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RESUME

Les capteurs sans fil sont intéressants dans de nombreuses applications telles que la surveillance
de I'environnement, les soins de santé, la surveillance industrielle, le contréle du trafic, I'agriculture
et l'industrie alimentaire. Toutefois, la durée de vie d'un capteur sans fil est limitée par son
alimentation électrique. Les piles sont généralement utilisées pour alimenter les capteurs sans fil.
Elles souffrent cependant de diverses limitations, telles que les restrictions de taille, le colt associé
au remplacement et I'énergie limitée fournie. Pour éviter ces limitations, des solutions sans piles
pour les capteurs sans fil pourraient étre considérées lorsque d'autres sources d'énergie permanentes
sont nécessaires pour alimenter le capteur. Ces sources d'énergie comprennent I'énergie solaire
collectée, les piles a combustible microbiennes et 1’énergie collectée par RF. Cette derniére
méthode est adoptée dans ce travail. Il convient de noter que les collecteurs d'énergie RF
fournissent un budget de puissance tres limité (de I'ordre du microwatt), de sorte que tous les
éléments constitutifs des systémes doivent étre congus pour consommer une puissance ultra-faible.
Ce projet se concentre sur la conception d'une structure de capteur sans batterie avec récupération
d'énergie par radiofréquence (RF) et une architecture est proposée pour cette application,
implémentée avec MATLAB/Simulink pour en évaluer les performances. Cette architecture
comporte cing blocs principaux: un convertisseur AC-DC, une référence de courant, un oscillateur,

un régulateur de tension et un circuit de réglage.

Une référence de courant a faible consommation d’énergie est congue et simulée dans une
technologie CMOS 0.18 um dans I'environnement Cadence. Ensuite, cette source de courant est
utilisée pour opérer un oscillateur en anneau a trois étages et fournit I'horloge du systéme. La
fonctionnalité de I'oscillateur proposé a été validée par la simulation du circuit extrait du dessin des
masques. De plus, une facon de changer I'oscillateur proposé en oscillateur contrdlé par tension

(VCO) a ultra-faible consommation d’énergie avec le circuit de régulation est expliquée.

La boucle de calibrage de ce systéeme est congue. Elle se compose du détecteur de créte, du
comparateur, du compteur et du bloc de conversion du code binaire en code thermometre. Tous ces

modules ont été congus et simulés avec la technologie CMOS 0.18 pum.
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ABSTRACT

Wireless sensors are attractive in many applications, such as environmental monitoring, healthcare,
industrial monitoring, traffic control, agriculture, and the food industry. However, the lifetime of a

wireless sensor is limited by its power supply.

Batteries are commonly used to power wireless sensors. However, they suffer from various
limitations, such as size restrictions, costs associated with replacement, and the limited energy
provided by the batteries. To avoid these limitations, battery-less solutions for wireless sensors
could be considered in which other permanent sources of energy are required to supply the sensor.
These energy sources include harvested solar energy, microbial fuel cells, and RF energy

harvesting. The latter is considered in this work.

It is worth noting that RF energy harvesters provide a very limited power budget (in the microwatt
range), so all systems’ building blocks must be designed to consume ultra-low power. This project
focuses on designing a battery-less sensor structure with radio frequency (RF) energy harvesting.
One architecture is proposed for this purpose and it is implemented with MATLAB/Simulink to
evaluate its performance. The architecture is composed of five main blocks: an AC-DC converter,

a current reference, an oscillator, a shunt regulator, and a tuning circuit.

An ultra-low power current reference is designed and investigated. This work was performed using
the parameters of a 0.18 um CMOS technology in the Cadence environment. Afterwards, this
current is forced to a three-stage ring oscillator, which provides the clock for the system; a very
low power oscillator is designed, and the proper functionality of the proposed oscillator has been
validated through post-layout simulation results. Furthermore, one way to adapt the proposed

oscillator to obtain an ultra-low power regulated voltage-controlled oscillator (VCO) is explained.

The tuning loop for this system is proposed. It consists of a peak detector, a comparator, a counter
and a binary to thermometer code conversion block, all of which have been designed and simulated
with a 0.18 um CMOS technology
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CHAPTER 1 INTRODUCTION

1.1 Definition of a Sensor

A sensor is a device that detects changes in physical quantities such as pressure, humidity, motion,
heat, and light and returns an electrical output. For instance, a thermocouple converts changes in
temperature into a variable voltage signal. The sensitivity of the sensor shows how much the output
signal changes when the input quantity is varied. While the resolution of a sensor is defined as the
smallest detectable change in the measured quantity. There are different kinds of sensors including
electric thermostats, invented by Warren Johnson in 1883 and Infrared sensors which arrived in the
market around the 1940s.

Also, a Metal Oxide Semiconductor (MOS) sensor was proposed in the 1930s, before bipolar
transistors, but practical technologies to fabricate MOS appeared only in the early 1960s[1] . MOS
devices can offer significant advantages including lower power consumption, low cost, the ability
to work with lower supply voltages compared to bipolar transistors. In addition, MOS sensors have
compact structures and can be designed to have very high-input impedance, which makes them
very attractive for many sensor applications [1]. Many sensors based on MOS devices have been
presented in the literature. Authors in [2] describe different types of Field Effect Transistors (FETS)
based sensors. In the following sections, we will introduce the main types of sensors, including

wired and wireless sensors.

1.2 Wired Sensors

Sensors with wires have been used for many years, therefore many engineering standards already
exist for them and there is a good chance of finding wired sensors for a wide range of specific
application. They are popular, inexpensive, exhibit low-power consumption and are often smaller
than wireless sensors, because they do not need transceivers for communications. However, wired
sensors may be less flexible due to required wiring. For example, in airplanes, many sensors are
needed. All sensors associated with critical function must be doubled or tripled when it is possible.
The cabling required for wired sensors contributes significantly to the weight of aircrafts that

designers thrive to minimize.



There are many types of sensors such as Piezo-resistive thin gauge sensors [3] which are very
popular because of their low cost. Optical fiber sensors are also attractive, since they are lightweight
and can offer distributed sensing at discrete locations [4], however they offer suffer from high

installation costs.

Some techniques for decreasing the number of wires have been presented including power over
ethernet (PoE), power-line communications (PLC), and a combination of POE, PLC and wireless

system.

1.2.1 Power Over Ethernet

A Power over Ethernet (POE) connection provides both power and data over a single cable.
Transferring power over an ethernet has some advantages such as time and cost savings and
flexibility, because it is possible to reduce the wiring. Also, some WIFI and Bluetooth RFID readers
are POE-compatible devices, which allows access from remote locations away from AC power

outlets.

The cost of installing and wiring sensors in large system can be very significant [5]. This cost can

be reduced by using PoE.

Power consumption of systems comprising many sensors can be reduced by activating them when
needed. A complete sensor system exploiting PoE is proposed in [6] and its hardware is composed
of four parts: a switch, a power converter, a controller and a sensor unit. Another sensor network

based on PoE is presented in [7].

1.2.2 Power-Line Communication (PLC)

Power-Line Communication (PLC) is a communication method in which data can be sent over
existing power cables. In other words, with PLC, extra cabling is not needed,; it re-uses existing
wires. In terms of frequency, PLC networks can be partitioned in two categories: narrowband PLC
and broadband PLC. The former is typically used for long distance communications, and it operates
at low frequencies. By contrast, broadband PLC typically works at high frequencies and is used

for short distance communications.



The PLC technique is a good choice for the so called internet of things (IoT) applications[8]
because of its advantages, such as simplicity and low-cost [9]. However, it has some disadvantages,
such as a reliability issue, due to the channel being changed by changing the load, topologies of the
network, and location of the transmitter [10]. To solve the reliability issue, a relaying power line
communication (PLC) network is proposed in [11]. The performance of the relaying PLC network
is analyzed and investigated in [12]. In [13], both the channel and power of the sensor are optimized
with the relaying PLC technique. Moreover, two ways relaying PLC, in which the information is

exchanged between two sources, is proposed in [9].

1.2.3 Hybrid Topology

In certain applications, such as smart home networks, an Hybrid combination of Wireless and PLC
(HWPLC) is a good solution [14]. Indeed, with PLC alone wireless devices, such as mobile users,
cannot connect to the system [15]. As a result of its high efficiency, various hardware and software
products have been developed to use HWPLC in an loT network [16] [17],[18]. However, HWPLC
systems suffer from a signal loss issue when used for long distance transmissions [19]. Several
researchers focused on this problem and offered some solutions. One of these solutions based on
relaying the PLC network was shown to be efficient as discussed in [13]. However, another
problem with HWPLC is the very different characteristics of the wireless and PLC networks [20].
Some researchers have worked on mitigating this issue [21]. In [14], an HWPLC relaying sensor

system is proposed and analyzed.

1.3 Wireless Sensor Network (WSN)

Typically, in an 1oT domain, hundreds or thousands of sensor nodes could be used for monitoring
purposes[22]. In such applications, wired sensors would increases the system deployment and
maintenance costs. Such costs would be significantly reduced if the system is implemented with
wireless nodes. On the other hand, wireless solutions may increase power consumption of
individual sensors as communication mechanisms need extra power. This is one of the main

challenges associated with wireless 10T nodes.

