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Abstract

Going wireless has revolutionised handheld and wearable devices today.
On comparing battery technology with other aspects of portable device
technology, it has been a bottleneck in new innovation of miniaturised
electronic devices. In this work, first energy harvesting techniques are
discussed followed by wireless power transfer methods. Eventually it is
concluded that magnetic resonance inductive power transfer method is
most suitable to implement as wireless power transfer method. Then
this technique of cordless power transfer is discussed, analysed and
implemented assuming BLE as a typical load to be wirelessly powered
or charged. In the course of WPT implementation, the modules like
inductive link, rectifier and LDO are designed in 90nm CMOS tech-
nology. Finally WPT chip is designed and produced. This project con-
cludes with comparison of simulated and measured performance of the
WPT chip.
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Introduction and Background



Chapter 1

Introduction

1.1 Motivation

We start with the technology development trend in microelectronics.
The progress of different aspects of technology is discussed and com-
pared with power/battery development. We end the chapter concluding
the need for going cordless for suppling power for microelectronics.

1.1.1 Technology Trend
Size and Weight : Lighter and Tighter

Reduction in size and weight has been most dramatic that in course
of some decades miniaturisation trend went from a room-sized fixed
electronic into a wearable device. Most important milestone contrib-
uting for lighter and tighter devices is development of transistor in
1950s replacing large and bulky vacuum tubes, and development first
IC in 1965 making it possible to integrated hundreds of transistors on
a single silicon substrate of some square mm. Since then as stated by
Moorse’s law, IC size is continuously shrinking. A typical modern IC
now consists of billions of transistors of some tens of nm feature size.

Operation: Multi-functional and Higher speed

On the contrary to shrinking device size, integrated functionality and
device speed is increasing proportionally. The introduction of SOCs cre-
ated of new dawn of multi-functionality IC by integrating many elec-
tronic components and/or systems on a single silicon substrate. Sim-
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Figure 1.1: Mobile performance development trend [1]

ilarly multi-core CPU with parallel programmed instruction signific-
antly increased work payload as stated by Amdahl’s law. Similarly
recent developments in IoT has introduced whole new dimension on
multi-functionality by connecting many devices to a same local net-
work or the internet[2].

Power consumption: Low-power

In terms of power consumption, though power density has increased
due to increased transistor density and speed, power consumption per
transistor and energy per operation, EOP, has significantly reduced.
It is due to gradual shrinking in feature size and decrease in supply
voltage. Similarly there has been a lot progress in LP design intro-
ducing new power optimal design techniques both at logic/circuit level
and architecture level. Lately run time power optimisation technique
by tracing realtime work load like dynamic voltage scaling and switch-
ing between different operation modes (sleep, nap, doze and active)
have been popularly used to reduce power consumption[3].



Introduction

Power supply: Cut the Cord

In spite of dramatic technological advancement, battery technology has
not evolve equally as good, see figure 1.1. It is not like there has been
no progress in battery technology at all. There has been a lot improve-
ments like increased volumetric energy density thereby reducing size,
increased gravimetric energy density thereby reducing weight, reduced
self discharge thereby increasing life time and increased charged cycle
thereby increasing reuse[4]. Today Li-ion has better choice for power-
ing devices because of it better combined above mentioned character-
istics and hence used excessively in portable and wearable devices.

But use of battery in todays’ portable and wearable devices is con-
straining the overall development of devices. Batteries contribute sig-
nificant proportion of total weight and size of the device. They supply
limited power which means require regular recharge and in the long
run need replacement. During recharge either device or battery has to
be physically connected to power outlet.

A power source with high power density which perpetually and wire-
lessly power devices could eliminate all the above problems and chal-
lenges mentioned above. But how far have we gone to achieve this? In
the next chapter, we will discussed the techniques of energy harvesting
and wireless power transfer studied and implemented so far. Bluetooth
Low Energy, BLE is taken as a reference device to drive and a power
harvesting circuit is designed and implemented for BLE.

1.2 Thesis outline

A brief overview of this thesis report is presented . For better organ-
isation and clarity of content, it is divided into four parts and eight
chapters.

¢ Chapter 1 discusses the motivation behind this work. It com-
pares technology trends and concludes the need of going cordless
power source for modern microelectronics devices.

* Chapter 2 presents the background for this work. It discusses
various energy harvesting and wireless power transfer techniques.
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Chapter 3 onwards, design of functional blocks is discussed. It
starts with design and and analysis of rectifier topology used.

Chapter 4 is about design, implementation and analysis of LDO.

Chapter 5 discusses about modelling the antenna required and
its performance.

Chapter 6 presents design of wireless power harvesting system
using the discrete functional blocks and simulation results are
presented. First only the power management system is simulated
and then compete power transfer system with inductive transfer
link.

Chapter 7 discusses the production, test and verification of pro-
duced power harvesting chip. First test PCB and chip layout is
discussed. Then measurement data of the chip is presented and
finally compared with the simulated results.

Chapter 8 presents summary and concluding remarks of this
work including problems and challenges faced along with pro-
spective future work.



Chapter 2

Background

2.1 Energy Harvesting

In this chapter, we discuss the options to eliminate or minimise the
bottlenecks of battery used in portable and wearable devices. We start
with energy harvesting techniques and then wireless power transfer
techniques.

There has been success in harvesting low power from ambient sources
and a lot of effort and resources is being used for harvesting high power.
As discussed earlier the technological advancement has given us low
power electronics. These LP devices can now be powered solely by har-
vested energy, eventually making battery-less wirelessly powered elec-
tronic device a reality.

Energy harvesting system generally constitutes of energy source,
transducer and power conditioning unit as shown in figure 2.1. Energy
source can either be artificial like human walking or natural like sun-
light. Transducer are devices which converts the energy from source
which may be to electrical energy. And power conditioning unit process
the harvested energy so that it can be used either to directly power a
load or to store the energy.

Depending upon the type of energy harvested from the surround-
ing environment, energy harvesting devices can be broadly classified
into kinetic, electromagnetic and thermal energy sources[4]. These are
briefly discussed below.
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Figure 2.1: Functional block diagram of energy harvesting system

2.1.1 Kinetic energy harvesting

In kinetic energy harvesting, kinetic energy due to mechanical deform-
ation of transducer is converted into electrical energy. Piezoelectrical
material is good example of transducer for kinetic energy harvesting.
Piezoelectrical materials are those which exhibit piezoelectric effect:
when subjected to mechanical strain, it generates electrical charge pro-
portional to applied strain. Strain is applied with either compression,
slap or bending of the material.

