusted in the Smith chart by biasing the gate of

each transistor with more precision.
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Figure 5.12: Simulated and measured Sq; for different voltage levels at the gate of each
transistor for 2.45 GHz at 0 dBm.
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Table 5.1: Simulated and measured S1; for different levels at the gate of transistors (M1 and
M2).

Measured Simulated
M1 M2 M1 M2
S11 S11
V) | (V) V) | (V)

0 | 04 | 44-25] | 0 |035]| .44-.24]
0 | 0.6 | .42-.49j | 0.13 | 52 | .41 - .45
0 |034| 49+.1j | 0.1 |0.44 | .43+ .09
04 | 0 |-18+.35|0.43|0.16 | -.18 + .33]
04 | 0.4 | -14-.23] | 0.42 | 0.45 | -.13 - .24]
06 | 0 | -5+.32] | 057 |0.08 | -.46 + .33
0.6 | 0.4 | -37-.31] | 0.51 | 0.41 | -.36-.3]
0.6 | 0.6 | -.34-.49) | 0.54 | 0.6 | -.34 - .48
0.6 | 0.25|-49+.11j | 06 |0.27 | -4+ 1]
0.34 | 0.34 | 19+.1j | 0.35(0.35| .21 +.1j
034 | 0 | .22+.36) |0.33|0.17 | .2+ .36]
0 | 0 | .48+.37| 0 | 02 | .47+ .36
0.25 | 0.41 | .25-.24j | 0.28 | 0.42 | .25 - .25]
02 | 0.6 | .26-.5] |0.28 | 0.48 | .25 - .45
0.37 | 06 | -11-.49j | 042 | 0.6 | -.11- .5
0.4 | 0.33 | -.14 +.06j | 0.45 | 0.34 | -.12 + .05]

Demodulation and Achievable Data Rates

The maximum data rate of the communication on the modulator link was studied by
using the measurement setup presented in Fig. to view the received constellation and
eye diagrams of the I and Q signals at multiple transmission rates. We used a vector signal
generator (ROHDE&SCHWARZ SM]J 100A) to generate the transmitter signal at 2.45 GHz.
An arbitrary waveform generator (TEKTRONIX AWG5012C) was used to generate the volt-
age levels at the gate of each transistor mimicking the modulated data rate. A coupler
was used to measure the reflected signal from the circuit, by the spectrum analyzer (RO-
HDE&SCHWARZ FSWS).

To analyze the achievable data rates, the voltages presented on Table were applied to
the gate of each transistor, creating 16 reflected impedances or symbols. The received con-
stellations acquired from the signal & spectrum analyzer are shown in Fig. for bit rates
of 4 Mb/s, 40 Mb/s and 120 Mb/s, respectively. The constellation points lie in the appro-
priate quadrants, and each point is clearly visible. The constellation presented in Fig.[5.14]is
not perfect, but can be calibrated with more precision by adjusting the voltages at the gate
of each transistor. The received eye diagrams for varying data rates are shown in Fig.
and for the data rates of 256 kb/s, 2.4 Mb/s and 4 Mb/s the eye is clearly open and the re-
ceived signals are clean. For the data rate of 120 Mb/s the received signals appear with some
noise and the eye is beginning to close. By analyzing Fig. it is visible the limit of the
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Figure 5.13: Measurement setup for demodulation and achievable data rates. a) Block dia-
gram. b) Photograph.
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Figure 5.14: Received 16-QAM constellation for a center frequency of 2.45 GHz for different
bit rates. (a) 4 Mb/s with 8.19% of EVM and 21.74 dB of SNR. (b) 40 Mb/s with 10.96% of
EVM and 19.20 dB of SNR. (c) 120 Mb/s with 16.76% of EVM and 15.52 dB of SNR.
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communication rate. Nevertheless, Fig.[5.14(c)|illustrates that it is possible to demodulate at
such higher data rate.

Figure illustrates the measured EVM for different data rates. As the data rate in-
creases, the measured EVM also increases. Nevertheless and despite the EVM seems high,
the process has not passed through any signal processing equalization at the receiver. These
results clearly state the viability of the proposed solution for a high bit rate backscatter ap-
proach.
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Figure 5.15: Measured EVM of the 16-QAM with a varying data rate.

Sensitivity of Backscatter Modulator

To evaluate the sensitivity of the gate voltage applied to each transistor, a Monte Carlo
simulation was performed. A 1% and 5% of variation on each gate voltage were applied
and Fig. presents the results obtained from the modulator. The red marker in the figure
shows the limit of the possible calibration for this modulator. By varying the voltages with
0.01 V it is possible to scale this system to a 64-QAM with adequate calibration.

Power consumption of Backscatter Modulator

In Fig. the measured EVM of the 16-QAM modulator as function of input power
for different data rates can be seen. Since this device was optimized for a 0 dBm (1 mW)
RF input signal, the lowest value of EVM can be seen to be around this RF power. By using
different voltage values at each gate of transistor, it is possible to reduce the EVM values at
different levels of input power.

As the data rate increases, DC consumption increases following %C V2f . The capacitance
at the gate of each E-pHEMT is 1.73 pF and the voltage levels used for each transistor vary
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Figure 5.16: Eye diagrams of received demodulated data for varying data rates. (a) 256 kb/s.
(b) 2.4 Mb/s. (c) 4 Mb/s. (d) 120 Mb/s.
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Figure 5.17: Sensitivity of the modulator. a) With 1% of variation on each gate transistor.
b) With 5% of variation on each gate transistor. The red marker indicates the limit that is
possible to achieve by calibration of the voltages.

from 0 V to 0.6 V, so we calculated an average value of all transitions that perform the 4-
QAM, which is 0.25 V. Considering a data rate of 120 Mb/s, the power consumption of the
4-QAM backscatter modulator is 6.5 yW. The energy consumption per bit of this modulator
is approximately 54 f] for a data rate of 120 Mb/s.

26 T T T T T T ,‘A T 1
0O 4 Mbps
24 |- % 24 Mbps =
~-0-- 60 Mbps
;\:;22- %+ 120 Mbps >< -
020 - : .
5 Mg
‘=18 b =
g * | NI X ) *
=16 o * .
S o
14 o ]
w12 % ‘o o .
2 o. - ' * o
= . =]
ETS o, “x. .
sl [ Fol o i
6 1 1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22

Input Power (mW)

Figure 5.18: Measured EVM of the 16-QAM modulator as function of input power for different
data rates.
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5.2 Dual-Band High Order Modulator

In this section, a new approach for a dual-band high order modulation backscatter pas-
sive radio solutions will be presented. It will be described a modulation technique that en-
ables a high-bandwidth wireless communication while requiring very low power demands.
The system is suitable for backscatter communications in two different frequencies, instead
of focusing in one single frequency. Moreover, the solution can be combined with a solar

panel for ultra low-power wireless applications requiring high bandwidth communications.

5.2.1 Circuit description

There are two main blocks that need to be developed in order to implement a passive
sensor: the RF-DC converter to harvest or collect [RF| energy in both frequencies to supply
a microcontroller and the backscatter modulator responsible for the communication modu-
lation. The block diagram of the proposed system is presented in Fig. and illustrates
the modules needed to implement a passive sensor that harvests energy and modulates data
with high order modulation in two different frequencies.

To design a dual-band M-QAM backscatter modulator it was necessary to perform and
evaluate a dual-band Wilkinson power divider to follow the approach used in [22], where
a M-QAM backscatter modulator was developed with the use of a single band Wilkinson
power divider. A dual-band Wilkinson power divider based on the schematic in Fig.
was simulated with the values presented in the table in Fig. and obtained through the

following equations:
U’

0=—-, (5.5)
1+ 2
27
Zy = \[ 0 , (5.6)
k(1 + tan?6) sin 6 cos 0
Z (1—1)(1+cot?6) (5.7)
Ze  k(1+tan?0) '
Z, tan” 0 o (5.8)
where
_4
k= 2 (5.9)

A value of k = 2 was considered. The design of the Wilkinson power divider was based
on the approach used in [170] and the main goal was to transfer the drain impedances to the
antenna in both frequencies and to isolate one transistor from the other.
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Figure 5.19: Block diagram of passive sensor composed by dual-band antenna, M-QAM high
order modulator and a solar panel.
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Figure 5.20: Dual-band Wilkinson power divider with scheme and values used.
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The results from the simulations presented in Fig. validated the first step to design
the M-QAM dual-band high order backscatter modulator at 900 MHz and 2.45 GHz.
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Figure 5.21: Simulated results of the dual-band Wilkinson power divider.

Dual-band

High order
modulator

Figure 5.22: Photograph of the implemented circuit, dual-band M-QAM backscatter modula-
tor.

The backscatter modulator is composed of a dual-band Wilkinson power divider, two
matching networks, and two E-pHEMT transistors (Broadcom ATF-54143), following the
same approach used in [3]. The lines of each branch of the modulator present a 45° phase
delay with respect to each other in order to provide a 90° phase in each reflected wave of the
branch at both frequencies. The transistors are responsible for changing the drain impedance
by varying the voltages at the gate of each transistor from 0 V to 0.6 V. We combined the
dual-band Wilkinson power divider with the modulator to obtain the dual-band M-QAM
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backscatter modulator. To optmize the design, several simulations were carried out using
ADS. The main goal was to optimize the circuit to obtain four different reflection coefficients
at 900 MHz and other four at 2.45 GHz with the same voltages at the gate of each transistor,
to obtain 4-QAM modulation, reason for which some values of the dual band Wilkinson
power divider have changed. Due to multipath effects and line of sight to the sources, it was
important to maintain the same coefficient reflections by varying the voltage at the gate of
transistors and level of input power.