A Wireless Sensor Network (WSN) typically comprise a group of sensors that are used for

monitoring environmental factors, such as humidity, pressure, motion, vibration or temperature.



The data collected by a WSN is typically sent to a main location for analysis. Each node of the
WSN has a sensing unit, a transceiver for sending the measured information, and a power
management module. Also, some nodes of a WSN may be equipped with an actuator to act upon

certain conditions. In [23], wireless sensor and actuator networks are analyzed.

Since wireless nodes are battery-less or battery powered devices, reducing their power
consumption is very important to allow energy efficient networks, which increases their lifetime.
In [24], a Cable Mode Transition (CMT) algorithm is proposed, which determines the minimal
number of active sensors in its network. While in [25], an algorithm for minimizing the delay in

the data collection process for extending the lifetime of the network was proposed.

1.4 Applications of Wireless Sensors

Wireless sensors are attractive in many applications such as healthcare, industrial monitoring,
traffic control, agriculture, and food industry [26],[27],[28].

They have many applications such as:
e Area monitoring [29]

Wireless sensors can be distributed in different places within one region to sense environmental
changes such as temperature, pressure, humidity, and so on. In addition, they send back their

information to the base stations for appropriate actions.
e Transportation[30],[31],[32]

Wireless sensors can monitor traffic information and can build a complete model of traffic. They
provide an opportunity to solve issues surrounding traffic by providing traffic times to drivers as

well as changing the timing of red lights, and to attempt to synchronize all traffic lights.
o Biomedical applications [33],[34]

Sensors are very common in the biomedical domain, where they are used to monitor patient’s vital
signs. This helps doctors monitoring and analysing patients’ health condition over a long period of
time. Doctors can also choose to use wireless sensors to monitor children who move a lot and
cannot lay in a bed for a long time, since wired sensors would not be a good choice in monitoring

children’ health condition.



e Motion detection [35]

A motion detector uses one or multiple technologies to detect movement in certain area. It is very
often used in many purposes, such as hand dryers, automatic doors, and at airports for counting the
number of luggage loaded into an airplane.

e Food monitoring[36]

Food monitoring programs contribute to hazard identification and provide data to inform the
quantification of exposure. Also, when delivering food over a long period of time, monitoring is
important to see whether it remains fresh and safe to consume. For example, in meat inspection,
which is described in [37].

e Air pollution monitoring[38],[39]

Nowadays, air pollution is a major problem in all countries. Air pollution damages animals, forests,
and humans. It also contributes to the depletion of the ozone layer, which protects the Earth from
the UV rays of the sun. Moreover, acid rain is another major problem caused by air pollution.
Another environmental effect of air pollution includes global climate change, which is one of the
most important concerns for all people. With the help of these sensors, we can monitor air pollution
periodically and take action when necessary.

o Forest fire detection[40]

Wildfires are unwanted and uncontrolled fires in a large area, which can be very dangerous.
Controlling wildfires is very difficult, so it is a good idea to identify a fire quickly after it starts,

and then try to control it as early as possible.

1.5 Wireless Sensor Network Topologies

In a WSN, sensor nodes are connected in different configurations, including star, mesh, and hybrid
topologies [41]. These different topologies will be described in the following sections.



1.5.1 Star structure

As shown in Figure 1.1, with the star structure, only one base station is present and it receives the

data from each node of the network, while theses nodes cannot communicate with each other. The

main benefit of this structure is its simplicity.

Sensor
Node
Sensor
Node

1.5.2 Mesh structure

Figure 1.2 illustrates the mesh structure, where each sensor nodes can communicate with the other

nodes. In addition to its complexity, mesh topology has higher power consumption, because each

node needs more power.
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Figure 1.1 Star network topology.
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Figure 1.3 Hybrid network topology.

This structure provides a robust network and consumes less power than a mesh structure. As
depicted in Figure 1.3, in this topology, each sensor node communicates with only one other

node, which decreases the system’s power consumption.



1.6 Wireless Battery-less Sensor Node

Sensor Node

Sensor

Power Source/Storage - - ' Transceiver

Figure 1.4 Internal structure of a wireless sensor node.

Various monitoring applications, such as environment, necessitate sensor nodes to cover a large
land area. Wireless sensors are suitable for this kind of applications, since wireless communications

provide extra flexibility for the system.

As shown in Figure 1.4, a sensor node consists of three main parts: a sensor, a transceiver, and
a power unit. The sensor unit involves a sensing unit and an analog-to-digital converter
(ADC) [42]. The sensed data is converted into digital code and sent to the base station for

further processing. The power source/storage unit is one of the most important parts of the sensor

nodes, which may or may not comprise a battery when energy comes from a harvester.

Sensor nodes are usually battery-operated devices [43] and hence, their lifetime are limited by the
energy/power budget of the battery. In addition, batteries suffer from various limitations, such as
their size and costs associated with replacement, especially if the sensor nodes are integrated in
harsh environment, and limited energy is provided. Various techniques were presented to reduce
the power consumption of sensor nodes such as energy-efficient routing protocols [44]. Applying
these techniques extends the lifetime of the node’s battery. Also, self-discharging problem

associated with batteries decrease the batteries’ lifetime.

To avoid these limitations, battery-less solutions for wireless sensors could be considered, where
other permanent sources of energy are required to supply the sensor node. For this reason, different
kinds of devices have been developed to provide and store energy. For instance electric power can

be generated from temperature by thermoelectric devices or from sunlight by solar cells [3].



Moreover, electrical energy can also by extracted from surface acoustic waves (SAW). These
signals are collected by an antenna, processed and converted into a DC signal. However, SAW are
low frequency signals and hence a large antenna should be employed to collect these signals. This
results in bulky sensor nodes that also suffer from additional loss because of the double conversion

between electrical and mechanical signals [47].

In addition to the aforementioned powering systems, microbial fuel cells, and RF energy harvesting
[48],[49],[50] could be employed to allow battery-less wireless sensor node implementation.
However, these sources usually provide very limited energy budget; this also depends on the source
of the energy and the physical size of the devices that are used to provide these types of energy.
One solution is the use of the electric double layer capacitor (EDLC) technique, which allows the
sensor to store energy and to use it for limited operation. It is also common that energy storage

devices are charged over a long time while the sensor node can operate only for a short time.

For some applications, a short delay in communications is acceptable; for example, when sensing
the temperature or pressure and the loss of some sensed data elements can be recovered through
mathematical methods that interpolate missing data. However, delays in communication may not

be acceptable in applications where urgent events are sensed and must be transferred quickly.

The power ratings from mW to W for the implantable wireless sensors have been discussed in
[51],[52]. Transmitting data and power delivery with only one pair of the inductance coils is
investigated in [53] and the system can deliver up to 94 mW and eight switch-capacitors are used
for extending the wireless power regulation range. Meanwhile, sensors with less power
consumption (tens-puW) are essential for many therapeutics that are yet to come [54]. An example

of Wireless power transfer system that offers ultra-low power consumption was reported in [55].

PLL-based implantable biosensor which is wirelessly powered by RF energy harvesting is reported
in [56]. It consumes only 4 uW and backscattering technique is used for sending back the data.
A microsystem which is powered wirelessly and transmitting data with backscattering technique is
described in [57], it consumes 225 pW and this power is delivered with the external transmitter
and the main contribution of this work is providing a 64-channel recording platform with the area

and power reduction technique.
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Figure 1.5 Reader and sensor units of a wireless sensor node.

CMOS multi-sensor SoC was presented in [58] and since it dissipates a power of 942.9 uW, two
sources of the energy (RF and light) are used for delivering power and it is a good candidate for
monitoring the temperature and the protein concentration in biomedical applications and the main
feature of this work is the capability of generating the four types (C, R, I, V) sensing signal which

can show the physiological parameters simultaneously.

Another implantable microstimulator system on chip (IMSoC) work was demonstrated in [59] and
it consumes 48 pW and two off-chip rechargeable batteries are used for providing the power of the
system. The 10-bit implantable blood pressure sensor is described in [60]. The total power
consumption of the system is 300 uW and is provided by RF energy harvesting and also the sensed
data is transmitted wirelessly in a frequency of 433 MHz and it is suitable for small animals
because of its low weight and it has a good sensing resolution which is ImmHg over 1 kHz with a
signal to noise distortion ratio (SNDR) of 60 dB.

Authors in [61] describes a wireless battery-less sensor. According to Figure 1.5, it has two parts,
a reader unit and a sensor unit. The sensor unit has a condenser microphone and an antenna coil.
The capacitance of the condenser microphone and the inductance of the antenna create a resonance
frequency. The capacitance of the microphone changes with the acoustic waves and as a result the
resonance frequency changes. The reader unit produces the alternating current, which is delivered
to the sensor unit through the electromagnetic field, so that the sensor unit draws energy from the

reader side and causes the voltage to drop. By changing the impedance of the sensor unit, the
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Figure 1.6 Collecting both power and transmitting data with the antenna.

voltage drop at the reader side changes. The condenser capacitance changes with the acoustic
waves, and the reflected impedance of the sensor unit can determine the magnitude of the voltage
drop in the reader’s side. This technique is useful to capture voice and lung sounds. It is thus a
good choice to monitor patients with pulmonary diseases. As such sensor can be small and wireless,

it can easily be attached to the body.