2.1.2 Harvesting from Radiation

Electromagnetic energy harvesting is extraction of useful energy from
ambient light or RF radiation. Solar energy harvesting is the most pop-
ular and widely successful EM energy harvesting for large scale energy
generation. It makes use of semiconductor device called solar cells as
transducer. These transducer converts incident light energy to electric
energy due to photoelectric effect: when light is incident on semicon-
ductor, electrons are emitted from the surface. Its application ranges
from LP wrist watch to grid of photovoltaic system. The other popular
example is harvesting from RF radiation, which are available almost
everywhere in modern cities, to power RFIDs. In this technique, an-
tenna or rectenna are used as transducer. However harvesting from
RF radiation has been limited to very low power only.
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2.1.3 Thermal energy harvesting

Similarly in thermal energy harvesting, thermal energy from any source
in the environment is converted to useful electric energy. Thermopile is
an example of thermal energy harvesting using thermocouples in series
as transducer. Thermocouple is a electric device with two different
conductors forming junctions. A thermocouple generates voltage pro-
portional to temperature between junctions, known as Seeback effect.
Connecting thermocouples in series increased the harvested voltage as
in thermopile.
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Figure 2.2: Power density of energy sources and consumption of elec-
tronic devices [5]

Figure 2.2 shows power density of different energy sources and power
consumption of electronic devices. It is seem that the above discussed
energy sources have a low power density which means very low power
and some low power micro-electronic devices only have the privilege
of integrating energy harvesting techniques so far. For most of the
devices, the harvested power is not high enough to drive them yet.
This means perpetual high density energy source is yet not realisable
for most of the devices. But what about wireless transfer of already
available power? We will discuss it ahead.
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2.2 Wireless Power Transfer

As discussed earlier since the evolution of battery technology is not at
par with rest of the development in microelectronic devices and energy
harvesting techniques from natural sources has not yet evolved to high
power density, wireless power transfer is by far best option to minimise
challenges in battery powered devices.

Wireless power transfer is technique of cordlessly transferring elec-
tric energy across a air gap either to drive a load or to charge a battery.
It eliminates the need of physical power cables to recharge battery. and
in the best case completely remove the battery. Wireless power trans-
fer methods implemented today can be broadly classified into radiat-
ive and non-radiative power transfer on the basis of transfer distance
which can be further sub-classified on the basis of power transfer prin-
ciple [6] as discussed below.

2.2.1 Non-radiative wireless power transfer

Non radiative method of wireless power transfer based on magnetic
field coupling between two coils within the distance of coil dimension.
Since magnetic field diminishes rapidly after distance greater than ra-
dius of coil, assuming that distance is less than near field and far field
boundary, A\/27 [7, pp. 63], better coupling and hence power transfer
can happen only within this short distance, and thus it is also called
near field power transfer. Near field also means that radiative EM
wave is not yet fully created and hence the name non-radiative WPT.
As energy transfer in magnetic field is non radiative, it is safe even to
transfer higher power as there is no RF exposure. This is one of the
main reason of its widespread application today.

Inductive power transfer, IPT

IPT is based on electromagnetic induction between two coils. Electric
energy is transferred by coupling of magnetic field from the primary
to secondary coil. As stated by Faraday law of induction, alternating
current flowing in primary coil generates varying magnetic filed which
is when coupled with secondary coil includes voltage/current across the
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Figure 2.3: Near-field coupling models

secondary coil.

In such conventional inductive coupling, larger air gap and diffi-
culty in perfect alignment between the coils contribute to weak coup-
ling, which directly translates into poor power transfer efficiency. This
is why it is mostly used in LP devices and for short range in tens of mm
transfer like RFIDs.

Magnetic resonance power transfer

The principle of magnetic resonance power transfer is same as IPT but
with strong coupling between the coils. Instead of simple coil as in IPT,
resonance is created at both primary and secondary coil at the same
operating frequency. Such resonant IPT is often concisely called as
Witricity, for wireless electricity and is less affected by coil misalign-
ment and physical distance compared to conventional IPT [8]. A very
key application of resonant IPT is that it can be used to simultaneously
transfer/charge multiple power receivers from a single large source coil

[9].

10
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Because of it strong coupling between the coils, it can effectively
transfer power for mid range in tens of cm. It is mostly used in wire-
less charging of medical implants and consumer electronics.

Capacitive power transfer, CPT

In capacitive power transfer, power transfer is done through capacitive
coupling, use of E-field, between sending and receiving plates as trans-
ferring interface. For low power transfer, it is seen effective over IPT
because of lower cost, smaller size and no shielding for EMI. However
for higher power transfer is limited due to requirement of larger plate
area and very close coupling [10].

2.2.2 Radiative wireless power transfer

Radiative power transfer used RF EM wave as a medium to deliver
power. In contrary to near field, power is transferred through E-field of
EM wave. The E-field can only develop after \/27 distance, at far field
region, from the source [7, pp. 112], and energy can only be harvested
in this far field region, it is called far field power transfer. However as
EM wave is radiative and high power RF exposure has safety concerns
on human.

Matching Voltage RL
Circuit Multiplier

Figure 2.4: Far-field harvesting model

11
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Non-directive and directive radiative WPT

Radiative power transfer can be divided into directive and non-directive
radiative power transfer. Non-directive power transfer is same as dis-
cussed in EM energy harvesting, where energy is harvested from iso-
tropically radiated RF wave in the surrounding. Whereas in direct-
ive power transfer, dedicated transmitter antenna/antenna array is
used to transmit EM wave to a particular direction of receiver an-
tenna location. This is point to point far field transfer technique is
also called energy beam-forming and has better transfer efficiency than
non-directive method.

Health concerns as governed by FCC and IEEE safety regulation
policy on human exposure has limited its used to low power harvesting
over longer distance using RF wave. But, as RF wave is also inform-
ation carrier wave in wireless communication, its capacity to transmit
both data and power simultaneously is expected to introduce new ap-
plication in wireless communication field [6].

2.2.3 WPT Applications

It is seen today that IPT and magnetic resonance IPT are mostly used
because of easier implementation, lower cost, wide range power trans-
fer capability. For high power transfer in order of kilowatt, IPT is
mostly used in the field of industrial automation like automated ma-
terial handling and industrial micro-robots and automotive like electric
vehicle charging. Similarly both IPT and magnetic resonance IPT are
used for transferring power medium power up-to tens of watt. Their
typical uses have been in charging battery in medical equipments and
consumers electronics. In case of microelectronics devices like med-
ical implants, body sensors, pacemaker etc, magnetic resonance IPT is
mostly used both to charge a battery or directly drive the device.

In context of radiative power transfer, non-directive technique is
mostly used in low power sensors and implants. Because of the low
power requirement, mostly omnipresent RF signals are used to har-
vest energy. This technique has been used in both perpetually sup-
plying power like in body sensor which continuously monitor some
activity or sporadically supplying power like in RFID and body im-
plants which work only when required. [6] reports future application

12
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of microwave power transfer can be in SPS (Solar Power Satellite) sys-
tem and SHARP (Stationary High Altitude Relay Platform). SPS uses
satellite for harvesting solar energy in space and transfer that power to
earth. Similarly SHARP is stationary charging station for unmanned
aerial vehicles in stratosphere region by beaming power from earth.