In Fig. the photograph of the implemented circuit is shown. The circuit includes a
dual-band Wilkinson power divider and the M-QAM modulator composed by two transis-
tors that create a variation in the amount of energy reflected by the antenna.

5.2.2 Results

Figure presents the results obtained from the simulations with variations of voltage
from 0 V to 0.6 V with a step of 0.01 V on each transistor in both frequencies (900 MHz and
2.45 GHz). These results were performed with a variation from -90 dBm to 0 dBm of input
power. As can be seen in Fig. it is possible to achieve at least a 16-QAM modulation in
the two bands.
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Figure 5.23: Simulated reflections coefficients by varying the voltage at each gate of tran-
sistor from 0 V to 0.6 V with a step of 0.01 V. a) Frequency = 900 MHz. b) Frequency =
2.45 GHz.

Figure presents the obtained results with the circuit presented in Fig. The re-
flection coefficients corresponding to each applied voltage at the gate of the transistor at each
frequency can be observed in the Table The setup used to acquire these results can be

seen in Fig. @
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Table 5.2: Measured S1; for different levels at the gate of transistors (V1 and V2).

Measured
V1 V2 S11 S11
(V) | (V) | (900 MHz) | (2.45 GHz)
0 0 T7+.29j -.39-.25j
0 0.47 | -.26+.23 .32-.23]
0.34 0 .35-.33] -.44+.48)
0.6 | 0.6 -.62-.41j .36+.48j
+1.0

+0.5 * Freq. = 900 MHz
O Freq.=2.45GHz

Figure 5.24: Measured results of 4-QAM backscatter modulator for both frequencies
900 MHz and 2.45 GHz with -20 dBm of input power.

Figure 5.25: Photogrpah of the measurement setup.

The four points represented for each frequency show the limits of the reflection coeffi-
cients, which can be concluded that it is possible to increase the modulation order by in-
creasing the number of voltages applied at the gate of each transistor. Nevertheless, the
focus of this work was to design a system capable of modulating two different at two
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different frequencies with high order modulation (4-QAM).

In order to integrate this system into the emerging technologies of it is a high re-
quirement the low power consumption of the modulator. The DC power consumption of
the modulator was characterized, by including only the power required for each E-pHEMT.
As the data rate increases, DC consumption increases following %C V2f . The capacitance at
the gate of each E-pHEMT is 1.73 pF and the voltage levels used for each transistor vary from
0 V to 0.6 V, so we calculated an average value of all transitions that perform the 4-QAM,
which is 0.25 V. Considering a data rate of 500 kbps, the power consumption of dual-band
4-QAM backscatter modulator is 27 nW.

Achievable Data Rates

The maximum data rate of the communication on the modulator link was studied by us-
ing the measurement setup presented in Fig.[5.26to view the eye diagrams of the Iand Q sig-
nals at multiple transmission rates. We used a vector signal generator (ROHDE&SCHWARZ
SM] 100A) to generate the transmitter signal at 900 MHz 2.35 GHz. An arbitrary waveform
generator (TEKTRONIX AWG5012C) was used to generate the voltage levels at the gate of
each transistor mimicking the modulated data rate. A coupler was used to measure the
reflected signal from the circuit, by the spectrum analyzer (ROHDE&SCHWARZ FSW8).

Vector Signal
) Generator
Incident Wave
OUT NN OUT IN IN
Vector Signal 900 MHz Coupler
Generator 2.35GHz GPL DUT

GATE1 GATE2

<
anem payosLRH

Signal & Spectrum
REIN oUT1  ouT2 Analyzer

Waveform

Signal Analyzer Generator

(@) (b)

Figure 5.26: Measurement setup used for high data rate validation. a) Block diagram. b)
Photograph.

The received eye diagrams for varying data rates are shown in Fig. and for the data
rates of 400 kb/s, 4 Mb/s and 40 Mb/s the eye is clearly open and the received signals are

clean for both frequencies.
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Figure 5.27: Eye diagrams of received demodulated data for varying data rates. (a) 400 kb/s
at 900 MHz. (b) 400 kb/s at 2.35 GHz. (c) 4 Mb/s at 900 MHz. (d) 4 Mb/s at 2.35 GHz. (e)
40 Mb/s at 900 MHz. (f) 40 Mb/s at 2.35 GHz.
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5.3 4-PAM Modulation of Ambient FM Backscattering for Spec-
trally Efficient Low Power Applications

Ambient backscatter uses [RF|signals available in the environment (e.g. radio broadcast-
ing, television or mobile telephony) to transmit data effectively leading to significant energy
and cost efficiency increase. In this section a novel wireless tag, which for the first time uti-
lizes 4-pulse amplitude modulation (4-PAM) technique to modulate the ambient backscat-
tered FM signals in order to send data to a nearby low-cost[SDR|reader is presented. The tag
is based on an RF front-end that uses a single transistor controlled by an ultra low-power
microcontroller, which includes an ADC for sensing and a DAC for RF front-end control. A
proof-of-concept prototype in an indoor environment with the low bit rate of 345 bps will be
demonstrated. The prototype tag consumed 27 yW and it operated using an FM station at
34.5 Km away. The value of energy spent in this modulator was 78.2 n]/bit at 345 bps and
27.7 nJ/bit at 10.2 Kbps.

. Nearby Music Station

Low Cost SDR Reader

Figure 5.28: FM ambient backscatter communication scheme. An example application could
be the identification of clothes in a mall using tablets and low cost SDRs.

Figure depicts a possible application of this system. The tag uses ASK binary mod-
ulation with FMO encoding on ambient FM station signals as in commercial RFID systems.
The FM transmitter was 34.5 Km away from the measurement setup and a 5 m communica-
tion range between the tag and the reader was achieved with 2.5 Kbps bit rate.

In [88], for the first time high-order modulation was introduced for ambient backscatter-
ing communications. The authors demonstrated 4 FSK modulation to transmit two bits per
symbol over the ambient FM signals with a maximum data rate 3.2 kbps. The work involves
simulation of an integrated circuit for the tag, while for the prototype an AWG was used
connected with an RF front-end.

In this work we consider high order amplitude modulation and we demonstrate the
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first prototype suitable for ambient backscatter communication deployment working with
4-PAM. The 4-PAM modulation is used to double the bit rate, compared to a 2-PAM system.
With amplitude modulation the complexity of the receiver and the tag can be drastically
simplified as there is no need for a different frequency for each symbol. Tag and receiver are
more complex as variation of modulating signal has to be converted and detected from cor-
responding variation in frequencies. Preliminary results were presented in previous work
[171], where 4-PAM scheme was selected due the low hardware complexity and low power
consumption. In particular, this tag employs a single low cost transistor and a telescopic
antenna achieving communication with low bit rate for reducing power consumption. This
work differs from [21}22] since it uses ambient FM signals as the carrier instead of an inten-
tionally transmitted unmodulated CW signal. The use of FM signals on the receiver increases
the complexity of selecting the thresholds associated with demodulation. A tag consisting of
a microcontroller with a DAC and an ADC is presented. The tag could collect data from sen-
sors through the ADC and process them. The microcontroller creates the modulation pulses
internally and controls the RF front-end transistor via the DAC.

Ambient Signals

~

Antenna

Modulated
Control Circuit E Reflected Signals

e i NG

Z1 ° :
} T X7
i Zn '

Loads Transistor

RF front-end

Figure 5.29: Backscatter radio principle: An RF transistor alternates the termination loads Z;
of the antenna corresponding to different reflection coefficients I';. Four reflection coefficients
(n = 4) could create a four pulse amplitude modulation (4-PAM).

In backscatter communications, the tags do not need to transmit a radio signal, since they
reflect signals transmitted by the reader or another ambient radio emitter. A backscattering
tag modulates the reflected signal using one or more transistors or RF switches connected
to the antenna as it is shown in Fig. A binary backscatter communication is based on
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a reflected waveform that should switch between a fully matched and a short circuit load
terminating the antenna. In [105], an RF switch was directly connected to the RF front-end
antenna in order to create the two discrete states. For high order modulations, the number
of states have to be increased and the RF circuit must create a specific discrete impedance
for each transmitted symbol. For this purpose, a single RF transistor circuit can be used
as an active load in order to create different impedances for the PAM constellation [22]. In
this work an E-pHEMT transistor was used to implement a circuit compatible with a 4-PAM
scheme. The RF circuit presents four distinct impedance values for a four different gate
voltages. A given antenna with impedance Z, connected to a complex load with impedance
Zi € {Z1,72,,73,74}, is associated with a reflection coefficient obtained as:

_Zi—Z
e Zi+Za‘

(5.10)

Typically the antenna impedance is chosen to be 50 Ohm. By changing the gate voltage of
the transistor, four distinct reflection coefficients can be achieved corresponding to the four

symbols.

Table 5.3: 4-PAM Modulation Parameters

r | Symbol | Bits | Vgate (MV)
—0.7245 — j0.6922 -3 00 0
—0.3414 — j0.2881 —1 01 333
+0.0223 + j0.1779 +1 11 387
+0.3079 + j0.6334 +3 10 600

The performance of PAM modulation is optimized when the I'; values lie equidistantly
along a straight line on the Smith Chart (Fig. left) [22].

Considering the above, we can select the desired values of the reflection coefficients; an
example of four equidistant measured values on the same line is shown in Table Using
this table and (5.10), the desired voltage values at the transistor gate can be obtained.