An analog to digital converter (ADC) - based sensor is shown in [62],[63]. These authors claim
that successive approximation register (SAR) ADCs are best suited to sensor nodes. Indeed, in
these two papers, a very energy efficient ADC is used, and it shown that it can work with an energy
harvester. A high resolution (i.e.12-bit) could be achieved to increase the sensitivity of the sensor.
These sensors have two resolution modes, 12-bit at 100 kS/s and 8-bit at 200 kS/s. However, both
modes consume 25 pW from 1 V, which is a little high for RF energy harvesting or even if the RF
energy harvesting is used for them. The read range (i.e. the distance from the RF source that the

sensor can work properly) would be very low with this level of energy consumption.

Authors in [64] presents a complete system for sensing the temperature in biomedical applications.
According to Figure 1.6, it consists of a radio frequency (RF) to DC converter, a temperature
sensor, and a transmitter. In this work, one antenna is used for collecting both power and for

transmitting data. The 902 to 928 MHz frequency band was used to transmit data because the loss
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at these frequencies is low in the body while the 2.4 GHz frequency was used for delivering power.
In addition, a low-power FM transmitter is used to send the measured data back to the base station.
This transmitter consists of a voltage-controlled oscillator (VCO) and one buffer to improve the
capability of the transmitter. For sensing, a current sensitive to temperature and proportional to
absolute temperature (PTAT) is generated. Moreover, the total power consumption of this system

is 109.6 uW, which is high for RF energy harvesting.

In a complete pressure sensor system is presented in [65]. This system consists of a RF to DC
converter (rectifier), a sensing unit, a voltage regulator, a voltage reference, and a transmitter. A
5.23 pF Micro electromechanical systems (MEMS) capacitor with 6.64 fF/mmHg sensitivity was
used in the sensor unit. These parameters were deemed suitable for pressure sensors and to
communicate data, a VCO was used to frequency modulate the data before sending them with

transmitter.

1.7 Thesis Objectives, Contributions and Methodologies

This work aims to:

e Propose a wireless battery-less system to sense environment factors.
e Design its various building blocks as low power circuits.

e Validate the functionality of the proposed design using proper CAD tools.

In this thesis, a wireless battery-less sensor is proposed. It is meant to operate by harvesting energy
from RF. The proposed wireless battery-less sensor consists of five main blocks: AC-DC converter,

oscillator, shunt regulator, peak detector, and tuning circuit.
The main contribution of this thesis has been reported in a conference paper, published in 2020

IEEE International Conference on Electronics Circuits and Systems (ICECS) [66].

1.7.1 Methodology

To achieve the stated objectives, a suitable system architecture and effective circuit implementation
of each block must be chosen to minimize the power consumption. This is necessary for the related

sensor node to be compatible with RF energy harvesting. Based on a thorough literature review,
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model is proposed and implemented with Simulink/MATLAB to evaluate the expected

performance. The steps that were followed are listed below;

1) A suitable technique for sensing was proposed,;

2) A detailed review of literature review on means to implement the various blocks was performed,;
3) A complete system architecture was proposed,;

4) Target specifications were defined;

5) The critical blocks of this system were implemented at transistor level and their performance

was evaluated.

1.8 Thesis Outline

This thesis is organized as follows: The proposed battery-less sensor is explained and investigated
in Chapter 2. In Chapter 3, the critical blocks of the proposed system are designed, and the
simulation results validating them are reported. Finally, Chapter 4 summarizes the work reported

in this thesis and some concluding remarks are given.
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CHAPTER 2 BASIC CONCEPTS AND OVERVIEW OF THE
PROPOSED SYSTEM

This chapter presents the architecture of the proposed battery-less wireless sensor exploiting an RF
energy harvesting technique. Also, the functionality of the proposed system is validated at the
system-level using MATLAB. Moreover, the feasibility of the various critical blocks is assessed in

order to define their specifications.

2.1 Basic Concepts

A key module of the type of wireless electronic object that is proposed in the thesis is its antenna.
As shown in Figure 2.1, an antenna can be modeled as the parallel combination of a resistor, a

capacitor and an inductor [65].

The quality factor Q of a resonant parallel RLC circuit is defined as:
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To reduce the energy loss in the circuit, we must decrease any series resistance. However, according
to Equation 2.1, for less damping, the parallel equivalent resistance of the parallel RLC model

should be increased to allow high Q factor.
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Figure 2.1 Parallel RLC circuit
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Figure 2.2 Q factor of the parallel RLC circuit.

Resonance occurs when the imaginary part of the admittance of the parallel RLC circuit becomes

XL = Xc 22
1 23
mirL = 2nf C
. 24
2nvLC

Where f; is the resonance frequency.

To understand the relation between the quality factor and impedance, the impedance versus
frequency for different resistance values and constant L = 1nH and C = 100fF are shown in Figure

1 1 2.5
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Other values are shown in table 2.1.

Table 2.1 Q Factor Values for Different Resistors

R (kQ) 1 2 3 4 5

Q 10 20 30 40 50

In conclusion, the maximum power theorem says that the source and load impedances must be

complex conjugates of each other.

2.1.1 Bandwidth of the Antenna

The bandwidth of an antenna is defined by the range of frequencies that the antenna can operate at,
and out of that range of frequencies, a signal is not detected by the antenna which is shown in

Figure 2.3. Some key relationship related to bandwidth are as follows:

fr 2.7
BW = fupper - f lower = 6

Where, fupper and fiower are the upper and lower cut-off frequencies, respectively. At fupper and fiower,
the power that can be dissipated in the circuit is half of the full power dissipated at the resonant

frequency, which is 0.5(1> R).
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Figure 2.3 Bandwidth of an antenna

In a resonant system, if the ratio between inductance and capacitance in an RLC configuration
changes, the resonance frequency changes, and consequently, the range of frequencies that pass
through the antenna also changes (Equation 2.7). It is also of interest that for maximum power
transfer, the transmitter frequency should be at the middle of the antenna’s bandwidth. Therefore,
it is important to adjust the bandwidth of the antenna by suitably tuning its resonance. For tuning,

there are two possible solutions:
1. Passive tuning

With passive tuning, the respective reactance of the inductor and capacitor must be suitably

selected.
2. Active tuning

It can be done by changing the reactance of the inductor and capacitor with variable component.
For instance, this can be done with varactors. Figure 2.4 shows a system with active tuning in which

a variable capacitor is used to set the resonance frequency of the circuit at the middle of the
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Figure 2.4 Tunable RLC circuit

passband of the antenna. Thus, in a system in which the transmitter frequency is fixed, any
environmental factor changing the inductance can be sensed by tuning the circuit with a variable
capacitor. For example, if the humidity changes in the environment, the inductance of the antenna
will change. As a result, to reach the maximum power transfer condition, we must change the
capacitance until we reach the maximum output power. The value of the capacitor in the new

condition reflects the variation in the environment, such as the ambient humidity.

2.2 System Architecture of a Proposed Battery-less Wireless Sensor
Chip

If we want to use RF energy harvesting to eliminate or to reduced reliance on a battery, an
architecture with very low power consumption blocks is required because the budget for power is
very limited. First, an AC to DC converter is required to convert the RF signal to the DC voltage
that provides the DC supply voltage for the other blocks.

A circuit is needed to detect when maximum power delivery is reached. Another module is needed
to adjust the value of the tuning capacitor in the front end. The proposed block diagram also
comprises a module that provides a clock for the entire system and one block that protects the

system when the instantaneous received power is too high.

Figure 2.5 shows the architecture of the proposed battery-less sensor chip and its associated antenna

used to collect RF signals and as a sensing element.
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Figure 2.5 Block diagram of the proposed battery-less sensor chip.

The AC-DC converter receives the RF signals from the antenna and provides a DC output voltage.
This voltage is then regulated with a shunt regulator that supplies power to the various circuits of
the sensor. In addition, a matching network composed of an array of 62 varactors needed to obtain
a 5-bit resolution (each thermometer output controls two varactors) is utilized before the AC-DC
converter to set the circuit at its resonance frequency to achieve maximum power delivery. In order
for the signal to noise ratio (SNR) to remain manageable, 5-bit resolution is considered for this
system. Therefore, when the antenna inductance changes because of a change in the environment,
such as humidity, the generated voltage from the AC-DC converter varies. Thus, a tuning loop is
proposed to achieve maximum power delivery. This loop exploits a peak detector, a counter, and a
block to convert the binary code provided by the counter to a thermometer code. A peak detector
circuit is used to monitor the voltage generated by the AC-DC converter and to set the value of an
up/down counter accordingly. This information can be used to tune the matching network until the
voltage provided from the AC-DC converter reaches its peak. The binary code generated by the

counter reflects the state of the environment when the loop settles.