A

TN

(a) Qualcomm EV charger (b) Qualcomm mobile phone charger with
foreign object detection feature

bionics
Wireless Charging

(¢) IDT concept of wireless charging of
bionic devices

Figure 2.5: Commercial application of wireless power transfer
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2.2.4 Charger Standards

When wireless charging was introduced into consumer daily appliances,
it was quickly realised the need of standard design protocols to main-
tain uniformity and avoid confusion for the manufacturers. Here are
some mostly used standards in the market. Most common commercial
standards are discussed below use both IPT and resonant IPT tech-
niques for charging, and have two elements: transmitter for transfer-
ring power and receiver device usually integrated into mobile, hand-
held or wearable devices. Both the transmitter and the receiver use
the same control and management protocol in order to detect compat-
ible electronic devices, exchange charging state information and control
charging process.

Qi

Qi standard was introduced by Wireless
Power Consortium in August 2008. It has
standardised two categories of chargers: low
power charger for mobile and music play-
ers and medium power charger. The power
transfer was based on IPT and now is op-
erating with magnetic resonance IPT too.
Qi standard allow transmitter/charger to be
either single fixed coil, single moving coil or
array of coils. The transmitter coil type de- Figure 2.6: Qi
termines determines the positioning of the

receiver, either guided or free. Qi charger also have foreign object de-
tection feature [11]. Qi uses the same frequency for communication
and power transfer, 80-300 KHz [12].

A4WP

A4WP is another independent wireless charging standard. It uses
magnetic resonance IPT technique for power transfer. The main dif-
ferences between A4WP from Qi are multiple device charging from a
single charger, also called power transmitting unit, PTU and longer
charging range. Similarly there are different category of PTUs from
1 to 5, most of them still on roadmap and supports wireless charging

14
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from low power to high power. A4WP used different frequency band for
communication and power transfer, which are 2.4 GHz and 6.78 MHz
respectively [13].

AirFuel Alliance

AirFuel Alliance is newly crated wireless
charging standard buy merging Alliance

for Alliance for Wireless Power, A4WP and

Power Matters Alliance, PMA in 2015 with

backing of major device manufacturers [14].

Like A4WP, PMA was IPT based independ-

ent wireless charging standard. AirFuel Al- ™

liance is believed to fight the market domin-

ance of Qi standard. AirFuel is expecting to ~ Figure 2.7: AirFuel

expand charging standard beyond consumer
electronics to industrial, medical and military applications [15].

2.3 This project

As mentioned in the last chapter, a typical microelectronics system,
BLE, used extensively in all portable and wearable is taken as a refer-
ence load for this project. The purpose of this work will be to make a
wireless power transfer system for cordlessly driving a load or charging
a battery of 1.8 V with 10 mA current. The target specification for this
work is listed in table 2.1.

Table 2.1: Target specifications

Technology TSMC 90nm 9M-1P
Chip area TBA mm?
Input AC voltage 2.5Vp
Operating frequency 13.56 MHz
Maximum load 10 mA
Output DC voltage 1.8V

15
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Figure 2.8 is the functional block diagram of proposed implement-
ation of wireless power transfer in this work. From the discussion
in wireless power transfer section, it is seen that IPT is the best op-
tion for being mature, easy and safe implementation. Since tuning
the IPT transfer link at the operating frequency increases the trans-
fer efficiency, magnetic resonance link is designed for this work. The
antennas are designed with the specifications provided by Nordic Semi-
conductor. The power management system includes rectifier, LDO and
reference and bias circuit. The biasing and reference circuit is designed
solely for learning the design technique without much effort on the ac-
curacy of the generated biases and references. So externally supplied
bias and reference will be the secondary option.

......................................... Chip Load
“ VINIé VRE‘ LDO VREG
vad L L Rectiﬁe ; .................... C|Oad
@ " - i IIOad G)
3 i : Ref & Resr
E VIN2 ; N :
< ] 1 : ] E Bias b ;
............. _‘ Sessecscsccscsccscsscnns

Pri. Sec. IC”P
PCB

Figure 2.8: Functional block diagram of complete design

The chapter ahead discusses the design, analysis and implement-
ation of the functional blocks in figure 2.8 starting with rectifier. The
physics behind each block will be less discussed, however the design
choices and reasoning of choices will be clearly stated. 2.5 V transistor
of 90 nm process is used because most of the similar work are done in
higher technology nodes. So this choice is taken as design challenge.

2.4 Previous Works

There has been a lot of similar works in inductive wireless power trans-
fer. With recent trend of integrating wireless power transfer in con-
sumer electronics, application specific optimisation has been abund-

16
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antly studied. [16] has presented wireless power transfer system for
implantable medical devices implemented using 0.35 um CMOS pro-
cess and operating at 13.56 MHz, proposing techniques to minimise
load and coupling variation. Similarly [17] has proposed high power
transfer receiver with magnetic resonance coupling operating at 6.87
MHz fabricated in 0.13 um BCD process.

Besides complete WPT systems, there are also numerous works in
optimising individual module of WPT systems. For example [18] dis-
cusses about effect of impedance mismatch in transfer link in high fre-
quency wireless power transfer system. Likewise, [19] and [20] dis-
cuss about high efficiency active rectifier topologies for wireless power
transfer. Low loss CMOS active rectifier in [19] has been implemented
in this work. Apart from being reference to this project, these works
also helped in explaining and reasoning the design issues encountered
in this work.
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Chapter 3
Rectifier

3.1 Introduction

The most basic rectifier is conventional full wave bridge structure where
the diodes are replaced by the diode connected MOS devices in CMOS
technology. This topology though being simple to implement, has a ma-
jor drawback. It requires at least twice the threshold voltage, Vin, of a
MOS device as there are two diode connected MOSes in the conduction
path for each cycle of the input signal.

Gate cross coupled and fully gate cross coupled topologies are im-
provements over conventional full wave rectifier. In gate cross coupled
rectifier, two diodes of conventional rectifier is replaced by two gate
cross coupled MOSes working as switches where the voltage drop for
every cycle is reduced to one threshold voltage. Similarly, in the fully
gate cross coupled rectifier, all diodes are replaced by switches and
hence the voltage drop is further reduced to twice the conduction drop
only for every cycle. Even though this topology has least voltage drop,
it suffers from the problem of reverse charge leakage because when
the input ac amplitude is less than the output rectified voltage and the
conducting pass devices are on simultaneously and current flows back-
ward from output to input.

All the above discussed topology suffer from either large voltage
drop or large power loss because of which their use are limited in low
power and low voltage devices. The popular techniques for higher effi-
ciency are using gate cross coupled rectifier along with passive or act-
ive circuitry for controlling other two pass devices. In passive rectifier,
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additional circuitry including bootstrap capacitor are used to reduce or
eliminate threshold voltage one of which is discussed in this paper [21].
However, use of on-chip bootstrap capacitors limits it use where chip
area and speed is of importance. On the other hand, in active rectifier,
active circuitry is used control pass devices. The use of active circuitry
increase both Voltage Conversion Efficiency (VCE) and Power Conver-
sion Efficiency (PCE) because the pass devices are made to conduct in
linear region and hence less conduction drop, and reverse current flow
can be completely eliminated and hence less power loss. However act-
ive rectifier is not problem free either. The major issue is starting of
the active circuit as there is no regulated supply during start up.