5.3.1 Sensor Node/Tag Design

The tag consists of an ultra low power microcontroller connected with an RF front-end as
it is depicted in the block diagram of Fig. The 8-bit PIC16LF1459 microcontroller from
Microchip Inc. was used, which consumes 25 yA/MHz of current at 1.8 V [172]. The clock
of the MCU was programmed at 32 KHz in order to minimize the power consumption of
the tag. The MCU also has a sleep mode operation with current consumption of 0.6 uA. The
MCU includes a 10 bit ADC and collects data from analog sensors on the tag. The 5-bit DAC
of the MCU is used in our application to drive the RF front-end transistor with different
voltages. The DAC has the ability to supply the gate of the transistor with 2° distinct voltage
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Figure 5.30: Schematic of Proof-of-concept tag. A low power micro-controller reads the
sensors and controls the RF front-end circuit.
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Figure 5.31: Digital-to-Analog Converter output voltage versus the tag power consumption.
The tag was measured at 1.8 V when the ADC was turned off.
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levels in order to change the antenna load impedance. For our application the maximum
gate voltage for the transistor and thus DAC output was 0.6 V. Fig. depicts the power
consumption for different DAC output voltages when the MCU was supplied by a 1.8 V
voltage source.

The tag was powered by the flexible solar panel, SP3-37 provided by PowerFilm Inc.
[173]. The solar panel charges a 220 uF tantalum capacitor instead of a battery through a
low-voltage-drop Schottky diode. An external voltage reference IC XC6504 was also
used to supply the tag with a stable voltage (Vicf) 1.8 V. The proposed sensor node do not
focus on a specific sensing application or power management system but only on the novel
telecommunication part of the system. An RF harvester could be designed in the future to
charge the capacitor during the night in combination with solar cell during the day [175].

The RF front-end consists of the ATF52189 E-pHEMT RF transistor from Broadcom and
the SRH788 monopole antenna. The maximization of the magnitude of complex reflection
coefficient differences between the four states is a main objective for optimized backscatter
communication . In this work, a core RF circuit challenge was to achieve the desired
change of the drain impedance by varying the voltage at the gate in the range from 0 to
0.6 V. The[ADS|from Keysight was used for the optimization of the RF front-end circuit. The
simulations performed involved the variation of the gate voltage at the transistor from 0 to
0.6 V with a sweep of 0.01 V from 87.5 MHz to 108 MHz. More specifically the LSSP|simula-
tion was used to perform the backscatter modulation in order to maximize the distance be-
tween the consecutive I'; values. Following the aforementioned optimization procedure, the
matching network between the transistor and the antenna was composed by a capacitor and
an inductor as depicted in the schematic of Fig. The optimum component values were
found to be 68 pF and 27 nH. The main board of the proof-of-concept tag that integrates the

r

4 . RF front-end
' Xc6504 Voltage Ref. 1.8V g, g e

Flexible
Solar Cell

1l Gate Control Cable

Figure 5.32: The fabricated tag prototype with the RF front-end board. The tags is powered
by a solar panel.

microcontroller was fabricated on a Rogers RO4350B substrate. The RF front-end board was
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fabricated on Astra MT77 substrate with thickness 0.762 mm, ¢, = 3.0 and tandé = 0.0017.
The fabricated prototypes and the solar panel are shown in Fig. As mentioned, the
output of the DAC was connected to the gate of the transistor on the RF front-end.

The fabricated RF front-end board was measured using a vector network analyser (VNA)
with P, = —20 dBm at the frequencies of the FM band, 87.5 — 108 MHz. The four voltages:
0, 333, 387 and 600 mV were found as the optimum values to supply the gate of the transistor,
creating four impedances or symbols for a specific frequency. The reflection coefficients in
the FM band are presented in Fig. Table |5.3| also shows the resulting I, the symbols,
the bits and the gate voltages at a fixed frequency of 95.8 MHz. Using the four voltages at
the gate of the transistor and sweeping the frequency it is possible to observe that each state
corresponds to an “arc” on the Smith Chart. In particular, the set of four states (each line in
Fig. rotates clockwise as the frequency increases. Equal distances between the symbols
were achieved in order to maximize the signal-to-noise ratio (SNR). It is noted that our tag
is a semi-passive design where the available capacitor powers the microcontroller during
transmission from the tag to the reader.

(
5MHz

87

0.0

- --333mV
387 mV
|—e—95.8 MHz
.. ; /%108 MHz

§1.0

Figure 5.33: Smith Chart with measured reflection coefficient values for 4 different voltage
levels at the gate of transistor. The Pin was fixed at —20 dBm for frequencies 87.5 — 108 MHz.
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5.3.2 Ambient FM 4-PAM Modulation

Pulse Amplitude Modulation (PAM) is a method of sending information by scaling a
pulse shape with the amplitude of the symbols and duration Tsympol [177]. In the 4-PAM
there are four symbols and each symbol corresponds to a pair of two bits. Each bit duration
is denoted as Ty and the data bit rate is 2/ Ty bits per second (bps). According to 4-PAM
it is possible to transmit two bits with each symbol/pulse, for example, by associating the
amplitudes of -3,1,+1,+3, with four bit choices 00, 01, 11, and 10 (Table. . The bit
representation of the symbols is Gray coded [178]].

The proof-of-concept tag was set up to send a fixed bitstream packet format. In this
work the fixed bit sequence was: 10001000100111-00-01-0111100011 which is translated
to symbol sequence: +3-3+3-3+3-1+1 -3 -1 -1+1+3-3+1. Transmission of some known
preamble data is required at the receiver to identify the beginning of a frame (packet) at the
transmission. Here the first seven symbols (14 bits) were added before the message sequence
as a preamble. The symbols of the preamble are used also as training symbols as explained
below. After the preamble, “Tag Number” bits (2 bits), “Sensor Number” bits (2 bits) and
“Sensor Data” bits (10 bits) follow. The “Tag Number” bits were utilized in case that four
different tags can be used in a future wireless sensor network. With this allocation, the tag
could support up to four sensors and the “Sensor ID” part is used to identify the sensor
number. The last 10 bits section is used for transmitting the sensor data. An example of the
transmitted packet is depicted in Fig. and more bits could be added in order to include
extra sensors or tags.

10 00 10 00 10 00 0101 11 10 00 11

Figure 5.34: An oscilloscope measurement of the sending packet. Voltage levels correspond
to the 4-PAM symbols at the gate of the transistor are presented.

5.3.3 Receiver

The flowchart of the 4-PAM receiver is shown in Fig. The algorithm captures data
in a specific time window equal with 3 x packet duration and packet duration = 14 * Tsympol-

The matched filter is a square pulse signal with Tsympo duration and acts as a low-pass
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Figure 5.35: Flowchart of the receiver algorithm implemented in MATLAB software.
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Figure 5.36: Received packet signal. a) Signal after squared absolute operation and b)
signal after matched filtering for Tgympo = 5.4 ms.
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Figure 5.37: Received packet without the preamble after matched filtering. The respective
symbols can be decided using three thresholds.

filter that removes out-of-band signals. Fig. (a) shows an example of a received packet
in time domain after the absolute square operation. The packet after the low-pass filtering is
depicted in Fig. (b). A downsampling operation by a factor of 585 was applied in order
to reduce the computational complexity of the following steps. Proper decoding requires lo-
cating where the frame starts and this step is called frame synchronization. Cross-correlation
was used for the synchronization with a known preamble sequence 10-00-10-00-10-01-11.
As it is observed the preamble includes all the symbols at least once and in this work, it is
used also for training. In particular, the group of training symbols are send prior to the
useful data symbols and they are useful for calculation of the thresholds.

During synchronization, it is also detected if the signal is an inverted waveform or not.
An inverted waveform (Fig. results due to the channel propagation characteristics and
this information is required for the next step.

For each packet coming at the receiver it is necessary to calculate different thresholds. In
Fig. the estimated thresholds for the signal of Fig. are depicted.

Next, the algorithm quantizes the received signal based on the three thresholds. Samples
every Tgympol are taken and compared with threshold(s) to determine the recovered data
symbols. A transmitted symbol is determined if the sample corresponds to its specific sym-
bol region. In Fig.[5.37is depicted the useful signal without the preamble part and a specific
symbol/region corresponds to a received sample for a given Tgympol- Finally, a quantizer
makes the decisions that are then decoded back from symbols to the bits of the message.

111



VVVVVVVVVVVVVVVVVVVVVVVVVVV

Signal Generator Tag SDR Reader
W
Ly %

]

Il ]
T

1.5 m 1.5 m

A%

NNANNNNNNNNNNNN

VVVVVVVVVVVVVV

AANNNNNNNNNNNNNNNNNNNNNNNNN

Figure 5.38: Schematic of the experimental setup in the anechoic chamber. The transmitter-
to-tag distance and the tag-to-reader distance were 1.5 m.

5.3.4 Measurement Results

In order to evaluate telecommunication measurements for our system, the proof-of-concept
tag prototype was programmed to produce a fixed packet bit-stream at the DAC output. The
symbol representation of bit-sequence was described above and it is depicted in Fig.
The figure is an oscilloscope measurement and shows the four voltage levels of the transmit-
ted symbols that are used to drive the transistor. The Tyympo was fixed at 5.8 ms and thus the
bit rate is calculated at 345 bps. It can be observed that a small variation between the gate
voltages corresponding to the states -1 and +1 occurs. This variation do not correspond to
small variation in I'; but leads to the maximum distance between I'y and I'; as it is shown in
Fig. This is due to the non-linear relationship between the transistor gate voltage and
the corresponding T’;.