In the proposed architecture, an array of 62 varactors is used to tune the matching network. The

capacitance of these varactors is changed via an applied biasing voltage. Adjusting capacitance
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with varactors is preferred to the use of switched capacitors to obtain a lower series resistance
compared to a combination of switches and capacitors. The binary code, which is generated by the
tuning circuit, is converted to a thermometer code controlling the varactors. An oscillator is
employed to provide a clock to the counter circuit, which is used in the tuning block. Since the
power budget in the proposed battery-less sensor is very limited, an ultra-low power oscillator
design is required. Moreover, the power consumption of the oscillator circuit should be independent
of temperature variations, as the sensor may need to operate over a wide range of ambient
temperatures with the same power consumption, thus a reference (bias) circuit is needed to stabilize

its operation.

The back scattering technique is adopted as a means to transmit the measured data for more
analysis. In this block, a counter starts counting until a specific value is reached. This determines
the sensing time sampling intervals. After this time, it sends a freezing command to the counter in
the tuning loop and the binary code, generated by the tuning loop, must be sent back. For this
purpose, two resistors and one MOS switch are used. To transmit 0, the switch is open, and the
transceiver sees minimum reflection from the antenna, and to transmit 1, the switch is closed, and
more reflection is detected by the transceiver. The signal which is detected by the transceiver is

shown in Figure 2.6.

Transceiver

2 0 ey

Binary codes

Figure 2.6 Typical signal observed with the back scattering technique.
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As aresult, the transceiver sees the large difference in the signal reflected by the antenna. Therefore,
with this technique, we can code the measurement value and the transceiver can detect this code.

To debug the system, one pin in IC is designed to measure the sensing value of this sensor chip.

2.3 System Level Implementation

As a first step towards implementing our proposed battery-less sensor, the behavioural model of
the system, shown in Figure 2.7, was built using MATLAB®. The AC-DC converter is modelled
linearly with an approximate model [50]. According to that model, the efficiency is 42.8%. The
extracted power from the antenna depends on the distance between the antenna and the RF source.
If the antenna is close to the RF source, it can provide more power compared to when there is a

greater distance from the RF source.

RF Signal
Oscillator
= 2e-06|
Count
Antenna v . Peak Detector S
Varactors AC-DC Eliyes Dellvery Peak Detector Olltput Sigl’lal

Figure 2.7 System modeling in MATLAB.

The power extracted from the antenna is multiplied by o, where a is set by the matching impedance
between the inductance of the antenna and capacitance of the varactors and in this model, a is
considered as a constant number. In the peak detector block, the peak of the signal is detected and
compared with the previous peak value and the upward or downward signal is sent to the counter.
Accordingly, the counter changes the parameter a in the varactor block each time until setting the

circuit at its resonance frequency.

Figure 2.8 shows the transient simulation results of the proposed system and also reveals how the

power delivered is changed as a function of the value of a that is considered as a constant in this
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Figure 2.8 Simulation of the behavioral model of the proposed design.
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behavioural model. The results are summarized in Table 2.2. Initially, the system receives 1.6 pW

and after changing the varactors by one step (increasing the value of two more varactors), the
received power improved to 1.8 uW. Consequently, the peak detector sends an upward signal, and
the varactor increases by another step. The power then reaches 2 uW which is the maximum power,
and again, the peak detector sends the upward command to the counter and the power decreases to

1.9 uW. Since the power is reduced, the peak detector sends the downward command at this time

and the power again comes back to its peak value. Then the system begins oscillating between these

two values. At that time, we consider that the optimal setting is settled as the system oscillates

around its optimal point that can rapidly track any changing external condition.



Table 2.2 Behavioral Model for Power Transient

Parameter T1 T2 T3 T4 T5
Power (W) 1.6 1.8 2 1.9 2
Peak detector 1 1 1 0 1
Counter 10011 10100 10101 10110 10101
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2.4 Subthreshold region

Since RF harvesting is used in our proposed system to provide power, all building blocks must be
designed with ultra-low power consumption, so that they can work with the limited harvested
power by the RF harvester, which is around several microwatts. Therefore, it is very important to

know which region of the operation of the MOS transistor is suitable for designing such circuits.

When the gate-source voltage is lower than transistor’s threshold voltage, the minority carriers are
present under the gate. This is called subthreshold, or weak inversion region. Simulation results of
both absolute and logarithmic plots of drain current of an NMQOS transistor versus its gate-source
voltage implemented in 180 nm technology are shown in Figure 2.9 and Figure 2.10, respectively.

In (mA)

M2: 537.292m 17.9306uA

Weak inversion

Strong inversion

00 1 |

|
|
T ‘ T
5 Vi 75 1.0 1.25 1.5 1.75 2.0
Vas (V)

0.0 25

Figure 2.9 Drain current of the NMOS transistor versus gate-source voltage
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Figure 2.10 Logarithm of the drain current versus gate-source voltage of an NMOS transistor

At first, especially in the digital domain, the weak inversion region is viewed as a problem (i.e.
leakage current), but nowadays, this mode of operation in MOS transistors has a lot of applications

and it is as important as the strong inversion.

In a weak inversion, like the strong inversion, we have two regions of the operation. Because it is
in saturation, the Vps must be approximately larger than 100mV, and the current formula in this
region can be written as,
=1 Vas 2.26
D = lo exp EVa
Where & > 1 is a nonideality factor, lo is proportional to W/L and VT is a thermal voltage and is

equal to kT/q, k is a Boltzmann constant, and q is the electrical charge on the electrons [1].

Since this equation is similar to that of the bipolar transistor, and with typical values of &, at room

temperature, Ves must decrease by approximately 80 mV to decrease Io by one decade [1].
For a quick comparison between the strong and weak inversions:

a. Strong inversion

e Two regions of the operation (saturation and triode)
e Need Vbs > (Ves — VTH) = Vov to be in saturation
e Fast speed because of the high current
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e Poor gm efficiency (i.e.,% is low)

2Ip

¢ em= (VGS - VTH)

b. Weak inversion

e Two regions of the operation
e Need Vbs > 100mV to be in saturation
e Slow speed because of the low current

e Good gm efficiency (i.e., ‘?—: is high)
ID

[ ] gm:m

According to the information presented above, the weak inversion (subthreshold) region is the best

choice for this application, in which low power is essential.

2.5 Feasibility

We believe that RF energy harvesting is a strong candidate for wireless battery-less sensor because
it is not time dependent; for instance, the energy, which comes from solar or wind, varies over time
due to weather conditions. The other benefits of using RF energy harvesting include the availability
of this source of energy, which is available everywhere, especially where other energy sources,
such as vibration or thermal, are limited [68].

Since the power of the RF energy harvesting is very limited and it is around several microwatts
[69], the feasibility check for some of the blocks in the proposed system is very important and

essential before starting on the design of the subsystems.

2.5.1 AC-DC converter

An AC-DC converter unit, which is shown in Figure 2.11, is used to provide the supply voltage for
the system’s building blocks. There are different techniques for designing the AC- DC converter

for RF energy harvesting, which are presented in the literature.

A voltage doubler-based AC-DC converter was presented in [69]. However, this technique shows
limited efficiency (9.1 % at 900MHz and 8.9 % at 2GHz). Controlling the threshold voltage

dynamically through the main transistors with the auxiliary transistor is another technique that is
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Figure 2.11 Sensor architecture

used in [70]. This technique is based on reducing the threshold voltage in forward biasing to
increase the harvested power and to increase the threshold voltage at the reversed bias to reduce
the leakage current and to reduce the loss of previously stored energy. As a result, a 12-stage
adaptive threshold-compensated rectifier was presented for this method [47]. This technique
showed an efficiency of 32 % at -15 dBm input, but for lower input, this efficiency is limited to
11%.

Cross coupled topology is another architecture that is widely used because of its good features such

as low voltage, self-starting circuit and dynamic threshold voltage compensation [36].

In [71], a bootstrapped capacitor is used to reduce the effective threshold voltage. With this
technique, the power efficiency at low frequency is increased (37 % at 0.8V in the source input).
However, it shows bad performance when operates with high-frequency input. Thus, this technique

is not efficient for RF energy harvesting.

In [50], dynamic and static bias compensation were used to decrease the transistors forward voltage
drop. This method showed an efficiency of 42.8% at -16 dBm input power and a frequency of 915
MHz. This AC to DC converter generated an output DC voltage of 2.32 V on a 0.5 MQ load. Due

to its good efficiency obtained, this technique is adopted in our proposed design.

2.5.2 Current reference

A current reference generator is needed in the proposed sensor to provide the constant current for

the other blocks. The generated current should be independent to supply voltage and temperature
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variations, to minimize the impact on the consumed power by the various blocks in the system such

as the oscillator.

Different techniques of robust current reference generators were reported in literature. In [72], two
PTAT (proportional to absolute temperature) currents are subtracted from each other to produce a

constant current with the temperature variation.

In addition, this design showed ultra-lower power consumption (45.8 nW). All of the transistors
are in the weak inversion region, which is suitable for this application, and its current variation with

temperature is about 186 ppm/°C.

In [73], one complementary to absolute temperature (CTAT) and one PTAT current are added
together to provide a constant current versus temperature. This design consumes 24 uW and shows

57 ppm/°C current variation with temperature.