3.2 Design

In this project, active rectifier is chosen, primarily for better VCE and
PCE and secondarily to avoid the use large on chip capacitors. [19] and
[22] have discussed same active rectifier topology with a slight differ-
ence in active circuitry. [19] has implemented comparator with com-
pensating the delay of comparator’s output falling whereas [22] has
implemented comparator with compensating both the falling and the
rising delay of comparator’s output in expense of added circuit com-
plexity and power consumption. [19] has been used here for its simple
design.

Figure 3.1a, 3.1b and 3.2 is the CMOS implementation of conven-
tional full wave bridge rectifier, gate cross coupled rectifier and pro-
posed active rectifier in [19]. The problem with 3.1a and 3.1b has
already been briefly mentioned above. Though 3.1b is significantly im-
provement over 3.1a , it is still not a favourable topology with respect
to the design technology chosen. In the gate cross couple rectifier of
3.1b, the cross coupled pMOSes act as switches, so the only voltage
drop across them is conduction drop due to channel resistance. How-
ever the other two nMOSes are diode connected, so they have at least
Vitn drop across them which means Vin > Vdc + Vin for conduction.

The proposed active circuit in 3.2 is improvement over 3.1b which
eliminates Vtn drop required for conduction by replacing diode connec-
ted nMOS with devices controlled by active circuit as shown in figure
3.3. The active circuit is a four input comparator that turns on nMOSes
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(a) Conventional full wave bridge rectifier (b) Gate cross coupled full wave rectifier

Figure 3.1: Rectifier topologies: conventional and gate cross coupled

fast when Vin > Vrec and turns off fast to avoid flow of current.

For the illustration of operation of comparator, consider the case
when Vinl > Vin2 i.e. Vinl > 0 and Vin2 < 0. During this half cycle,
comparator D1 output is low and turns off Mn2 and also, Mpl is re-
versed biased and hence there is no path to flow current along M n2 and
Mpl. For simplicity, assume Vin = Vinl—Vin2. When Vin reaches Vip,
Mp3 turns on which shorts Vinl to Vrec. When Vin > Vrec, D2 output
goes high, which turns on Mn4 and starts the conduction path for the
first half cycle and starts charging Ci. When Vin reaches maximum, it
starts to decrease and at Vin < Vrec, conduction stops as output of D2
is low and Mn4 is off. As Vin further decreases to below Vitp, Mp3 if off
too. This way rectifier in 3.2 conducts during positive half cycle elim-
inating the V¢n drop seen in 3.1b. Now the only drop is the conduction
drop due to channel resistance of two pass devices along the conduction
path. This drop is much less because during conduction both the device
are operating in the linear region with small resistance. The operation
is similar for Vin2 > Vinl where Mn4 and Mp3 are off and Mn2 and
Mp1 conduct to charge CI.

Figure 3.3 is the implementation of four input comparator D2 used
in 3.2 as proposed in [19]. It is designed to self power and bias because
no steady state supply is available at start up. M1, M2 and M7 monit-
ors voltage across Mn4 i.e Vin2 — Vgnd and M3, M4 and M8 monitors
voltage across Mp3ie Vinl —Vrec. So when Vinl —Vrec > Vin2—Vgnd
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Figure 3.2: Gate cross coupled full wave active rectifier
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which means Vin > Vrec, output of D2 is high and turns on Mn4 in-
stantly. But when Vin < Vrec, the output of comparator is delayed to
fall which causes Mn4 to conduct in reverse direction leading to signi-
ficant reduction in power delivered to load. M8 is introduced in order to
overcome this problem which adds offset currents to increase Van and
Vpn faster, causing the output to decrease faster and turns off Mn4 be-
fore Vin < Vrec. This reverse current control technique compensates
the comparator delay and increases the power efficiency of the rectifier.

The design parameters for the rectifier is listed in table 3.1. The di-
mensions of the pass devices are first hand calculated by using square
law current equation and devices parameters values given in the tech-
nology documents, and later optimised with simulation tool in order to
make the rectifier to deliver the required current. Since nMOS does
not have to have same device size as pMOS to deliver same current,
optimal size ratio equation from [23] is used to find nMOS pass devices
sizes. Thought maximum load for this work is 10 mA, It is always sim-
ulated with 0.5 mA extra load. This extra current is to account for the
fact that RCC is self powered and LDO which will follow this rectifier
will be powered by Vrec. Similarly, the value of ripple rejection ca-
pacitor is chosen 100nF. This size of filter capacitor is calculated from
capacitor current-voltage relationship with the assumption of keeping
peak to peak ripple voltage below 5 mV to deliver 11 mA current.
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Figure 3.3: Comparator circuit, RCC

Table 3.1: Rectifier design parameters

Wn/Ln, Wp/Lp 720um/280nm, 1.2mm/280nm
Rectifier area TBA mm?
Operating frequency 13.56 MHz
Input ac magnitude 2.5Vp
Load current 10.5 mA
Ripple rejection capacitor 100 nF
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3.3 Simulation result

3.3.1 Transient performance

Figure 3.4 is the test bench setup for simulation of the rectifier. Figure
3.5 presents both pre and post layout results of input voltages, Vinl
and Vin2 and output voltage, Vrec, for one cycle of ac input. The closer
view of rectified output is shown in figure 3.6. The voltage drop of about
60 mV in layout result is accounted for the voltage drop due to the res-
istance of high current conduction path.

VIN1
VINL 1
VIN2 1
va q) ving 2 ACVE oo PRI
CC ~ RECTIFIER
VIN2 2 et
VIN2 GND |
C)llload —— Crip

Figure 3.4: Testbench for rectifier

Figure 3.7 is the simulation results showing voltages at rectifier
inputs and output rectified voltage along with corresponding current
waveform through rectifying MOSes. On comparing schematic and
post-layout results, two important observations can be made from plots.
First is reduction in peak diode current in post layout result. This is
due to in addition to channel resistance of rectifying diodes, there is
additional resistance of high current conducting path in the layout. In
schematic, the paths are ideal wire with no resistance and hence higher
peak current. Second is reverse leakage current is more pronounced in
post layout simulation. It is because wide path run over drain and
source of rectifying diodes, creating larger parasitic capacitance. This
is causing slight delay in turning off the diodes.
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Figure 3.5: Voltages waveform for pre and post layout
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Figure 3.6: Rectified output for pre and post layout
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Figure 3.7: Voltage and current waveforms of the rectifier

3.3.2 DC performance

Similarly, figure 3.8 shows PCE, ratio of powered delivered to load to
average power from the source and VCE, ratio of rectified DC, Vrec to
peak ac input, | Vin| with respect to magnitude peak ac input signal.
| Vinl is gradually increased in peak magnitude in step of 50 mV and
VCE and PCE is calculated for every step. The plot shows both PCE
and VCE are very less for input ac amplitude less then 1.8 V. It can be
explained by the fact that required bias current and gate drive voltage
for RCC circuit are not achieved for smaller input.