To test the performance of the backscatter communication link we first demonstrated
our system in a controlled environment (anechoic chamber). The RF front-end antenna was
placed 1.5 m away from the receiver antenna while the FM generator antenna was 1.5 m
way from the tag. The generator and the reader use commercial passive FM antennas with
gain 2.5 dBi. The bistatic topology schematic is showed in Fig. and the signal generator
was set at 98.5 MHz. Different transmit power levels were recoded at the generator while
the tag was set to send the fixed packet continuously. At the receiver, the bandwidth around
the carrier frequency was fixed at 1 MHz. In order to compute the bit error rate (BER), 1200
packets of data were collected for a varying transmit power from —45 to —20 dBm. Each
packet contains 28 bits and thus the transmitted bits were 33600. The resulting BER versus
the transmit power is shown in Fig. and the minimum BER value at —20 dBm was
measured to be 8.16 x 1074

As expected, the BER increased as the power at the generator decreases thus the reader
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Figure 5.39: Experimental Bit Error Rate (BER) versus the transmitted power at the gen-
erator. The bit rate was 345 bps and the distances transmitter-to-tag, tag-to-reader were
1.5 m.

can not decode successfully the packets. In Fig. the theoretical BER results are also

depicted along with the measurements.

A good agreement between simulation and measurement results can be observed.

Table 5.4: High order Modulation vs Power Consumption vs Bit Rate

Work Modulation || Backscatter Signal Power Part Bit rate Energy/bit
This work 4-PAM Ambient FM 27 uW (Measurement) Tag+Modulator || 345 bps || 78.2 nd/bit
This work 4-PAM Ambient FM 501 uW (Measurement) Tag+Modulator || 10.2 Kbps || 27.7 nd/bit

[19] 4-QAM UHF CW 115 nW+6mW (Measurement) || Tag+Modulator || 400 kbps 15 nJ/bit
et 16-QAM UHF CW 1.49 mW (Measurement) Modulator 96 Mbps || 15.5 pJ/bit
T[22 16-QAM UHF CW 1 mW (Measurement) Modulator 60 Mbps || 6.7 pJ/bit
~[88] 4-FSK Ambient FM 11.07 uW (Simulation) Tag+Modulator || 3.2 kbps || 3.46 nd/bit

The power consumption results of this work compared with the referenced work de-
signs, are summarized in Table The tag has been measured at low bit rate using ambient
FM signals for communication and ensure fair comparison with the other works. As shown,
this works represents the lowest power consumption ambient backscatter hardware proto-
type implementation with high order modulation, reported to date. The energy per bit was
calculated at 78 nJ/bit for 345 bps and 27.7 nJ/bit for 10.2 kbps including the energy con-

sumption of the modulator (RF transistor).
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5.4 High order QAM modulator with WPT capabilites

Nowadays the wireless sensing devices are growing at a phenomenal rate, with billions
of wireless sensors reaching a much larger proportion than the world’s population. How-
ever, this rapid increase presents two main issues: increased use of batteries and energy
consumption. Therefore, there is a significant need to design novel wireless communication
techniques to achieve higher data rates while simultaneously minimizing energy consump-

tion.

The existing standards consume much more power in comparison with the one proposed
in this section. As shown in Fig. power levels are in the range of 800 mW for Wi-Fi,
100 mW for Bluetooth, 50 mW for Zigbee, whereas the sensor presented in this section re-
quires lower power levels of around 59 yW for the modulator. The high data rate and long
operating range of Wi-Fi and wireless USB technologies come at an increase in power con-
sumption which is impracticable for low power and remote sensor applications that require

high-bandwidth wireless communication.
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Figure 5.40: Comparison of wireless technology average consumption and data rates.

In order to overcome this issue, RFID backscattering systems are being explored with
some advances in the type of modulations used.

In this section a system composed of a backscatter modulator at 2.45 GHz that has a con-
sumption of 61.5 f]/bit with WPT capabilities at 1.7 GHz is presented. The 16-QAM modu-
lator is shown to provide 960 Mb/s of data rate with an EVM of 8.37%. The demonstrated
system enables low power consumption, while maintaining a high modulation bandwidth.

114



5.4.1 Backscatter modulator and rectifier implementation

The system proposed in this work is divided into two main blocks, the backscatter mod-
ulator and a rectifier. Figure 5.41] shows the prototype implemented with these two blocks.
The first, which is the backscatter modulator, is composed by a Wilkinson power divider,
two matching networks and two E-pHEMT transistors (Broadcom ATF-54143), following the
same approach used in [22]]. The lines of each branch of the modulator present a 45°phase
shift respect to each other in order to provide 90°phase in each reflected wave of the branch.
The objective of the transistors is to change the drain impedance by varying the voltage at
the gate. With different impedances at the drain of the transistor it is possible to change the

reflection coefficient of the modulator providing, in this case, a 16-QAM constellation.

W1=1.87mm L1=281mm
W2 =2 mm L2 =18.4 mm
W3 =1.8 mm L3 =20 mm
I W4=187mm L4=23.1mm
% 2 W5=1.87mm L5=42mm
= . W6=187mm L6=151mm
;3 w9 Datan | W7 _187mm L7376 mm
}T_J
©
3
X Rectifier
[§]
©
m

Matching Network

Figure 5.41: Photograph of the proposed system, composed by a 16-QAM modulator and a
rectifier. Substrate for the transmission lines is Astra MT77, thickness = 0.762 mm, ¢, = 3.0,
tan § = 0.0017.

A five-stage Dickson multiplier is added to our system to harvest the maximum DC
power from the [CW] of transmitter. In this work, our focus was the design of the RF front
end, so we did not designed the digital processing hardware to generate the voltage levels
for the modulator. However, with the rectifying circuit the goal was to generate enough DC
voltage that could supply a microcontroller (1.8 V). The matching network was optimized
to maximize the conversion efficiency at 1.7 GHz and to perform the backscatter commu-
nication at 2.45 GHz. The continuous change of voltage levels at the gate of transistor will
induce different impedances at the input of rectifier, making it very difficult to design the
modulator and the rectifier at the same frequency. Nevertheless, we followed the approach
used in [18], by using two different frequencies, one for the backscatter communication and
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the other for the This approach led to 56% of efficiency with 5 dBm of input power
at 1.7 GHz with unbiased gate at each E-pHEMT. The added link for with the new
input matching network improved the efficiency of the rectifier with unbiased gate at each
transistor. When the voltages are changed this will have an impact on the RF-DC conversion
efficiency, the worst case scenario is a reduction from 56% to 10%.

5.4.2 System characterization and evaluation

The achievable data rates that are presented in this work were obtained by using the
measurement setup presented in Fig. Before acquiring the reflected waves or measuring
the output DC voltage, we calibrated the input power by using a power meter (Agilent,
N1913A).

We used a vector signal generator (ROHDE&SCHWARZ SM] 100A) to generate the con-
tinuous wave at 1.7 GHz and 2.45 GHz. In order to test the input data on each transistor, we
used an arbitrary waveform generator (TEKTRONIX AWG5012C) to create the voltage lev-
els needed between 0 V and 0.6 V. These variations on the transistor’s gate cause changes on
the drain impedance that will originate different reflection coefficients. The reflected waves
generated were analyzed by signal & spectrum analyzer (ROHDE&SCHWARZ FSW8) and
the received constellations as well as the error vector magnitude (EVM) as function of input
power for 4 Mb/s, 100 Mb/s, 480 Mb/s and 960 Mb /s are shown in Fig.

Arbitrary Waveform
Generator

Vector Signal
Generator

Figure 5.42: Photograph of the measurement setup used for demodulation.

We measured the average DC output voltage and efficiency generated by the system as
function of input power for a load of 21.5 kOhm as can be seen in Fig. We measured
56% of efficiency with 5 dBm of input power at 1.7 GHz with both E-pHEMT unbiased. The
use of a different frequency for[WPT]is to avoid the large deviations of the impedance at the
input of the rectifier.
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Figure 5.43: Received constellations with EVM and energy per bit consumption as function
of input power for different data rates. (a) 4 Mb/s. (b) 100 Mb/s. (c) 480 Mb/s. (d) 960 Mb/s.
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Figure 5.45: DC power consumption of the 16-QAM backscatter modulator over a range of
data rates.

Figure shows an EVM of 8.37% corresponding to 59 uW of energy consumption
for a data rate of 960 Mb/s. The EVM can decrease to 2.29% for a data rate of 4 Mb/s with a
consumption of 0.25 uW, as can be seen in Fig. Since the circuit was optimized for an
input power of 0 dBm, the levels of voltage were obtained with the same amount of power
at the input of circuit. The EVM could be improved for lower values of input power with
different levels of voltage.

The DC power consumption of the modulator was characterized, by including only the
power required for each E-pHEMT. As the data rate increases, DC consumption increases
following 3CV?2f. The measured capacitance at the gate of each E-pHEMT is 1.98 pF and the
voltage levels used for each transistor vary from 0 V to 0.6 V, so we calculated an average
value of all transitions that perform the 16-QAM, which is 0.35 V. Figure presents the
DC power consumption of the 16-QAM modulator over a range of data rates.

In section 160 Mb/s of data rate with an EVM of 17.8% was achieved, but in this
work we improved the data rate, the EVM and decreased the energy per bit consumption.
This improvement was possible by using an equalizer in the receiver (signal & spectrum
analyzer) and by determining with more precision the levels of voltage to apply in each E-
pHEMT, using controlled gate voltages and a VNA for optimization of the ideal impedance

matching. Due to these reasons, the data rate had an increase of 6 times higher than in [22].

5.5 High Order Backscatter Modulation for loT Applications: Chan-
nel Evaluation and Implementation

The backscatter modulation has an important role in the since they use it for transfer
information, with a low cost, in terms of energy consumption. Moreover, these devices are
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being combined with scenarios, in order to overcome the large number of batteries.
With the recent development of backscatter systems for high bit rate communications, the
design of calibrated measurement system capable of characterize and calculate the optimum
points for M-QAM modulations, is very important. The main objective of this work is to
present a channel evaluation of high order backscatter modulators, using over the air cal-
ibrated characterization measurement system to evaluate backscatter modulation systems.
With this characterization approach, the capability of 64-QAM backscatter modulation in
free-space as well as EVM will be validated and computed.