2.5.3 Oscillator

The oscillator circuit is a key circuit in the proposed sensor. It is used to generate the clock signal
that drive the counter. Two main oscillator designs can be taken into consideration: an LC-oscillator
and a ring oscillator. Although LC-oscillators provide linear and stable performance, especially at
low frequency, they have some limitations, such as high-power consumption compared to ring
oscillators. In addition, LC-oscillators occupy a large area of silicon as a result of the employed
inductors and capacitors. On the other hand, ring oscillators achieve lower-power consumption and
smaller silicon area. Various low-frequency and low-power oscillators were presented in the
literature. In[74], a ring oscillator is introduced, which consumes 470 nW with a frequency
variation of £60 ppm/°C. Another ring oscillator is presented in [75], where its power consumption
is 280 nW with the frequency variation of £52.5 ppm/°C. An ultra-low power consumption (72nW)

oscillator was presented in [76] with the temperature dependency of 148 ppm/°C.

In this chapter, the proposed battery-less sensor node was presented, and its model was
implemented with Simulink/ MATLAB to evaluate the expected performance. Besides, a feasibility

study was done to understand the power budget for the total system and for each building block.
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CHAPTER 3 PROPOSED CIRCUIT LEVEL IMPLEMENTATION

This chapter presents the circuit level implementation of the critical blocks of the proposed system
and it consists of four main sections: current reference, oscillator, tuning block, and shunt regulator.
In addition, the tuning block part is composed of a peak detector, an array of varactors, and binary
to thermometer code conversion circuit, which are investigated in this section. In the following
sections, we provide a detailed explanation for each circuit and the critical circuits have been

implemented and simulated using a 0.18 um CMOS technology in the Cadence environment.

3.1 Current Reference Generator

Voltage and current references are very important in analog circuits to allow stable operation with

temperature and supply voltage variations. A current reference circuits provide a DC current that

PTAT CTAT

Current
Current

Temperature Temperature

Current

Temperature

Figure 3.1 Different forms of dependency to the temperature
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has little dependency on temperature and supply variations. Thus, two important parameters for

reference circuits are considered:

e Supply independent biasing
e Temperature variations
In most applications, we can observe three forms of dependency to temperature as shown in Figure

3.1. The dependency can be:

1. Proportional to absolute temperature (PTAT);

2. Complementary to absolute temperature (CTAT);

3. Temperature independent.

Various techniques were proposed in the literature to obtain circuits independent to temperature,
such as subtracting two PTAT currents from each other [48] and adding one PTAT and one CTAT
current [49]. A common strategy is to provide two equations that vary with temperature and

compensate them with each other by subtracting or adding them, etc.

To allow ultra-low power consumption, the transistors used in the current reference circuit should
operate in weak inversion (subthreshold) region. In the subthreshold region, the drain current can
be calculated using equation 3.1

Ves 3.1
Ip=Igexp'r

where lo is proportional to W/L and V7 is equal to kT/q, k is Boltzmann constant and q is the
electrical charge on an electron [1]. According to equation 3.1, CMOS transistors in a subthreshold
region behave like bipolar transistors, thus Vs is CTAT [67] (i.e. when temperature increases, Vs

decreases). In addition, we can obtain AVgs as

AVes = Vagsi - Ves? 3.2

AVes = V7 In “I‘Dl V7 In b2 3.3

01 loz2
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Figure 3.2 AVes (2) and Ves (b) variations of a CMOS transistor with temperature

If two identical transistors (lox = lo2) are biased at drain currents of nlp and Ip, we can write

AVes=VtInn 34

Thus, AVes exhibits a positive temperature coefficient, PTAT:

0AVGS K 35
= —Inn
aT q

Interestingly, this temperature coefficient is independent of the temperature and the behavior of the
drain current [67]. The simulated changes of AVgs and Ves of a CMOS transistor versus

temperature are shown in Figure 3.2 (a) and Figure 3.2 (b), respectively.

Figure 3.3 shows the transistor level implementation of a current reference circuit. A start-up
circuit is needed for the current reference circuit, because this circuit has two stable DC operating
points. One of them is zero output voltage, so a start-up circuit is needed to guarantee that the
reference circuit will not be working at its zero DC operating point. Once the circuit is pulled out

of this zero DC operating point, the start-up circuit is disconnected to reduce power consumption.
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Figure 3.3 Circuit diagram of the proposed current reference generator.

The start-up circuit shown in Figure 3.3 consists of three PMOS transistors, M1, M2, M3, and a
capacitor C1. At first, transistors M1 and M2 are ON because the gate of these two transistors are
connected to the ground and transistor M3 is also ON, because the capacitor C1 is not charged yet.
After charging the capacitor through transistor M1, M3 turns OFF and the start-up circuit

disconnects itself.

A current reference circuit is utilized to provide a constant current to the oscillator circuit to
control the power consumption of the oscillator. According to Figure 3.3, it consists of eight MOS
transistors M4-M11 and one N-well resistor, R1. Based on circuit simulations, this circuit consumes

only 32 nW from its 1 V supply, which is suitable for ultra-low power applications.

In this circuit, R1 is inserted between the gates of transistors M4 and M6. Thus, the bulks and the
sources of these two PMOS transistors can easily be connected to the voltage supply to avoid body

effects. In addition, an extra branch is needed to bias the drain-source voltage of the PMOS
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transistors for biasing a circuit at the voltage, which is needed for the desired current, which is
planned for. In this current reference, medium-threshold voltage (MVT) transistors have been used
to implement transistors M5 and M7 to make a self-biased circuit for removing the extra branches,

and as a result, reducing power consumption.

By performing a KVL on the loop including transistors M4 and M5 (M6 and M7), drain-source

voltages of M4 and M6 can be expressed as:

Vps-m46 = Ves-Ma,6- VGs-ms7 3.6

Difference of two gate-source voltages of transistors M4 and M5 in the subthreshold region is
almost proportional to the difference of their threshold voltages [1] which is the difference between

the regular threshold voltage and medium threshold voltage in this technology.

The main idea of this strategy is to bias this circuit at the point where the reference current is less
sensitive to temperature variations. In this design, all transistors are biased in their weak inversion
region. The voltage across resistor R1 can be written as:

Vas 3.7
Ip=Ilyexp'r

VGS4 = VT In pa 3.8
Io
VGS4 = VT In Ipe 3.9
)
VR1 = Ves-ms - Ves-ma 3.10
=V In2=Ms /o |p DoMa 3.11
I I
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Figure 3.4 Variations with temperature of (a) N-well resistance, and (b) the voltage across
resistor R1 in the current reference

According to the above equations, the difference of two gate-source voltages in the subthreshold
region is proportional to the thermal voltage (V7). As depicted in Figure 3.4 (a) a N-well resistor is
PTAT. Thus, the voltage across the N-well resistor (Vry)is also PTAT. The current flowing through

R1 can be written as:

lpes = Vr1 3.12
Ref R
Current Variation = + 27.16 ppm/°C Current Variation =+ 0.114 %
Alges= 0.11 nA
163 Lo = 16.28 —> 16:25 L = 16218 nA  —p

ié, 16.2 é 16.2
c Imin = 16.17 g
,_°.‘ min - —z e
16.1 1 nA_ ' ' . ‘ 16.17 <— l...=16.181 nA ‘
-40.0 0.0 85.0 0.9 1 1.1
Temperature Supply Voltage (V)
(@) (b).

Figure 3.5 Reference current as a function of (a) Temperature variation and (b) Supply voltage
variation.
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Since Vr1is PTAT and the N-well resistor is also PTAT, a proper biasing level allows the effects
of these two PTATS to be compensated (by equalizing the values of their slopes) and the current at

that biasing point is almost independent of temperature variations.

The voltage across the N-well resistor in the current reference versus temperature variation is
plotted in Figure 3.4 (b), and according to Figure 3.4(a) and Figure 3.4(b), they both increase with
temperature and they are PTAT, so the effect of these two PTATS can compensate each other when
the voltage across the resistor is divided by the resistor value and the current becomes almost
independent to temperature variations. Moreover, the generated reference current versus
temperature is plotted in Figure 3.5 (a), where it deviates only 0.34% from its nominal value (16.2
nA) over a temperature range between -40 and 85 °C. In addition, the reference current as a function
of the supply voltage variation is plotted in Figure 3.5 (b). The current shows only 0.114% variation
over +10% variation in the supply voltage, so the supply voltage variation has a negligible effect
on the total current consumption of the system. The performance of the current reference circuit is
summarized and compared with similar designs in Table 3.1. As shown in this table, our presented
design achieves a good performance when compared to other cited designs in terms of the power

consumption and current variation with the temperature.

Table 3.1 Performance summary and comparison of the proposed current reference.
[83] [84] [73] [85] This work

Reference (simulated) = (simulated) (simulated) (simulated) [86] (simulated)
CMOS
Technology 0.35 0.09 0.18 0.35 0.18 0.18
(Hm) 40
Temperature -20 to 0to -20to -40 to
Ran%e(°C) 80 70 300135 60 to 85
100
Supply
Voltage (V) 1.2 0.5 2.4 11 1.8 1
Power
Consumption 0.073 0.234 24 0.054 3 0.031
(W)
Current
Variation + 335 476 57 +212 577 +30

(ppm/°C)
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This current reference has three main features: first, it consumes very low power, only 32nW, which
is suitable for the proposed sensor. Secondly, it is of interest that it has a minimum number of
branches, for typical bandgap circuits usually comprise at least three branches. The last main point
is the low dependency to temperature and supply voltage, which are plotted in Figure 3.6 (a) and
3.6 (b), respectively.