Table 3.2 comparatively summarises performance for pre and post
layout result of the design. The layout design is attached in appendix.
The layout is made symmetrical with four inputs, as seen in test bench
figure 3.4, instead of two. This is done to make the current conduct-
ing path equal which result in equal drop in voltage when it reaches
the rectifying MOSes. Similarly the paths from the pad to the recti-
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fier inputs are mask blocked for random metal fill to avoid inter layer
coupling. The high current conduction routes are designed with wide
parallel path of many higher level metal layers for reducing resistance
in conduction path.

Conversion efficiency
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Figure 3.8: Voltage and power conversion efficiency

Table 3.2: Rectifier performance summary

| Schematic | Post-layout

Rectified DC 228V 2.14V
Ripple Vpp 3.1 mV 2.8 mV
Peak diode current 63 mA 57.3 mA
PCE 84.5 % 82.9 %

VCE 88.6 % 86.2 %
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Chapter 4

Low Dropout Regulator

4.1 Introduction

Voltage regulator follows the rectifier designed above in order to regu-
lated the rectified voltage to 1.8 V and deliver maximum load current
of 10 mA. Since the output from the active rectifier is 2.2 V and the re-
quired regulated voltage is 1.8 V, charge pump or SMPS of boost type is
irrelevant here. Buck SMPS could be an option for voltage regulation
but LDO is preferred for it better performance in terms of noise and
faster settling of regulated voltage. [24].

Figure 4.1 shows a circuit of typical LDO with pMOS as pass ele-
ment. As shown in the figure, the components includes an error ampli-
fier (EA), a pass device (Mpass), a feedback circuit (R1 and R2) and load
(Cout and Ijpaq). A more general and complete LDO circuit also includes
circuitry for generation of reference voltage and bias current/voltage.
In this project it will be discussed separately later. The working prin-
ciple of LDO is that the error amplifier compares the scaled down reg-
ulated voltage, Vdiv with Vref and regulates the internal resistance of
the pass transistor such that the error, V.. - Vgiy is least or zero ideally.

[25] and [26] discusses two examples of CMOS implementation of
LDO. [25] has proposed bulk modulation technique for improving load
regulation and stability of capacitor-less LDO. Similarly [26] has pro-
posed techniques for increasing current efficiency of LDO especially at
no or low load condition. Though the techniques discussed in these
designs have not been used, they have given good insight into different
design parameters of LDO.
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Vrec
Vref
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Figure 4.1: Generic LDO with pMOS pass device

4.2 Design

Figure 4.2 shows the CMOS implementation of LDO in this project.
back network of resistors.

The components in this design include a folded cascode differential
amplifier as error amplifier, pMOS buffer, pMOS pass device and feed-
Vref-

As briefly mentioned above, the error amplifier amplifies the error

i.e. difference in scaled regulated voltage, Vg4, and reference voltage,
voltage, V.., [

It is known that an amplifier with higher open loop DC gain
reduces the closed loop gain error and hence amplifier with higher

gain is desired here which is turn increase the accuracy of regulated
1. Typically error amplifier has gain > 40dB which is
ence, folded cascode amplifier [

creased difficulty in making the multistage amplifier stable. So for

not achieved with a single stage amplifier with this technology. Higher
achieving higher DC gain and at the same time for stability conveni-

gain can be achieved by cascading multiple single stage but with in-

, pp. xx] is chosen.

29



Low Dropout Regulator

>
VREC
e N N
— — —
- M2 MO M13
VREF
M9 L M8
— | . "
e >—|| P N o
| i — —
M3 M1 Mpass
— VREG
VBIAS2 M11 M6 Ma
— Ly !
> >~ < R1
VBIAS3
-_ >
o
D >
VBIASA M10 M7 M5 M14
— Ly ! —
< — < ¢ R2
>

Figure 4.2: CMOS implementation of LDO

Table 4.1: LDO design parameters

Pass device pMOS
(Wp/Lp)pass 540um/280nm
Input supply >2.2V
Error amplifier folded cascode
Vbias2 1.1V
Vbias3 0.88V
Vbias4 0.68V
Vref 1.18V
Cload > 2.5 pF
Resr >0.50
Regulated output voltage 1.8V
Ipaq max. 10 mA

The amplifier has a nMOS differential input stage, perferably for its
higher mobility for achieving more gain. Reference voltage, V,.r will be
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band-gap voltage, 1.18 V, of silicon and thus ICMR for EA lies almost
at half the supply voltage. This amplifier drives a pMOS buffer which
is used to supply sufficient current to drive the large pass transistor.
Moreover, pMOS as a buffer passes 1 better which means it can turn off
the pass device completely and hence LDO regulates better at low load
or no load condition. However for heavier load/larger load current, this
pMOS buffer is not able to pull down the gate of pass device sufficiently
lower. This is overcome by making the pass device large enough to feed
the required maximum load current.

The pass device is a pMOS transistor in this design. It is chosen
because it has several advantages over it’s counterparts like nMOS
and BJT devices in terms of dropout voltage, quiescent current, in-
put voltage, thermal response and noise[28]. Prominently, there are
two factors that give pMOS edge over other devices; dropout voltage
and quiescent current, when it comes to application in low power and
low voltage devices. nMOS as a pass device requires a positive drive
voltage with respect to output to operate. On the other hand, pMOS is
driven by a negative signal with respect to input which means pMOS is
preferable for a low input LDO. Similarly compared to BJTs, pMOS re-
quires less headroom and less quiescent current to be driven[28], [29],
which means low dropout and low power operation, typical require-
ment of today’s micro devices’ power supply.

VREC
L VREF
A VBIAS2
LDO
® VBIAS3 REGULATOR VREG *—¢ *
VBIAS4 ———
Cload
GND
0 w 3 3 3 llload ——Chp
ESR
i b b3
> >
v v Vv v <

Figure 4.3: LDO testbench setup

However, pMOS as a pass device in LDO causes challenges in sta-
bility. As mentioned above, LDO utilises a high gain feedback loop in
order to provide a regulated output voltages independent of load cur-
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rent and in any system with feedback loop, the locations of poles and
zeros determine stability of the system. In case of the pMOS LDO,
the pass device is configured in a common source configuration. LDO
with big output cap has a dominant pole pole at the output, which is
a low frequency pole. The second pole is located at the gate of pass
device because as mentioned earlier pMOS pass device is large and
has a big parasitic capacitance. This second pole may be located closer
to the dominant pole, resulting in significant reduction in phase mar-
gin (PM). Consequently, this may lead to instability of the LDO with
pMOS pass device. Various methods have been implemented for en-
suring the stability of the pMOS LDO. In this project, a large external
capacitor, Clyq in figure 4.1, is used for stabilising the system at the
cost of additional settling time. When an external capacitor is used for
designing a stable LDO, the minimum value of capacitance, C,,q and
minumum value of its equivalent series resistance (ESR), R.s should
be specified[29]. C}yaq determines the dominant pole of the LDO and
Resr in series with C)y,q introduces a left half plane zero below unity
gain frequency, UGF of LDO in order to cancel out the non-dominant
pole below UGF, producing a stable LDO system.