This work is focused on the characterization of high order modulation backscatter sys-
tems using a LabVIEW application capable of extracting the optimum points for M-QAM
modulations schemes. With this characterization, passive sensors with high order backscat-
ter communication that meet certain EVM restrictions can be evaluated and this modulation
scheme can be adapted into the systems referred previously, that take advantage on ambient

signals.

5.5.1 Circuits description

The circuits that will be characterized can be seen in Fig. and Fig. and were
explained in[5.4and respectively. The circuit in Fig. (circuit 1), as it was stated pre-
viously, is composed by by a Wilkinson power divider with two branches, with 45°shift with
each other. Each branch is terminated with a transistor, which will change the impedance
of the antenna by varying the gate voltage. A five-stage Dickson multiplier block is also
presented in the circuit. The modulator presented in Fig. (circuit 2) was previously ex-
plained in[5.2} designed to work at two different frequencies, 900 MHz and 2.45 GHz and is
composed by a dual band Wilkinson power divider.

Circuit 1

Figure 5.46: Backscatter modulator working at 2.45 GHz (circuit 1).

119



Figure 5.47: Dual band backscatter modulator working at 900 MHz and 2.45 GHz (circuit 2).

5.5.2 Setup Analysis and Description

To measure backscatter modulation circuits, the S1; is one of the most important param-
eter. Due to this fact, a characterization measurement system was built in order to character-
ize backscatter modulation circuits, to extract the optimum point for M-QAM modulations,
in two distinct scenarios: cable test measurement (Fig. and Fig. and OTA mea-
surement (Fig. and Fig.[5.5T). For both measurement scenarios, the measurement setup
procedure is the same.

In this sense, the measurement setup is performed by sweeping the voltage in the DC
ports and then the S1; in RF port is measured. The backscatter modulation measurement
system is composed by a transmitter (NI 5793), to generate the RF signal, two receivers (NI
5792), to read the incident (a1) and reflected (b;) power waves and two power supplies (NI
4138 and NI 4112), to generate the DC voltages. These devices are controlled by PCI eXten-
sions for Instrumentations (PXI) (PXIe-1085). In addition, the system requires two external
couplers (CBR16-006) to obtain a; and b; power waves, which are connected to the receivers.
The block diagrams of the measurement system for the two measurement scenarios are pre-
sented in Fig and Fig

The device under test (DUT), which are the backscatter modulation circuits, are com-
posed by three ports, one RF port, and two DC ports, to switch the transistors gate voltage.
To characterize each DUT the transmitter sends a single tone which is a CW with 0 dBm of
input power. Then, the transmitter output is connected to the first coupler, where the inci-
dent wave (a;) can be read through the first receiver. From the second coupler the reflected
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Figure 5.48: Block diagram of cable test backscatter modulation measurement setup.

Figure 5.49: Photograph of cable test backscatter modulation measurement setup.
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Figure 5.50: Block diagram of OTA backscatter modulation measurement setup with anten-
nas.
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Figure 5.51: Photograph of OTA backscatter modulation measurement setup with antennas.
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wave (b1) can be read through the second receiver. After that, the RF port is connect to DUT
RF port. Both power supplies generate the DC voltage and they are connected to the DUT
DC ports. Both DC ports are swept from 0.1 V to 0.6 V, with a step of 1 mV. The measurement
setup for both measurement scenarios are shown in Fig and Fig

In the first measurement scenario which correspond to the cable test measurement, the
DUT is fully characterized when is directly connected to measurement system. In the sec-
ond measurement scenario which correspond to the OTA measurement, antennas were in-
troduced to evaluate the DUT OTA in a free space, and for this reason a power amplifier was
introduced to increase the transmitted power. In this setup, the calibration plane was place
between DUT and the receiving antenna, as shown in Fig[5.50] With the calibration plane in
this position, it was possible to include the model of the antennas and channel into the char-
acterization. In the next subsection, the measurement system procedure will be explained in
detail.
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Figure 5.52: LabVIEW application to perform backscatter modulation characterization.

To perform the measurement system, a LabVIEW application was developed in order to
control the devices and extract the optimum points for M-QAM constellations, which can be
seen in Fig The application procedure is illustrated in flowchart of Fig First, the
voltage values for each DC port are chosen (start, step and stop voltages), as well as the fre-
quency to operate and the power value for transmission. Then, a SOL calibration is applied

and saved. Subsequently, when the DC voltages are swept, the constellation points for each
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voltage are presented, and the Si; is measured. The last application step is to calculate the
optimum points to build the M-QAM constellations and the respective voltages for QAM
constellations are shown.
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Calibration
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| 1 5 11 | I
[ I | 1
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Figure 5.53: Flowchart of LabVIEW application.

Calibration

In this measurement system, it is required to measure the S1;, when the backscatter mod-
ulator DC ports voltages are switching, which implies to calibrate the RF port. Consequently,
a Short, Open and Load (SOL) calibration was used, to calibrate the system and for this pur-
pose, the Agilent 85052D 3.5 mm calibration kit was used. In addition, a power meter (NRP-
721 from Rohde & Schwarz) to calibrate the power value, in the RF port, was required. After
measuring these four terms, the calibration algorithm [179] was applied and the RF port was
calibrated.
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Algorithm for Constellation Detection

In order to calculate the best points to build a M-QAM constellation, after the transis-
tor gate voltages have been swept, a specific algorithm for this purpose was developed. In
Fig. (initial constellation graph) an example of the obtained constellation graph with the
cable test measurement is shown, using the circuit 1. The figure on the left presents the initial
obtained constellation while on the right presents the constellation with some processing to
center the square on the graph. For this reason, it is required to calculate the ideal square for
M-QAM constellations, in order to find the optimum constellation points for M-QAM mod-
ulations. Therefore, the first step in the algorithm is to center the constellation at zero, since
the constellation is not centered. To do this, the angle deviation to center the constellation is
calculated and then this deviation correction is applied. After that, the constellation points
were rotated (Fig. constellation centered graph), by calculating the optimum point to
rotate the constellation. The final step is to calculate the best optimum points for M-QAM
modulation. In this part, the minimum value obtained in each constellation quadrant is cal-
culated to have a valid constellation, which will serve as a reference for the other quadrants.
Thus, the M-QAM modulation is achieved.

Initial Constellation Constellation Centered

0.7

0.6-|
0.5+
0.4~
0.3-|
0.2-|

0.1-|

0.2
0.3+

0.4-

0.5+,
-06

Figure 5.54: Algorithm process example to detect M-QAM points, where initial and centered
constellations are presented, from backscatter modulator (circuit 1).

5.5.3 Measurements and Results

This backscatter modulation characterization platform is capable of extracting the 16-
QAM, 32-QAM and 64-QAM constellation points. The corresponding voltage values for
each constellation point is then obtained and can be saved in the sensor look up table. In
this sense, in order to demonstrate the flexibility of the system, two different backscatter

circuits were characterized. To validate the results, the EVM was calculated for each QAM
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modulation, by using the following equation:

P
EVM(%) = | —2" % 100 (5.11)
Preference

where P,rror is the error vector power and Py, ference is the ideal reference vector power.

Backscatter modulator (circuit 1) characterization

The backscatter modulator (circuit 1) presented in Fig. which operates at 2.45 GHz,
was characterized using a cable test measurement scenario (Fig. and Fig.[5.49). As can
be seen in Fig. a 16-QAM, 32-QAM and 64-QAM constellation were obtained, for a
power value of 0 dBm. For each point of the 16-QAM constellation corresponds two DC
values, which are shown in Table
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Figure 5.55: Cable test and OTA measurement results using circuit 2.

Analyzing the constellation figures from Fig. the EVM results are very similar for
each QAM modulation. It is also important to measure the performance of the backscatter
circuits for different power values, in order to evaluate their behavior with low input power.
For this reason, the backscatter modulator (circuit 1) was characterized for several power
values. Table [5.6|shows the EVM results for different power values. It can be seen that the
EVM result is getting worse, when power values decrease, as expected, since the circuit was
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Table 5.5: Optimum points and voltages for backscatter modulator (circuit 1) for a 16-QAM
modulation considering cable test measurement.

Point Vecel (V) | Vee2 (V) Point Vecel (V) | Vee2 (V)
-0.220 + 0.220i | 0.416 0.245 | -0.223 + 0.073i | 0.417 0.359
-0.074 +0.222i | 0.386 0.281 -0.076 - 0.078 i 0.383 0.362

0.075 +0.222 i 0.357 0.304 0.075-0.0711i 0.350 0.367
0.223 + 0.221 i 0.315 0.323 0.224 - 0.074 i 0.302 0.374
-0.222 + 0.076i | 0.417 0.319 -0.222 - 0.223 i 0.415 0.395
-0.070 + 0.070i | 0.384 0.329 -0.072-0.223 i 0.378 0.304
0.076 + 0.075i 0.354 0.340 0.073-0.224 i 0.344 0.397
0.222 + 0.075i 0.310 0.350 0.221 -0.220 i 0.296 0.399

optimized for 0 dBm.
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Figure 5.56: 16-QAM, 32-QAM and 64-QAM constellation for backscatter modulator (circuit
1), with corresponding EVM values.