3.2 Oscillator

Oscillators are used in many analog circuits and they are a part of many systems, such as clock

generation in analog to digital converters (ADCs) and microprocessors.
Oscillation can result of ill designed feedback in a amplifier [1]. An amplifier with negative

feedback is shown in Figure 3.6, and its transfer function can be calculated as

Vout ~ H(s) 3.13
Vin ()= 1 +H(s)

We have oscillation if the loop gain of the negative feedback system meets two conditions [1]:

[HGMo)| > 1
~H(jMo) = 180°

When designing an oscillator, we typically choose the loop gain to be two or three times that
required for having oscillation in presence of the process and temperature variations. Two main

classes of oscillator architecture can be considered in our system to generate the required clock

Vin H(S) e® V0

Figure 3.6 Amplifier with the feedback
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signal: LC oscillators and ring oscillators. Although LC oscillators provide linear and stable
performance, especially at low frequency, they consume high power compared to ring oscillators.
In addition, LC-oscillators occupy large silicon area to implement inductors and capacitors. On the
other hand, ring oscillators achieve lower power consumption and typically occupy a small silicon
area.

3.2.1 Ring Oscillator

Since power consumption is very important in our application, we can start from the single stage
inverter with feedback that consumes minimum power because it has only one stage. Unfortunately,

this circuit is not oscillating because it has only one pole. So, we need at least two stages providing

Vin -0 Vout

Figure 3.7 Three-stage ring oscillator

at least two poles to get a 180° phase shift. Unfortunately, from the standpoint of oscillator design,

this circuit behaves as a bistable latch and does not oscillate.

As shown in Figure 3.7, a three-stage ring oscillator is used in this work. It allows low-power

consumption and low area. The transfer function of the three-stage ring oscillator can be written

as.
A3 3.14
1+ — ’
Vout( )— ( * JCO_O>
Vin © A

l-——=
S
(HjWo)
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Figure 3.8 Transistor-level implementation of the proposed low-power oscillator

A3 3.15

3
(1+j%0> +A3

According to the above equation, we have three poles in our oscillator.

S1=(-A 1) Wo 3.16
Sip= [A(lzj\/?) 1] Mo 3.17

Considering that we have one Tp delay for each inverter, the loop delay that defines the period is
6Tp. Thus, the oscillation starts at a frequency that can be calculated from equation 3.15 and then
grows until the frequency shifts to 1/(6Tp) [1]. Figure 3.8 shows the schematic of the proposed 3-

stage ring oscillator topology. It consists of three main circuits labeled: start-up, current reference,
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Figure 3.9 Oscillation frequency as a function of temperature

and core oscillator. The start-up and current reference circuits were described in the previous

section.

A three-stage ring oscillator circuit has been implemented for the core oscillator part, where each
stage is loaded by a 155 fF capacitor to increase the delay (Tp) for each stage and allow low-
frequency operation. In this design, the current is mirrored from the bottom side (NMOS

transistors) and variations in the frequency with temperature, which are shown in Figure 3.9,

395] @ — Fpax = 39.3 kHz

AF = 3.298 kHz

Frequency (kHz)

Fnin = 36.05 kHz

9 95 1.0 1.05 1.1
Supply voltage (V)

Figure 3.10 Oscillation frequency as a function of supply voltage variation
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Figure 3.11 Oscillator with a regulation circuit
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follow the current that is provided from the reference circuit because that current is forced to the

core oscillator block.

However, the oscillation frequency of the circuit which is shown in Figure 3.8 is dependent to

the supply voltage variation. According to Figure 3.10, it is 4.37% variation from its nominal with

+10% variation in the supply voltage. Power consumption of the proposed oscillator for different

process corner cases is shown in Table 3.2.

One possible solution to reduce the impact of supply voltage variations on the oscillation frequency

(supply rejection ratio and line sensitivity) is the use of a high-gain amplifier (two-stage amplifier)

with negative feedback as shown in Figure 3.11.

Table 3.2 Power consumption of the proposed oscillator for different process corners

Corner

TT

FF

SS

Power Consumption (nW)

58

89

42
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Supply variations can be compensated by the loop gain of the negative feedback. As shown in
Figure 3.12, the simulated variation in the generated oscillation frequency due to £10% changes in
supply voltage is 0.19%. To increase the loop gain, a two-stage amplifier is designed. Moreover,
a miller capacitor C2 is used to enhance the stability of the circuit and, to choose the value of this
capacitor, a phase margin of 45 degrees is considered. Thus, the unity gain is chosen to be exactly
below the second pole ((Dp1), which is at the output of the first stage. The value is transconductance
of the first stage (gmm27) over the total capacitor, which can be seen at that node that consists of
the parasitic capacitors (Cpar) at that node, plus miller capacitor C2, multiplied by the one plus the
gain of the second stage, which is transconductance of transistor M29 multiplied by the output

impedance.

_ gy 3.18
Q)pl (1+gmmz29RO) C2 + Cpar

This can be seen at the core oscillator, but the value of capacitor is chosen slightly more than that
value for some margins. In this system, the two-stage amplifier is used to tune the oscillator output
frequency. All employed MOS transistors are designed in a weak inversion to decrease the power
consumption. At the first stage, an OTA (five transistor amplifier) is used, which is followed by

common source stage in a negative feedback configuration.

As Vrer (Which can be generated by a bandgap circuit) rises, transistor M27 begins to draw current
from M25, turning transistors M24 and M26 on. Note that, since Ip2s = Ip24, we have Ip27 = Ip2s and

Vs27 = Vasze. Therefore, Vout = VRet.
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Figure 3.12 Oscillation frequency versus supply voltage changes

However, adding the two-stage amplifier to the oscillator circuit increases the power
consumption from 58nW to 107.3nW. In addition, this oscillator is designed to be used in the
proposed battery-less sensor, where the variation in the frequency with the supply voltage is not
significant. Indeed, a shunt regulator is used to reduce sensitivity and a small frequency variation
has no significant effect on the sensor performance. Although the solution with a high-gain
amplifier is not used, according to Figure 3.10, frequency changes only by * 4.3% over £10%
variation in the supply voltage, which does not have an effect on the functionality of the proposed

system.

Voltage control oscillator

V Control = (VCO)

— (Dout

Figure 3.13 Voltage-controlled oscillator (VCO)
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Figure 3.14 Frequency versus control voltage

It worth noting that the presented oscillator could be modified to a voltage-controlled oscillator
(VCO) to generate a tunable oscillation frequency depicted in Figure 3.13. This VCO is needed for

several applications such as phase-locked loops, frequency synthesizers, etc.

The output frequency of an ideal VCO is a linear function of its control voltage, as shown in Figure

3.14 and the equation describing it can be written as
Mout = Mo + Kvco Vcontrol 3.19

Where, Kvco is defined as gain or sensitivity of the VCO (expressed in rad/s/V) and also, tuning
range can be defined as an achievable range in frequency (i.e. 02 - ®1). The actual behavior of the
VCO circuit exhibits nonlinearity (i.e. Kvco IS not constant across the tuning range) because of the
nonlinear components that we have in the circuit. Thus, VCO’s linearity could be improved with
minimizing the variation of Kvco. Supply rejection ratio or line sensitivity is another important

factor in designing VCOs, especially if they are realized in a single-ended form [1].

To control the output voltage of the oscillator, one DC voltage is enough, but it is important that

it does not stabilize at (I = 0); it is common to use a source follower transistor as a buffer, but in
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Figure 3.15 Transistor-level implementation of the proposed VCO

that way, because V¢ operates in subthreshold region and is CTAT (complementary to absolute
temperature), its characteristics change with temperature. Therefore, one of the reasons to employ
a two-stage amplifier is to reduce the effect of Vg , which is CTAT with negative feedback. Figure
3.15 presents the schematic of the proposed VCO, where a two-stage amplifier oscillator. It is
important that its characteristics be independent of temperature, which further is used to tune the

oscillator’s output frequency.

All MOS transistors used in this circuit are operated in weak inversion to decrease power
consumption. At the first stage, an OTA (five transistor amplifier) is used followed by a common
source stage in negative feedback configuration. This circuit is a well-known regulator
configuration, one inverter is used at the end to reduce the transition time of the oscillator’s output
signal. It is worth noting that this inverter is supplied from the main supply voltage (Vbp), and thus,
the output signal goes up to Vpp and is not limited by the upper voltage of the core oscillator, which

changes while tuning the circuit.