4.3 Simulation result

4.3.1 Transient response

Figure 4.4 is the transient simulations of the LDO which illustrates
generation of regulated output voltage, Vreg for both maximum load,
10 mA. For maximum load, it takes around 210 us to produce stable
voltage. Since a large capacitor is used for stabilising LDO, it take
longer time to settle to final steady value. A slight longer time to stable
value in post layout can be accounted additional parasitic capacitance
of interconnects at the output of LDO.

Figure 4.5 and 4.6 show the transient response of LDO for line, Vrec
and load, Iload variation. It gives information about how well and how
fast regulated output settles for line and load variations. In figure 4.5
load is given as pulse varying from 10 uA to 10 mA with both falling
and rising time of 1 ns keeping input supply constant to 2.2 V. Sudden
increase in load causes the output voltage to drop. The error amplifier
then takes some time adjusts the gate voltage of pass device to low to
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Figure 4.4: LDO transient simulation

fully turn on the device. Likewise when the load suddenly drops to min-
imum, it causes the output voltage to increase. Again error amplifier
adjust it back by increasing the gate voltage of pass device to turn it off.
Similarly for line variation observation, input, Vrec is pulsed from 2 V
to 2.5 V with 1 ns rising and falling time keeping load current constant
to 10 mA. Sudden increase in input voltage causes output to increase
and vice-versa. As in load variation case, similar recovery pattern is
seen. In both case of load and line regulation, the out put voltage is
maintained quickly, less than 0.15 us. Both results from schematic and
post layout have same transition behaviour except post layout result
offset by 3.7 mV as explained in DC response section below.

Line regulation, change in regulated output voltage due to max-
imum change in input voltage and load regulation, change in output
voltage due to maximum change in load current are calculated from
values shown in respective plots and are listed in table 4.2.
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Figure 4.6: LDO step line regulation
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4.3.2 DC response

Figure 4.7 and 4.8 show LDO response to input voltage, Vrec sweep
and output load, Iload sweep. As seen in 4.7, the regulator is turned
off for input below 1.85 V. Since the input is also the supply for the
entire design, higher voltage is required for creating proper biasing of
internal folded cascode error amplifier. However after turning on, it re-
quires only 100 mV drop for proper regulation for maximum load and is
even lesser for lighter load. This shows that minimum value of supply
required for LDO to function properly is 1.95 V. In 4.8, it is seen that
regulated output voltage for post layout simulation is 3.7 mV higher
than for schematic. Since Vreg = (1 + R1/R2) x Vref, the mismatch
in the resistors has resulted in slightly higher ratio, consequently in-
creasing the close loop gain.

Input/output characteristics
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Figure 4.7: Regulated voltage with supply variation
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Load/output characteristics
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Figure 4.8: Regulated voltage with load variation

4.3.3 AC response

Figure 4.9 is open loop gain and phase margin of LDO without and
with compensation. In the upper uncompensated bode plot, two poles
below UGF are seen: the first one at 300 KHz due to output resist-
ance of pass device and its parasitic capacitance, and the second one at
60 MHz due to buffer output resistance and gate capacitance of pass
device. UGF is at 100 MHz. Due to these two poles both occurring
below UGF, the PM fallen to -45°. For making the LDO stable, as dis-
cussed in the beginning, a capacitor, Cl,.q, 2.5 uF with specific series
equivalent resistance, R, 0.8 (2 is used at the output. C}y,q and pass
device output resistance creates the dominant pole at 1 KHz and R,
and C,aq creates a left half plane zero below UGF which cancels the
non dominant pole. This eventually gives 75°PM and 30 dB GM.

Likewise figure 4.10 is the plot showing PSSR of this LDO. It can be

seen that it has poor PSSR performance for frequency higher than 200
KHz. Low frequency noise like 50Hz supply ripple is effectively rejec-
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ted. In this design 13.56 MHz ripple and its first harmonics is expected
in the input of LDO because rectified output from rectifier operating
at 13.56 MHz as input signal is used as supply and/or input for this
LDO. Unfortunately, PSSR performance is worst around this frequen-
cies. However the ripple rejection is still -36 dB at 13.56 MHz which
is decent. As seen in figure 4.9, the open loop gain of LDO feedback
circuit is 90 dB, which has contributed in achieving decent PSSR even
at higher frequency[30]. This paper also discusses that UGF frequency
corresponds to the roll off frequency of PSSR, which can also been seen
by comparing plots 4.9 and 4.10. The stability technique in this design
also gives adverse effect on PSSR performance as UGF is significantly
lowered by large output capacitor.

Gain and Phase margin
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10° 102 104 10 108
100 e 200
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Figure 4.9: LDO stability before and after compensation
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Figure 4.10: PSSR performance

Table 4.2 summaries the performance of LDO regulator discussed
above. Power efficiency is calculated as power delivered to load to
power consumed from the source. Quiescent current includes biasing
currents for error amplifier, feedback resistors and buffer which is ob-
tained by taking the difference of current drawn from the source and
current delivered to the load. Both power efficiency and quiescent cur-
rent is calculated for maximum load operation.
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Table 4.2: LDO performance summary

\ Schematic | Post-layout
PSSR -36 dB @ 13.56 MHz | -59 dB @ 13.56 MH

Phase margin 75°

Gain margin 30dB
Power efficiency 80.9 % 81 %

Quiescent current 105 uA 114 uA

Load regulation 17 uV/mA 53 uV/mA
Line regulation 435 uV/V -1.162 mV/V
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Chapter 5

Antenna Design

5.1 Introduction

All the components discussed above are part of any power management
system which takes DC input from power line and creates regulated
output as required. However, the objective here is to replace direct
power line connection with wireless link. Since the intention is to just
create a wireless power transfer link, the option which is easier to im-
plement, convenient to operate and gives higher transfer efficiency is
the primary choice here. And the literatures in wireless power transfer
studies show inductive coupling meets all these requirement.

\ \nlink)

(a) Inductive coupling between two coils (b) Model of inductive coupling

Figure 5.1: Inductive coupling

Inductive coupling boils down to principle of electromagnetic induc-
tion as first discovered by Faraday, shown in figure 5.1 . When altern-
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ating electric current, I, is passed through a coil, say primary, L, it
generates changing magnetic flux, ®. If another coil, say secondary,
L, is placed in this changing magnetic flux region, alternating voltage,
V5 is induced across L, as given by equation 5.1. M is mutual induct-
ance between the coils and & is coupling coefficient which is the ratio of
magnetic flux crossing L, to total magnetic flux generated by L, which
depends in shape, size, separation and orientation of the two coils.

dly
= M— 5.1
Va o (5.1)

M — ]{?\/ L1L2 (52)

In other word, power from primary coil is transferred wirelessly
to secondary coil through magnetic field and this is popularly known
as inductive power transfer. And this induced ac voltage is rectified
and then used to power up the load. The maximum power transfer
efficiency across the inductive link for optimal load, 7, is given as

[31]

szL1 QL QL
1+ k2Qr, QL Qr,Qr

Here k is coupling coefficient, ();, and @), are quality factor for re-
spective coils and (), is quality factor of loaded secondary coil. This
shows that transfer efficiency increases with increase in coupling and
quality factor. However for any practical design, it is impossible to
get higher efficiency because of poor coupling between the coils. For
such poorly coupled linked, leakage inductance given as L,(1 — k?), is
much greater than mutual inductance[32] which causes more wastage
of magnetic flux. This leakage inductance can be cancelled by adding
capacitor and creating resonance at the operating frequency. This method
of creating better wireless energy transfer link is popularly known as
magnetic resonance coupling.