Backscatter modulator (circuit 2) characterization

The backscatter modulator (circuit 2) presented in Fig was characterized in the two
scenarios, cable test and OTA measurements. This circuit operates in two frequencies, 900
MHz and 2.45 GHz, and it was characterized for different power values at both frequencies,
to evaluate the modulation performance. The EVM results at both frequencies, considering
a cable test measurement scenario, can be seen in Table With this dual band M-QAM

backscatter circuit it was possible to demodulate the signal with -40 dBm of input power,
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Table 5.6: EVM results from backscatter modulator (circuit 1) for several power values at the
input considering a cable test measurement.
Circuit 1 at 2.45 GHz
Power (dBm) 0 -10 | -20 | -30
EVM (%) 16-QAM | 1.09 | 1.89 | 1.80 | 1.93
EVM (%) 32-QAM | 1.15 | 1.97 | 1.96 | 2.70
EVM (%) 64-QAM | 1.10 | 2.12 | 2.01 | 2.30

Table 5.7: EVM results from backscatter modulator (circuit 2) for several power values at the
input considering a cable test measurement.

Power (dBm) 0 -10 | -20 | -30 | -40
EVM (%) | 900 MHz | 1.05 | 1.92 | 2.01 | 2.70 | 2.07
16-QAM | 245GHz | 1.69 | 1.69 | 2.62 | 2.50 | 2.63
EVM (%) | 900 MHz | 1.25 | 2.14 | 255 | 2.52 | 2.73
32-QAM | 245 GHz | 2.04 | 2.13 | 3.06 | 2.95 | 3.60
EVM (%) | 900 MHz | 1.28 | 2.17 | 2.41 | 253 | 2.74
64-QAM | 245GHz | 1.88 | 2.25 | 2.72 | 3.40 | 3.35

which proved to be a more sensitive modulator than the first. Moreover, the EVM results at
both frequencies increased, while reducing the input power, as it was expected.

To understand the behavior of backscatter circuits in a free space scenario, the OTA mea-
surement was performed. Figure presents the behavior of backscatter modulator (cir-
cuit 2) at 2.45 GHz, for cable test measurement scenario and OTA measurement scenario.
Since the antennas used were not perfectly matched for these two different frequencies, the
obtained shape with antennas is slightly different from the shape without antennas. There-
after, the backscatter modulator (circuit 2) was characterized, at both frequencies, for two
different distances between TX and RX antennas. Table[5.8|present the results for these mea-
surements. From the results presented on Table [5.8|it is possible to observe that 16-QAM,
32-QAM and 64-QAM backscatter communication can be performed in free-space at two
different frequencies. The EVM values increased with the increase of the distance, as it was

expected. Nevertheless, the M-QAM communication can be performed as well.

Table 5.8: EVM results from backscatter modulator (circuit 2) for different distances, consid-
ering OTA measurement scenario.

EVM (%) | EVM (%) | EVM (%)

Frequency | Distance (m) 16-QAM | 32-QAM | 64-QAM

0.5 3.37 4.09 4.42
900 MHz ] 5.42 5.52 5.82
0.5 2.50 3.70 3.89
2.45 GHz 1 5.26 5.62 5.81
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5.6 Conclusions

* In this chapter, new approaches for higher order modulation backscatter passive ra-
dio solutions were presented. It was described a modulation technique that enables
a high-bandwidth wireless communication while requiring very low power demands.
The solution that comprises the Wilkinson power divider and the two transistors is
actually to our knowledge the one that achieves higher bit rate with a limited amount
of RF power and with a low count of active devices. This solution can be combined
with WPT for ultra low-power wireless applications requiring high bandwidth com-

munications such as remote camera sensors or wireless audio.

This work challenges held assumptions concerning the backscatter link that backscat-

ter communication is limited to low bandwidth and binary modulation solutions.

* Moreover, a 16-QAM modulator with capabilities was presented. The circuit
works with two different frequencies, one for the and the other to perform the
backscatter communication. The energy consumption per bit of this modulator can be
as low as 61.5 {] for a data rate of 960 Mb/s with an EVM of 8.37%. The system, due to
the rectifier block has demonstrated some capabilities with 56% of efficiency for
an input power of 5 dBm. With all these features this system is suitable for providing
high bandwidth for future low power devices.

¢ A dual band high order backscatter modulator was presented and experimentally val-
idated and showed promising results for the applications that require two different
frequencies for the backscatter communication.

¢ In this chapter, an ultra low power sensor node/tag with ambient FM backscatter and
high order modulation capabilities was also demonstrated. The tag can read up to four
sensors and modulate the information using 4-PAM modulation instead of the binary
2-PAM. The transmitted bit rate is duplicated and the tag uses the ambient FM signals
in order to send the data to a reader. This high order modulation approach is the first
demonstration of backscatter 4-PAM modulation on ambient FM signals. It also paves
the way for practical deployments for short range, ultra-low-power backscatter sensors
such as wearable body area-sensors.

* A backscatter characterization system that gives an overview about the behavior of
the backscatter modulators was presented. With this calibration system through a
LabVIEW application, it is possible to get the optimum points to find multiples M-
QAM modulations. In addition, the performance for different power values in each
backscatter circuit was measured to evaluate the behavior of the circuits for different
input powers with low values. Two different test scenarios were considered, proving

the importance of free space to test devices performance. Finally, this calibration
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system demonstrated the possibility of performing high order backscatter communica-
tion in free-space for two different frequencies. With this calibration, it will be possible
to implement different modulations orders depending only in the different voltages
applied to the transistors, which means that high data speed low power sensors will

be possible to implement for IoT applications.
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Chapter 6

MMIC QAM modulator

Outline

This chapter provides a description of the implementation and plans for an initial char-
acterization of a single-chip QAM backscatter modulator designed for 24 GHz. Results pre-
sented here will aid in shaping future design of backscatter systems. The chip is designed
to be a customizable integrated backscatter communication. The simulations and layout de-
sign will be provided in this chapter as well as the plans for the characterization of the chip.
The plans include the measurements of reflection coefficients over varying frequencies and
incident RF power levels.

The design developed was based on 0.13 ym SiGe technology from Innovations for High
Performance Microelectronics (IHP), from Germany. This technology consists in a high per-
formance BiCMOS with npn-HBTs up to fr/ fmax = 250/340 GHz, with 3.3 V I/O CMOS
and 1.2 V logic CMOS.

Along this chapter, the active devices and the passive components used in the QAM
backscatter design will be studied using Virtuoso software, developed by Cadence Design
System. Due to high working frequency there is a need to study all components through
electromagnetic simulations. This will be done by using Momentum, which is part of
software, developed by Agilent Technologies.

6.1 Overview and description of the QAM modulator

As it has been proved along this thesis, backscatter radio have been increasingly used as
a low power and low cost implementation of wireless communication, which can contribute
with high impact to the sensor networks. Nonetheless, most of backscatter modulators are
designed up to 2.45 GHz mainly due to the low transmission line and active components
losses. In this chapter a QAM modulator will be designed for a frequency of 24 GHz. In this
frequency it is possible to design reduced antennas, contrary to[UHF bands, which enables
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the integration with wearables for mobile health, sensing, security and the most important
short-range ultra high-speed data transmission between mobiles or mobile to a fixed station
(kiosk containing files, videos, etc..), as it can be seen in Fig.
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Backscatter Backscatter
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Backscatter
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Figure 6.1: Application example for the MMIC QAM backscatter modulation.

6.2 Simulations and design of the QAM modulator

The high frequency QAM modulator designed, followed the same approach explained
in chapter |5, composed by a Wilkinson power divider and two branches, each connected to
a RF nmos transistor. The lines present a 45°phase shift respect to each other, so as to allow
that the reflected wave from each branch has 90°phase difference from the other.

The first steps of this design consisted in determining the number of gates, width and
length of the transistor. Thus, it was necessary to determine the drain transistor’s impedance
at 24 GHz for different gate voltages (from 0 V to 1 V with a step of 0.1 V) and for different
number of gates, width and length. Figure |6.2| shows different configurations of the tran-
sistor at 24 GHz with -10 dBm of input power. For the design of the modulator, the most
appropriate configuration gives respect to a number of gates of 10, 100um of width and
130 nm of length, since the objective was to select the configuration that presented the great-

est variation of drain impedance. Figure 6.3 presents the layout of the transistor selected.
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Figure 6.2: Different drain impedance of the transistor as function of width, length and num-
ber of gates.

Figure 6.3: Layout of the selected transistor. The transistor presents 10 gates, 100um of
width and 130 nm of length.
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After selecting the transistor, the next step consisted in designing the schematic of the
QAM modulator using the design kit from IHP. Figure [6.4] presents the schematic of a QAM
modulator at 24 GHz. The simulations presented in Fig.|6.5 show the behavior of the mod-
ulator at 24 GHz, with -10 dBm of input power and variations at the gate of each transistor
from 0 V to 1 V with a step of 0.01 V.

IHP_ind2_Pn38_N1_w20_s5_d213

Z=50 Ohm
P=polar(dbmtow(PWR),0) ]
Freq=FREQ

VAR
VAR1 A
FREQ=24 GHz IHP_ind2_0n38_N1_w20_s5_d213
PWR=-10 = I_115
vi=1V
v2=1V

Figure 6.5: Simulated Sq; parameter with -10 dBm of input power and variations at the gate
of each transistor from 0 V to 1 V with a step of 0.01 V.
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Subsequently to this step, it was necessary to validate this solution with electromagnetic
simulations by using momentum. The differences observed from the schematic to the elec-
tromagnetic simulator were large, so we had to simulate each passive component to achieve
the desired result. From Fig. |6.6| one can see the layout of the inductor used and through
equations [b.I|and [6.2] we obtained the value of the inductor as well as the Q factor of the in-
ductor, Fig. As it can be seen, the selected value of the inductor in the layout was 0.3 nH
and from the electromagnetic simulations the value decreased to 0.18 nH at 24 GHz with the
mesh of metal 1 (ground plane).