The charge of capacitors can be expressed as:
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Figure 3.16 VCO output frequency versus its control voltage (\VVcont)

Q=CV 3.20
l=c% 3.21
dt
I=C xAVx Af 3.22
Af=— 3.23
C XAV

According to the above equation and Figure 3.16, the current and the capacitor’s values are
constant, thus the frequency is proportional to the control voltage (Vcont). This means that if the
voltage across the capacitor is increased, the frequency will decrease. Moreover, changes in VCO’s
power consumption with the output frequency is plotted in Figure 3.17. According to this Figure,
power consumption is increased as frequency is reduced because the current is constant and if we

have a larger voltage, it takes more time for discharging the capacitors.
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Figure 3.17 Changes in VCO’s power consumption With increasing the output frequency

3.2.2 Post-layout simulation results

The proposed oscillator has been implemented using a 0.18 um standard CMOS process. The
layout view of the implemented oscillator is shown in Figure 3.18. Its implementation consumes

190 pm x 120 pm silicon area. Figure 3.19 shows the effect of the temperature variations on the

..............................................................

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

120 um

Figure 3.18 Layout view of the proposed oscillator
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oscillation frequency. It is found that the generated frequency changes by only £+ 0.43% from its

37.7 kHz nominal value, when temperature varies between -40 and 85 °C.

The implemented oscillator consumes only 58 nW from its 1 V supply. In addition, it shows a
temperature coefficient of 70 ppm/°C (x 35 ppm/°C), which is suitable for the proposed low-power
battery-less sensor node. The reference current variation in response to £10% variation in supply
voltage is plotted in Figure 3.20 (a), where the current deviates by only £0.12% from its nominal

(16.2 nA) value. Similarly, when temperature varies between -40 and 85 °C, Figure 3.20 (b) shows

Frequency Variation = + 35 ppm/°C

~N
T Frax = 37.96
38.0 ; max —>
< ] kHz
%)
& 37.65]
g E me = 37.63
T 3751, kHz . . . .
-40.0 0.0 85.0
Temperature

Figure 3.19 Output frequency as a function of temperature

Current VVariation = 0.12 % Current Variation = + 30 ppm/°C

Alges = 0.12 NA
16.22 16.3 I =163
) lmax = 16.212 NA  —, max K
< <
?:5 16.2 £ 16.2
5 5 lmin = 16.18
~ 1618 =l =161910A = 4eqf DA
-40.0 0.0 85.0 -40.0 0.0 85.0
Supply Voltage (V) Temperature
(a) (b)

Figure 3.20 Reference current as a function of (a) Temperature variation and (b) Supply
voltage variation
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Table 3.3 Performance summary and comparison of the proposed oscillator.

Reference [87] [88] [89] [90] [76] This work
(sim)  (sim)  (sim) (sim) (simulated)
CMOS 0.35 0.065 0.11 0.13 0.25 0.18
Technology
(Hm)
Temperature Oto -55to -20to -30to -20to -40 to
Range (°C) 80 125 80 85 80 85
Supply Voltage 1 0.6 1.2 1.2 0.8 1
(V)
Oscillation 80 1380 20 40.2 6.4 37.7
Frequency 0
(kHz)
Power 1.14 528 4.9 0.93 0.075 0.058
Consumption
(HW)
Frequency 1421 225 314 101 148 +35
Variation
(ppm/oC)
Area 0.24 NA NA 0.025 1.08 0.0228
(mmz2)
FOM 142  3.82 245 23.13 11.71 15
(nW/kHz)

that the current varies only 0.12 nA. It was also found that £10% variation in the supply voltage has
a negligible effect on the total current consumption of the system. Table 3.3 summarizes the
performance of the proposed oscillator. This table shows that the proposed oscillator design
achieves a good performance (power consumption, area and frequency variation with temperature)
when compared to the state of the art. The figure of merit is defined as the power consumption
divided by the oscillation frequency, and this work shows competitive performance compared to

the other reported works.

3.3 Tuning block

Figure 3.21 shows the tuning loop which is designed to set a proposed system at its resonance
frequency to achieve maximum power delivery. According to Figure 3.22, this loop exploits a peak

detector, a counter, a block for binary code to thermometer code conversion, and a digital to analog
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converter (DAC). The peak detector circuit is used to monitor the generated voltage from the AC-

DC converter and to control the counter upward or downward. This information can be used to tune

the matching network, until the voltage provided from the AC-DC converter reaches its peak. The

binary code generated from the counter, when the loop settles, reflects the state of the environment.

3.3.1 Digital to Analog Converter

this block converts the digital input (Ain) to an analog output (Vout) through an analog reference

(\VRref), Which is shown in Figure 3.23. The relationship between these three signals can be written

as:
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Ain — DAC — Vout

Figure 3.23 Digital to analog converter (DAC)

Vout = VRef X ( Al 2-1 + A2 2-2 + ...+ An 27" ) 3.24

Where n represents the number of bits that DAC is designed for.

In all of the data converters, there are two fundamental errors, the Integral Nonlinearity (INL) and
the Differential Nonlinearity (DNL)[77]. The transfer function of an ideal data converter is a
straight line and deviation from that line after both the offset and gain errors have been removed
can be defined as INL error. In addition, each step size in an ideal data converter is equal to 1 LSB
and 1 LSB is defined as:

VRef 3.25

The variation in analog step size away from 1 LSB when gain and offset errors have been removed
can be defined as DNL. Also, we can define the monotonicity of the data converter as the output
that always increases as the input is increased, which means that the slope of the transfer function
of the data converter has only one sign. If the maximum DNL error is less than 1 LSB or the
maximum INL error is less than 0.5 LSB, a converter is guaranteed to be monotonic [53]. Different
types of the DACs exist such as R-2R-based DAC and capacitive DAC. Each one has its own
benefits; for example, capacitive DAC has a better Integral nonlinearity (INL) error [78], so they

have their own applications.

Switches can have a large series ON resistance that increase power consumption. In this work,

varactors are chosen because they have a lower series resistance compared to switches.
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Figure 3.24 Controlling varactors for delivering maximum power

3.3.2 Varactor Designs

Figure 3.24 would be a good choice for this application because there are only two terminals after
the antenna (RF+ and RF-) and there is no ground or virtual ground. The DC voltage at these two
terminals are half of the final DC value [50], which is 0.5V in our work.

According to Figure 3.24, two varactors are used in series and the upper plate of the top varactor is
connected to the RF+ terminal and the same plate of the other varactor is connected to the RF-

terminal. In addition, the voltage between them is set by a binary to thermometer converter block
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Figure 3.25 Capacitance tuning range of the two varactors available in the 0.18 um CMQOS
process
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and as a result the value of the varactor is changed. So, identical units of the varactors can be used.
By changing the voltage at the middle point of two varactors that this voltage comes from a binary
to thermometer code conversion, the total capacitance can be determined. We can change it until
receiving the maximum power, which is detected by the peak detector. Then, the capacitance is
monitored, which indicates the variation in the environment parameter to be measured. For 5-bit
resolution, we need 62 units of the varactors. When selecting the varactor, the important thing is
the capacitance tuning range. In the 0.18 um CMOS process, only two varactors are offered. They
can be simulated as shown in Figure 3.25. According to this figure, the varactor response shown in

red has a wider capacitance tuning range over the performance shown in blue.

3.3.3 Counter

A counter is a fundamental and important block in a digital system. Counters have many
applications, such as timing operations, controlling other blocks, and use as a frequency divider.
Figure 3.26 shows the logic diagram of the employed synchronous counter [79]. This counter
comprises five flip flops, because our sensor is designed for 5-bit resolution. To reduce the settling
time and to be closer to the ideal setting of the matching network, it was decided to start the counter

from its mid-range value. Therefore, the counter starts from the “10000” binary code.

One of the other issues that must be considered is whether the peak detector will send the upward

command when the counter reaches its peak. In a classical counter, it will continue from the bottom

Up/

Down P IR fD PIR fD PR
|

CLK Qo Ql

vad—{ LK :D—E eee I [ :;:
_|—D— _‘—D ;

Figure 3.26 Controlling varactors for delivering maximum power
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Figure 3.28 Output waveforms of the counter

side. Also, when the counter reaches its minimum value and receives the downward command, it

will continue counting from the top. To solve this issue, the circuit, which is shown in Figure 3.27,
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is designed. As a result, when the peak detector sends the upward command to the counter, the
counter sees the downward command and starts ringing between the maximum state and the state
just before the counter reaches its peak. For the downward counting, when it reaches the end, the
peak detector sends the downward command, and the counter will see the upward command and
start switching between the minimum state and the state before the minimum, which shows that the
counter reaches its minimum value. In this case, we can state that the counter saturates either at its
top or bottom value, but it is still functional for real-time sensing. Figure 3.28 shows the

functionality of the counter circuit, which starts oscillating between its two maximum values.

3.3.4 Binary to Thermometer Code Converter

In a thermometer code, a value representing number N has the lowest N bits as “1”, and the other
bits are set to “0”. So, to move from N to N+1, the rightmost “0” is just changed to “1”. Table 3.4
shows an example of 3-bit binary and thermometer codes.