Mink = (5.3)

In this project, first an antenna coil is designed and characterised.
Then inductive link created using the antenna and finally magnetic
resonance technique is implemented to increase transfer efficiency at
the operating frequency. The antenna dimensions are provided by Nor-
dic Semiconductor. Since having similar shape and size of antennas is
important in gaining more transfer efficiency, the same antenna type
is used as both primary and secondary coils.
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5.2 Inductor Model

Figure 5.2 is a lumped model of a planar antenna/coil/inductor made
on a PCB. Rp, series DC resistance of wire and Cp, inter-winding self
capacitance. These parasitics determine quality factor, () and self res-
onance frequency, SRF of the antenna as given in equations 5.4 and
5.5.

L1

Figure 5.2: Real antenna model

Q=— (5.4)

SRF = ————— (5.5)

2m\/LC,

For purpose of this work, with provided dimensions of the antenna,
it is first modelled in HFSS as shown in figure 5.3a and its equival-
ent lumped circuit in figure 5.3b. It is important to note here that I,
in 5.3b is as in 5.2. However, in the discussion ahead, these parasit-
ics are not explicitly mentioned for the sake of simplicity because the
parameter extraction will include these factors too and on the other
hand the operating frequency here is much less than coil SRF. To real-
ise a real antenna, physical parameters of materials used for making
printed antenna on a PCB are also given for the model. After com-
pleting model, frequency sweep is done for extracting S parameter of
the antenna which was eventually used to estimate self inductance of
the modelled coil. The performance estimation of single antenna here
and couple system later is based on formulas in [33]. In order to check
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and compare the estimated inductance value from the model, Modi-
fied Wheeler Formula, a mathematical approximation model described
in [34] is used. The qualities of antenna obtained from extracted S-
parameter are listed in table 5.1. The table shows that modelled in-
ductance value is less than mathematically approximated value. This
difference can be explained with two things. Firstly, mathematical
calculation assumed that the antenna is spiral and rectangular with
sharp edge but the model has rounded edge. Secondly, during model-
ling besides dimensions of the coils, physical parameters of coil mater-
ials are also used but these are not considered for mathematical calcu-
lation.

(a) HF'SS antenna model (b) Equivalent schematic

Figure 5.3: Antenna model

Table 5.1: Characterisation of antenna

| HFSS model | Modified Wheeler [34]

Self Inductance, L, 509 nH 644 nH
SRF 125.65 MHz -
Parasitic Resistance, 2, 0.66 (2 -
Parasitic Capacitancce, C, 3.2 pF -
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5.3 Inductive Transfer Link

In the next step, an inductive link is realised by using two antennas:
one as primary and other as secondary, aligned one over other and
separated by air gap as shown in figure 5.4a, equivalently shown as
lumped schematic in figure 5.4b. Coupling system of these antennas
is simulated for varying distance of magnetic field interaction to ob-
serve the difference in performance. The same procedure as used for
single coil above, is used to extract self inductance of each coil, L; and
L, mutual inductance of two coils, L1 = Ly; = M, coupling coefficient
between the coils, £ and quality factor, (). The extracted values for coil
separation of Imm, 5mm and 10mm are listed in table 5.2 calculated
at operating frequency of 13.56 MHz.

1
T
x
(%]
—
[EnY
—
N
=
1
T

(a) HFSS coupling model

(b) Equivalent schematic

Figure 5.4: Antenna coupling model

Table 5.2: Coupling parameters for varying coils distance

| Sepr: 2 mm | Sepr: 5 mm | Sepr: 10 mm | Unit

L% 357 481 501 nH
Lox 353 476 496 nH
M 254 122 50 nH
k 0.52 0.25 0.10 -
Qr, 39-60 57-63 62 -
Qr, 40-64 61-67 67 -

In in table 5.2, L;x and Ly* are leakage inductance of primary and
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secondary coil when they are mutually coupled. Similarly M and £,
which are related as in equation 5.2, are both decreasing with distance
as expected because with increase in separation between the antenna,
less and less magnetic flux generated by primary coil is linked with the
secondary, creating a loosely coupled inductive link.

As already stated, power transfer efficiency depends on & of coupling
system and (Q’s of coils and hence high & and high @ is always desirable
and obviously coil optimisation is the most important part of coupling
system design. [35] and [31] discusses some techniques to optimise
transfer efficiency of inductive link: [35] about matching the load for
better resonance whereas [31] about designing optimal coil geometry
for higher ). The former one compares the efficiency of general induct-
ive coupling and conventional resonant coupling and their limitation in
achieving higher efficiency. This eventually proposes optimal resonant
load transformation which has better immunity to poor coupling and
load variation. Likewise, the later one describes step by step iterative
process of designing an antenna with optimal geometry for the given
design constraints.

5.4 Magnetic Resonance Coupling

In this project, conventional magnetic resonance coupling as in is im-
plemented to tune both primary and secondary at same frequency. The
purpose here is to tune the secondary antenna of coupling system to
the operating frequency to cancel the leakage inductance and increase
quality factor, and tune the primary antenna to the same frequency to
increase the driving current. Thus creating resonance in an inductive
link maximise the power transmission from the source to the load.

For the purpose of making a resonant inductive link, the S para-
meter of coupled antenna system in HFSS is exported to ADS in or-
der to design tuning networks using capacitors. Impedance of primary
antenna is matched to R;(= 50(2) source resistance and impedance of
secondary is matched to load impedance, R; as shown in 5.5. Here R},
represent ac load combined of rectifier, LDO and electronic device as
dc load. This ac load is approximated to 115 2 as in [32]. Cpl, series
capacitor and Cp2, shunt capacitor together with L1 created parallel
resonant circuit at 13.56 MHz on the primary side and C's1, shunt ca-
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pacitor together with L2 creates the secondary resonant circuit at same
operating frequency. Parallel secondary tuning with Csl is chosen as
this is recommended when X, < R, and so it is in this work. Similarly
in primary side both, first series C'pl and then parallel C'p2, is chosen
in order to cancel both real and imaginary of primary impedance[36].
Thus a pair of LC tank circuit is made tuned at same frequency. Such
matching network is designed for all three coil separation distances as
above, but resonant coupling system with 5 mm separation is taken as
a typical example and presented here.