Figure 6.6: Inductor layout simulation.

1 1
Ls = —almag(y—m), (6.1)
0= 2Imag(S11) 6.2)

1= [Sul?> = [Sa ]

To design the modulator, all these deviations were taken into account and after some
electromagnetic simulations the final layout is shown in Fig.

We performed some validations of the layout, one with different input powers (from -
40 dBm to 10 dBm with a step of 1 dBm) at 24 GHz, to understand the behavior of modulator,
Fig. After this validation, it was necessary to understand the capability of this modulator
in increasing the modulation order. In Fig.[6.10|we present the impedances of the modulator
while biasing the gate of each transistor with voltages from 0 V to 1 V with a step of 0.01 V.
In Fig. it is shown the behavior of the modulator at different frequencies (from 20 GHz
to 30 GHz).
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Figure 6.7: Inductor layout simulated results. a) Q factor obtained. b) Inductor value ob-
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Figure 6.8: MMIC QAM layout modulator designed in ADS. The element values are: C1 =
385.117 fF, C2 = 30.012 fF, R = 100 Ohm.
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Figure 6.9: Simulated MMIC QAM layout modulator. The simulation was performed in ADS
at 24 GHz from -40 dBm to 10 dBm of input power with a step of 1 dBm.

Figure 6.10: Simulated MMIC QAM layout modulator. The simulation was performed in ADS
at 24 GHz with -10 dBm of input power and varying each gate of transistor from 0 Vto 1V
with a step of 0.01 V.
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Figure 6.11: MMIC QAM layout behavior modulator with -10 dBm of input power for different
frequencies, from 20 GHz to 30 GHz. a) 20 GHz. b) 21 GHz. c¢) 22 GHz. d) 23 GHz. e)
24 GHz. f) 25 GHz. g) 26 GHz. h) 27 GHz. i) 28 GHz. j) 29 GHz. k) 30 GHz.
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Figure 6.12: Scheme of the QAM modulator designed with Virtuoso.

(b)

Figure 6.13: Layout of the modulator designed with Vituoso. (a) Layout complete with ground
plane. (b) Layout without ground plane
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After the validation of the schematic and layout in ADS, it was necessary to use the
Virtuoso to design the schematic and layout to perform the physical verification of the chip.
Figure[6.12 presents the schematic and in Fig. the final layout with and without ground.
We used Design Rule Check (DRC) to check if the layout passes through the rules designed
for faultless and then the Layout Versus Schematic (LVS) to compare the connectivities of
our layout with that of the schematic. Subsequently to these verifications, it was necessary
to generate metal fills for the density rules, so a DRC fill was necessary. Finally, another DRC
with all metals filled was necessary to conclude the chip.

6.3 Plans for the experimental measurement setup

The measurements that will be realized consist in two different setups. The first, pre-
sented in Fig. is composed by a power supply and the probe station (Cascade
Microtech 9000). The main objective of this measurement will rely on the evaluation of the
chip S-Parameter. Each gate of the transistor will be biased from 0 V to 1 V and the respective
impedances of the modulator will be measured with the PNA|over varying input frequency
and [RE power levels.

PNA - E8361C Power Supply
OVtolV

@Q O O
] —

Cascade Microtech 9000

Figure 6.14: MMIC QAM modulator measurement setup for S1; parameter analysis.

The second setup, presented in Fig. will evaluate the modulator in terms of data
rate and different order of modulation. The setup is composed by a signal generator that
will generate a at 24 GHz, a coupler to acquire the reflected wave from the chip that
will be analyzed in the spectrum analyzer. An arbitrary waveform generator will be used to
bias the gate of each transistor with different data rates. With this setup it will be possible
to determine the maximum modulation order as well as the data rate of the modulator.

The outcome of this measurement will be the EVM for different orders of modulation with
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respective voltages of each transistor gate.
Finally, an analysis on the power as well as the energy per bit consumption of the chip

will be evaluated.

Arbitrary Waveform Generator
Vector Signal AWG5012C

Generator Incident Wave

:Q_> | -O O

S

Spectrum Analyzer
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Figure 6.15: MMIC QAM modulator measurement setup for data rate and modulation order
evaluation.
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Figure 6.16: MMIC QAM modulator system integration.

Figure presents the chip integration with all the blocks that enable a high order
backscatter passive sensor. The system is composed by an antenna at 24 GHz, the microcon-
troller that will generate the voltages for each gate of transistor according to the information
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of sensors. The dashed block in the figure presents a possible solution to remove batteries
from sensor based on Solar, vibration or motion could be possible alternative solutions

to enable the passive sensor, as it was said previously.

6.4 Conclusions

In this chapter, a single-chip implementation of a QAM backscatter modulator was pre-
sented and two plan measurement setups were presented. The performance of the chip will
be evaluated through a to model a 50 () antenna connected to the modulator input.
With spectrum analyzer and AWG, different modulation orders and data rates will be mea-
sured.

The implementation of the chip in other existing technologies will be much easier due to
its size which will potentiate the use of this technology in most of all applications.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In recent years, the increasing use of IoT sensors has allowed smart objects to provide
major industries with the vital data that they need to track inventory, manage machines,
increase efficiency, save costs, and even save lives. In this context, in which billions of con-
nected objects are expected to be placed all over the world, frequent battery maintenance
of wireless nodes is undesirable or even impossible. In these scenarios, passive-backscatter
radios will play a crucial role due to their low cost, low complexity, and battery-free opera-
tion. WPT technology also plays an important role in providing continuous power for these
backscatter radios.

This Ph.D. work contributed with several advances in the state of the art that were sum-
marized in this document. This contribution enables a more convenient design of passive
backscatter systems.

In this sense, chapter [3|explored the link budgets of the backscatter radio communication
and its main concepts. Moreover, a pure BPSK backscatter modulator was designed and
measured to prove the technology capabilities and its application on wearable devices.

Chapter [ reported the first fully passive sensor based on two different frequencies. This
sensor enabled a continuous flow of energy by usign a WPT link in one frequency and was
capable of backscattering the data in another frequency. This system was experimentally
validated in terms of RF-DC converter efficiency, backscatter modulation, distances of com-
munication and power. In addition, a passive solution for a sensor using only one active
component was presented and its RF-DC converter efficiency and backscatter modulation
was validated.

The chapter 5| presented several relevant approaches for high order backscatter modu-
lation. More precisely, a new design which allows a 64-QAM backscatter modulation was
experimentally validated in terms of most important figures of merit, such as EVM, achiev-
able data rate and power consumption. Moreover, this design was improved and combined
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with WPT, which presented the highest data rate value in high order backscatter modulation
systems, with a very low power consumption. Furthermore, a novel wireless tag that uses
4-PAM technique to modulate ambient backscatter FM signals was shown and validated
in an indoor and outdoor environment. The results proved the system viability by using
the backscatter technique. Additionally, a new design for dual band high order backscatter
modulation was demonstrated with very promising results in terms of power consumption
and achievable data rates.

Since the overall objective of this Ph.D. is the exploration and development of passive
backscatter sensors it is utmost important to minimize their costs and size. For this purpose,
in chapter [6|an MMIC QAM backscatter modulator is designed for a frequency of 24 GHz.
Along the chapter, a description of the implementation and plans for an initial characteriza-
tion of the chip were presented. The major importance of this implementation will be the
integration of this technology in wearables for mobile health, sensing, security and the most
important short-range ultra high-speed data transmission for mobiles.

At last, one can conclude that this Ph.D. work successfully proposed innovative designs
and solutions that surpassed the state of the art in the major research topics on the backscat-

ter radio communications.

7.2 Main achievements in the scope of this thesis

* Finalist of the student paper competition of the IEEE - International Microwave Sym-
posium (IMS 2018).

¢ First place of the Student Design Competition on “Backscatter Radio” of the IEEE -
International Microwave Symposium (IMS 2018).

e First place of the ANACOM-URSI Portugal prize at 10 Congresso do Comité Portugués
da URS], 2016, Lisboa.

¢ First place of the Student Poster Competition at 6th Workshop WIPE (Wireless Power

Transmission for Sustainable Electronics), 2016, Aveiro.

¢ Third place of the Student Paper Competition at IEEE WPTC (Wireless Power Transfer
Conference), 2015, Boulder.

7.3 Future Work

In the chapter 4| some passive sensors were referred and experimentally validated with
the use of laboratory equipment. Some work on the side of the receiver could be done,
more precisely, a low cost implementation based on a raspberry pi and an SDR USB stick.
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Moreover, a simple fixed WPT (based on an oscillator and an amplifier) could be designed,
so that it would be possible to implement an outdoor network based on passive sensors. All
these designed could be combined with a solar panel to be possible to implement a totally
passive sensor network.

As it was previously stated, the chapter [5|referred to different approaches on high order
backscatter modulation. As a future work, the combination of high order backscatter mod-
ulation with the reflection amplifier (tunneling diode based) could be considered as a way
to increase the communication range of this technology. Additionally, new modulations can
be achieved by synthesizing symbols and with this it would be possible to use the
already developed readers that offer sensitivities of -149 dBm. Some work on this area has
already started and can be found in the appendix|Al Moreover, and as a future work, an hy-
brid backscatter modulator could be designed, capable of synthesizing and Bluetooth
symbols and with this could be used in both, indoor and outdoor applications without the
need of developing custom readers.

As a future work and related with ambient backscatter can be the combination of the am-
bient backscatter communication with multiband enabling the communication between
the system at very low power in any location. The use case of the possible solution can be

seen in Fig.
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Figure 7.1: Possible solution of multiband EH combined with FM ambient backscatter mod-
ulation.