The binary code, which is generated by the counter, is needed to convert to a thermometer code to
control the varactors. With this technique, each time the value of one of the units of the varactors
is changed until it reaches its settling value.The transient simulation and the logic diagram of the
binary to thermometer code converter is shown in Figure 3.29 [80]. It worth noting that when the
binary to thermometer code converter reaches its maximum value, which is T31, it starts ringing
between T30 and T31, which indicates that the loop is settled. Since the proposed sensor is a real-

time sensor, it must remain functional after reaching the maximum or the minimum values of the

counter.
Table 3.4 bit binary and thermometer
Decimal Binary Code Thermometer Code

D2 D1 Do T1 T2 T3 T4 Ts Ts T7
0 0 0 0 0 0 0 0 0 0 0
1 0 0 1 0 0 0 0 0 0 1
2 0 1 0 0 0 0 0 0 1 1
3 0 1 1 0 0 0 0 1 1 1
4 1 0 0 0 0 0 1 1 1 1
5 1 0 1 0 0 1 1 1 1 1
6 1 1 0 0 1 1 1 1 1 1
7 1 1 1 1 1 1 1 1 1 1
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3.3.5 Peak Detector

A peak detector circuit is used in the proposed battery-less sensor node to measure the peak of the
signals. It shows the highest value of the waveform. A simple configuration of a peak detector uses

a diode and a capacitor.

The diode (D1) conducts the positive half cycle of the input signal and the capacitor is charged to
the peak of the signal. When the input signal goes below the peak value, the diode becomes a
reversed bias and blocks the current from the capacitor to the source. The main limitation of this
configuration is loading the input signal because the diode behaves as an instant switch. Therefore,
designing one buffer before the diode is needed to avoid the loading effect, while the capacitor is

charging during the positive half cycle of the input signal.

In ultra-low-power designs, it is very important to reduce complexity to reduce power consumption.
Furthermore, in this work, a very accurate peak detector is not needed because we just need to
design a circuit that can follow the changes in the peak of the signal. Figure 3.30 shows the
schematic of the peak detector used in the proposed battery-less sensor node, where the RF signal

is tracked by transistors M1 and M2, which are designed in a subthreshold region. They act as a
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Figure 3.30 Transistor-level implementation of the proposed Peak detector
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Figure 3.31 Output of the peak detector

source follower, so the source follows the voltage at their gate node until capacitor C1 charges to

the peak value. Then, because the gate-source voltage becomes zero and even negative, the

600.0 -
500.0 1
400.0 1

300.0

Peak Detector (mV)

2000

100.0 -

0.0 : R S -ILENT T N e SR S NN R SR B T FE e B Cam S |
0.0 100.0 200.0 300.0 400.0 500.0
Peak of the Input Voltage (mV)

Figure 3.32 Peak detector voltage versus the peak of the input signal
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Figure 3.33 Output of the peak detector

transistors turn off and their source no longer follow the voltage at their gate. The PMOS transistor
M1, detects the negative peak of the RF signal, while the positive peak is detected by the NMOS
transistor M2. Thus, the voltage across the capacitor C1 is the peak-to-peak voltage of the RF
signal. Then, the signal is filtered through the low-pass filter constructed by R1, C3, R2, and C2.
We can then obtain a more constant and stable voltage signal, which is shown in Figure 3.31. The
peak value, which is detected versus the input peak voltage, is shown in Figure 3.32 and this Figure
presents, the proposed peak detector circuit can track the peak of the input signal. Strong arm
comparator is used in this work and it consists of the two parts, a preamplifier, and a latch part [81].
A preamplifier is used to reduce the effect of the kickback error [77] and amplify the input signal.
This amplified signal is then seen by a latch circuit. A differential common source topology with
the diode connected transistor as a load is designed for this purpose. For an offset cancellation,
complimentary switches which consist of a NMOS transistor, in parallel with a PMOS transistor,

is used. Both must turn off at the same time,
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and by selecting the appropriate aspect ratio (W/L) of the NMOS and PMOS switches, a channel
charge injection error can be compensated [1]. Offset voltage is stored across the capacitor C4 and
C5 during the reset phase and then the error is cancelled during the comparison phase. The latch
circuit consists of two inverters that creates a positive feedback for regenerating the analog signal
to the full-scale digital signal.

The functionality of the proposed peak detector and the comparator is shown in Figure 3.33. When
the amplitude of the RF signal is changed, the peak detector, detects that and the comparator,

compare the peak with the older ones and the output of that is shown in Figure 3.33.

3.4 Shunt Regulator

A voltage regulator is used to regulate the voltage levels in the proposed sensor and the resistance
of the regulator changes, with both the input voltage and the load. Therefore, regulating block is
acting like a variable resistance to adjust the output voltage. Two types of voltage regulator exist;
a voltage regulator may be in parallel with the load (shunt regulator) or may be between the source

and the load in a series (series regulator).

A shunt regulator provides a path from the supply voltage to the ground with a variable resistor,
which is in parallel with the load of the circuit. Compared to series regulators, it is simpler and

suitable for low-power circuits, because the dissipated current is too small.

Battery-less sensor chip
Shunt

Regulator

System

Antenna —_—

Figure 3.34 Shunt regulator
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Figure 3.35 Voltage versus current

In the proposed wireless battery-less sensor because RF energy harvesting is used for the
energy source, it can provide different voltages, which is dependent on the distance from
the source of the energy. Therefore, a circuit needs to be designed to protect the system.
This block does not need to be very accurate; the purpose of this block is only to provide
protection to the proposed sensor.

As shown in Figure 34, three diodes in series configuration are used in parallel with the

system to provide the required protection. This design is simulated in Fig. 3.35.

According to Figure 3.35, when the voltage is 1V, the current, which is consumed by the
shunt regulator, is 28.36 pA. By increasing the voltage, the current increases, and because
the power delivery is limited by the RF source, the voltage starts to drop. It can protect the
system for a higher voltage level. It is shown that at the voltage value of 1.8 V, the current
grows to 954 nA, and at 2V, the current goes to 12.69 pA, which is higher than the capacity
of the RF source. As a result, the voltage starts to drop.

3.5 Simulation Results

Circuit-level simulations of the proposed system are presented in this section.
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Figure 3.36 shows the performance of the peak detector, comparator, and oscillator. The

peak detector sends the upward signal to the counter until the amplitude of the RF signal

is reduced and the peak detector detects that condition before sending a downward signal

to the counter. The binary code which is generated from the counter is depicted in Figure

3.37, then this code is converted to a thermometer code as shown in Figure 3.38
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Figure 3.38 Transient simulation of the binary to thermometer code converter

Less complexity and merging the circuits with each other for achieving the minimum
blocks are considered in all the circuits in this chapter for achieving a lower power
consumption in compared to the state of the art [55].
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CHAPTER 4 CONCLUSION AND FUTURE WORK
RECOMMANDATIONS

4.1 Summary

An integrated wireless battery-less sensor was proposed in this thesis. The main idea of the
proposed sensor is to sense environmental changes such as humidity through an antenna
and a tuning technique. The main concept of this system is completely analyzed and
investigated. In addition, the essential blocks needed to implement the proposed system are

designed to obtain a very low power consumption.

The proposed sensor consists of five blocks: an AC-DC converter, a current reference, an
oscillator, shunt regulator, and a tuning circuit. The system architecture and its building
blocks are chosen to minimize power consumption. Indeed, this sensor is designed to
operate from harvested RF energy that provides very limited power. Therefore, reducing
power consumption is a main priority of this project. To evaluate the performance of the
proposed system, a behavioral model of the system was implemented with
MATLAB/Simulink and the simulation results were reported. A feasibility check was done
to better understand the power budget for the total system and for the main blocks of the
system. Then, the main blocks were implemented and simulated using a 0.18 pm CMOS
technology in the Cadence environment. An ultra-low power current reference was

designed. It consumes only 31 nW.

The current reference circuit has three main points of interest: first, it has very low-power
consumption. Second, it has a minimal number of branches - only two - and the latter has

very low dependency on the temperature and supply voltage variations.

The current changes only by £0.37% from its nominal value (16.2 nA) over temperatures
ranging between -40 and 85 °C and the reference current variation in response to +10%
variation in the supply voltage is only £0.14% from its nominal 16.2 nA value.
Additionally, an ultra-low-power oscillator with low sensitivity to temperature variations
was designed to generate a necessary clock signal. This oscillator is intended for ultra-low

power and low-frequency applications. It consumes only 58 nW from a 1 V supply, while
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occupying 190 pum x 120 um of silicon area. In addition, it shows temperature sensitivity
of £ 35 ppm/°C over temperatures ranging from -40 to 85 °C. The proposed structure has
been designed and simulated with a 0.18 pum standard CMOS technology. The proper
functionality of the presented design was validated through post-layout simulation results.
The complete sensor comprises a tuning loop that consists of a peak detector, a comparator,

a counter, and a binary to thermometer code conversion block.

4.2 Future work

There are a few promising avenues for future work:

e The assumed communication protocol that has been considered in this work is
backscattering, but for better communication, a standard protocol such as Bluetooth Low
Energy (BLE), ZigBee, and Wi-Fi could be used for communication.

e If higher accuracy for the sensor is needed, the accuracy could be increased via certain

digital coding techniques.

e To obtain more compact wireless battery-less sensors, a tag antenna could be designed
instead of a PCB-based antenna [82].

e Digital Optimization.
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