The chapter 6| shown the implementation and plans for measuring an MMIC QAM mod-
ulator. As a future work, the measurements should be conducted to evaluate the viability of
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including these chips into already developed technologies that are included in the field of
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Abstract — The Internet of Things (IoT) envisions ubiquitous,
cheap and low data rate connectivity between humans, machines
and objects. The main technology that can satisfy this vision
is wireless communication technology, but to embed this into
objects at a large scale, some requirements like battery-free and
long range communication should be considered.

In this work we propose a modulator that can backscatter
different chirps, based on Chirp Spread Spectrum (CSS)
modulation which can achieve high sensitivities, meaning long
range communication. Moreover, we prove with this design that
we can reflect backscatter Long Range (LoRa) preamble symbols
with a Spreading Factor (SF) of 7 and 125 kHz of bandwidth.
Thus, it will be possible to reuse the LoRa receivers already
developed.

Keywords — Backscatter modulation, chirp spread spectrum,
internet of things, low power, .

I. INTRODUCTION

In the Internet of Things (IoT) context, where billions of
connected objects are expected to be ubiquitously deployed
worldwide, the frequent battery maintenance of ubiquitous
wireless nodes is undesirable or even impossible. The growth
of the devices will be made possible only if the sensors battery
needs are eliminated or reduced significantly. For low power
sensors and devices, careful power management and power
conservation are critical to device lifetime and effectiveness.
One of the possible solutions is to change completely the
paradigm of the radio transceivers in the wireless nodes of
a IoT system. The backscatter communication, which consists
in reflecting and modulating an incident radio signal, promises
to be an excellent alternative to active radios, due to their low
cost, low power and low complexity implementation.

In most Radio Frequency Identification (RFID) systems
and passive sensors, the reader to tag communication is
based on amplitude shift keying (ASK) or phase shift
keying (PSK) that modulates either the amplitude, or both
the amplitude and phase, of the reader’s transmitted Radio
Frequency (RF) carrier. However, the work [1] has shown that
modulated backscatter can be extended to include higher order
modulation schemes, such as Four-state Quadrature Amplitude
Modulation (4-QAM). While ASK and PSK transmit 1 bit of
data per symbol period, 4-QAM can transmit 2 bits per symbol
period, thus increasing the data rate and leading to reduced
on-chip power consumption and extended read range. In [2],

[3] a 16-QAM modulator for backscatter communication was
developed. Ambient radio waves can be used as a source to
backscatter the data to a receiver, eliminating the need for
dedicated RF transmitters. Several studies have shown the
use of this technique to allow battery-free backscatter devices
using broadcast FM stations [4], TV station [5] and Wi-Fi
signals [6]. In [7] the authors present a tag that operates
with ambient backscatter signals while featuring high-order
modulation with ultra low power consumption.

As it is known, backscatter communication is a low
power and low cost implementation, but it is limited to
short ranges. Some recent studies implemented a backscatter
modulator that can be compatible with Long Range (LoRa)
hardware, and extend the range of communication [8]. The
implementation can synthesize LoRa symbols, but has very
low data rates which limits the scalability of the technology
for other applications. In [9] the authors utilize ambient LoRa
transmissions as the excitation signals, and shift the incoming
active LoRa chirp by an amount of BW/2 and —BW/2
and then join them into a new chirp, respecting the LoRa
standard. This implementation is totally dependent on LoRa
communication, since it uses FSK modulation in an active
LoRa chirp. Moreover, the data rate is very low, since the
design can encodes only one bit per LoRa symbol.

In this work, we present a backscatter modulator that can
synthesize Chirp Spread Spectrum (CSS) modulation or any
kind of chirps and it is scalable for other type of applications
due to its simple implementation. The modulator is composed
by two transistors and a Wilkinson power divider and can
achieve very low power consumption making it possible to
adapt this technology into domains such as smart cities,
precision agriculture and many others where backscatter is
currently unfeasible.

The paper is organized as follows, Section II presents the
operational principle of the system, Section III presents the
results and Section IV the main conclusions.

II. CIRCUIT DESCRIPTION

The circuit developed for this work is demonstrated
in Fig. 1. The prototype implemented is composed by a
Wilkinson power divider, two matching networks and two
transistors (ATF-54143, Broadcom). This circuit was designed



Wilkinson power divider

Fig. 1. Photograph of the backscatter circuit. Element values are L1 =
9.86 mm, W1 = 1.87 mm, L2 = 3.65 mm, W2 = 1.87 mm, L3 = 3.65 mm,
W3 = 1.87 mm. Substrate for the transmission lines is Astra MT77, thickness
= 0.762 mm, &, = 3.0, tan 6 = 0.0017.
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Fig. 2. Simulations of the circuit developed. a) Reflection coefficients
obtained from simulation and mapped with the intersection of 256 different
phases with constant VSWR of 2.2. b) Detailed mapping of point obtained
from simulations with the intersections.

for an operation frequency of 2.45 GHz and optimized with
0 dBm of input power. In Fig. 1 it is possible to observe the
difference of line length which corresponds to 45°phase shift.
The drain impedance of each transistor varies for different
gate voltages, and it is possible to obtain different reflection
coefficients. This means that is possible to determine different
phases with a constant Voltage Standing Wave Ratio (VSWR).

As it was said previously, it is possible to alter
the gate voltages at each transistor in order to achieve
different reflection coefficients. Using ADS and through the
Large-Signal S-Parameters (LSSP) simulation it was possible
to characterize the circuit from O V to 0.6 V with a step of
1 mV, at each transistor. The result of this simulation can
be seen in Fig. 2a represented by a gray shadow inside the
Smithchart, with different reflection coefficients. Using this
fine sweep of voltage it is possible to have a very accurate
modulator, that can change, with a high precision, the phase
of the reflected wave. In Fig. 2a it can be seen 256 different
phases (represented with black lines in the Smithchart) and
their intersection with a constant VSWR of 2.2 (represented in
red in the Smithchart). Moreover, through our characterization,
we match the reflection coefficients with the intersections
(represented in blue in the Smithchart) and extract the voltages
needed to the expected phases. These matching can be seen
in more detail in Fig. 2b.

Considering an ideal chirp (signal whose frequency
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Fig. 3. Reflection coefficients obtained from measurements and a circle with
a VSWR of 1.9. The voltages at each gate of transistor were swept from 0 V
to 0.6 V with a step of 1 mV.

increases or decreases with time) it is possible to extract
the phase of the time domain waveform at each time instant
and based on the previous explanation of the circuit analysis
we can obtain the regulated control voltage profiles in time
domain to synthesize the chirp in the backscatered signal.

III. RESULTS

Fig. 3 presents the results obtained from the measurements
with voltages ranging from 0 V to 0.6 V with steps of 1 mV
on each transistor at 2.45 GHz. Thus, it was necessary to
determine a constant VSWR that fits into the mesh of the
obtained reflection coefficients, as can be seen in Fig. 3, with a
value of 1.9. The setup used for these measurements includes
a Performance Network Analyzer (PNA) (E8361C, Agilent
Technologies) and the Arbitrary Waveform Generator (AWG)
(AWG5012C, Tektronix).

After acquiring the reflection coefficients it was possible
to determine the control voltage profiles based on the chirp
present in Fig. 4a.

Using the setup presented in Fig. 5 (composed by a Vector
Signal Generator (VSG) (SMJ100A, Rohde & Schwarz),
an AWG and an oscilloscope (DSO804A, Keysight))
and applying the voltages determined into the AWG a
backscattered chirp signal was obtained, Fig. 4b, which is a
linear chirp with 125 kHz of bandwidth and a duration of
2 ms.

This approach enables a large number of applications
and the most important is the LoRa technology, which
uses CSS modulation. LoRa can occupy three different
bandwidth: 125 kHz, 250 kHz and 500 kHz. LoRa symbols
are modulated over an up-chirp of 125 kHz bandwidth and
different orthogonal Spreading Factors (SFs) (from 7 to 12) are
used based on data rate requirements and channel conditions.
The LoRa physical layer includes 8 preamble symbols, 2
synchronization symbols, physical payload and optional CRC.

Figure 6a presents a chirp which is based on one
symbol from the LoRa preamble modulation with a SF of
7 and 125 kHz of bandwidth. Following the same procedure
explained above the voltage profiles presented in Fig. 7 were
obtained and synthesized using the AWG. The backscattered
signal obtained can be seen in Fig. 6b.
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Fig. 4. Chirp with 125 kHz of bandwidth and time duration of 2 ms.
a) Original chirp synthesized with our system. b) Obtained chirp from the
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Fig. 5. Photograph of the measurement setup used to acquire the reflected
chirps.

Figures 4b and 6b present the obtained chirps from
the measurements. As can be seen the chirps present some
distortion that is caused by the transistors. There are some
techniques to remove the harmonics, namely the backscatter
harmonic cancellation presented in [8].

IV. CONCLUSIONS

In this paper, a novel approach for backscatter chirp
signals was presented. The paper described a modulation
technique that will enable long range reliable communication
capabilities of radios at the low power and cost of backscatter
hardware. Moreover, by synthesizing LoRa symbols it will
be possible to use the already developed readers that offer
sensitivities of -149 dBm and through this improve the range
of communication of backscatter radios. As a future work we
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Fig. 6. Chirp based on one symbol from preamble of LoRa modulation with
a SF of 7, with 125 kHz of bandwidth and time duration of 1 ms. a) Original
chirp synthesized with our system. b) Obtained chirp from the measurement
setup.
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Fig. 7. Voltage profiles in time domain, obtained from mapping the phases
synthesized from the chirp presented in Fig. 6 with reflections coefficients
presented in Fig. 3.

plan to build a LoRa frequency prototype including the digital
logic that will be able to backscatter LoRa symbols.
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