Cp2

[] Rs Cpl== 112 $12 ==cs1 I ]

Figure 5.5: Resonant coupled inductive link

In figure 5.6, reflection power losses: return loss, S11 at primary
antenna terminals and reverse return loss, S22 at secondary antenna
are presented comparatively before and after tuning. This shows that
the reflection losses have been significantly reduced, at least by 25 dB,
due to magnetic resonance created at the operating frequency.

Likewise, in figure 5.7, power transfer gain, S21, from primary to
secondary antenna is shown. It can be seen that power transfer has
been improved by 13 dB at the resonant frequency. The power transfer
efficiency, 7;,,x in given equation 5.3 is obtained empirically from 521
as follows.

Mink = Tlpri * Nsec = |S21|2 (56)

The above 7). calculation is valid for perfectly matched ports and
gives maximum possible power gain from primary to secondary an-
tenna.
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Figure 5.6: Link reflection loss before and after tuning
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Figure 5.7: Link gain before and after tuning
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The above discussion is also done for other two separation, 1.5 mm
and 10 mm, of coupling coils. The performance of magnetic resonant
inductive link for all cases designed in this work is summarised in table

5.3.
Table 5.3: Performance of resonant inductive link
| Sepr: 1.5 mm | Sepr: 5mm | Sepr: 10 mm | Unit
Cp1, 660 126 51 pF
Cpsy 80 190 227 pF
Cs1 288 288 288 pF
Freq. 13.56 13.56 13.56 MHz
S11 -55 -61 -29 dB
S22 -30 -24 -9 dB
521 -0.28 (0.97) -0.61 (0.93) -2.50 (0.75) | dB (mag.)
Miink 94 86 56 %
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Chapter 6
PMS and WPT Systems

6.1 Introduction

Wireless power transfer, WPT system always constitutes two main units:
power transmitting unit, PTU and power receiving unit, PRU. Each
unit comprises of resonator, power conditioner and control circuits as
shown in figure 6.1. Both the resonators in PRU and PTU are tuned to
operating frequency, which create a physical transfer link. Power con-
ditioner circuit in PTU includes at least power amplifier and matching
circuit, whereas in PRU, it includes matching circuit, rectifier and reg-
ulator. Similarly both these units have control block which facilitates
transfer procedure and communication between these units. In this
work, design and analysis of PRU is the main objective.

In figure 6.1 above, the block highlighted in blue is the PRU sys-
tem in this design. Secondary coil, Rx is the receiver resonator, and
rectifier and regulator is power conditioning block. The primary coil is
driven by a power source and AC signal is generated at the secondary
as discussed earlier in antenna design section. The rectifier then rec-
tifies this AC signal to DC. The DC output of the rectifier is then fed
to LDO to produce regulated DC output required to drive a load. The
reference and biasing circuit generates required reference and biasing
DC voltages for the LDO.

The PRU unit is broken down into two sub units for step wise ana-
lysis. As seen in the block diagram, it is functionally divided into
Transfer Link and Power Management System (PMS). Firstly, PMS
is simulated excluding the transfer link to characterise the perform-
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Power Management System

Ma'tch!ng Rectifier Regulator ﬂb
Circuit
™ ! l
PUARYS Rx Control
~ L ‘l
£ 4 o .
T ' Power Receiving Unit
L ' '
z i ]
© 0
= . ': v
NI Tx Control
‘ Tx | l l
Matching Power Supol
Circuit amplifier PPy

Power Transmitting Unit

Figure 6.1: WPT block diagram

ance of PMS. Secondly, the whole PRU system: PMS with transfer link
created with coupled antenna, Tx and Rx, is simulated to observe the
performance of whole PRU. Though it has already been told earlier, one
important thing must be mentioned here again before going further.
Even though reference and biasing circuit has been integrated into the
PMS system, it has been designed with an option to override it extern-
ally. This externally supplied reference and biasing will be primarily
used for the PRU system simulation. The result with on-system biases
and reference will be explicitly noted when used.

6.2 Power Management System

Figure 6.2 is the top level of PMS in this design and test bench setup
is a shown in figure 6.3. The purpose here is to give differential signal
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Vin1 and V;,,2 to PMS system and see V,.. and V., outputs while driving
load. The voltage signal from source V. is fed to balun in order to gen-
erated V;,; and V},,. The other inputs are external biases, reference,
control and supply for LDO and buffer. Other outputs are bias voltages
to examine the performance of BGR circuit which can be disabled with
external control signal Vctl low.

VINL_1

viN2_1 ACTIVE

VIN2_Z
GND

VINL_2RECTIFIER VREC

[ ]

_VDD_BIAS ID——

_VBIAS2_INEEE>——]
“VBIAS3_IN D

VREC

VBIAS2

VBIAS3
ver MV BIAS4

VREF

_VBIAS4_INED>

_VREF_IN D>

_VCTL m>——|

VB_BUFF D>

\ 4 L d
T VREC
VREC
L VBIAS2
® veias3  LDO VREG
L VBIAY REGULATOR _VREG
L VREF T
GND
1 ]
4 ﬂ
Ak BUFFER d
VREC | j/ _VBIAS2
V2_BGR VBIAS2 —0—‘1{ o 9
V3_BGR VBIAS3 ¢ &1V
V4_BGR  VBIASA L 3 [ 4
VRBGR  VREF L
MM BUFFER L
BiAs _VBIAS3
v2_INCTRL
V3_IN IV‘:
V4_IN
VR_IN *
veTL
GND MM BUFFER L d
j’ _VBIAS4
b q
4|
(Y —
| MM BUFFER
VREF

_VDD_BUFF IE——]
~GND @

Figure 6.2: WPT PMS implementation
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Table 6.1: PMS test-bench stimuli voltages and components

Vi 2.6 V,
Operating frequency 13.56 MHz
Crip > 100 nF
%ia52a V;)ias?) & %iasél 117 0.88 & 0.68V
Vier 1.18V
Claad & Resr > 2.5 }IF &>050
Iload - [maa: 10 mA
Vddy,rr & Vddyigs 25&22V
Vbpugy 14V
Vo 0 V for external biases

2.5V for internal biases

. VDD_BUF f— —————————
_VBB_BIAS
_VBIAS2_IN
_VBIAS3_IN:
_VBIASA_IN
_VREF_IN

OOOOOO (’fk

_VREG
_VRE

Cload
Crip I

load ()| Cbp—
ESR

_______

_______

_VBIAS2_INEED>-
TVBIAS3_IN I
TVBIASA_IN S
_VREF_IN >
_VCTL >
_VB_BUFF >

| VBIAS2_IN
| VBIAS3_IN
| VBIASA_IN

_VINI_1 > > _VBIAS2
_VIN2_1 _VBIAS3
_VINI_2 _VBIASA
_VIN2_2 VREF

PMS TOP

_VREC
_VREG
_VREF_IN

_VCTL

_VB_BUFF

GND

!

Figure 6.3: Test bench for PMS simulation

In the test-bench in figure 6.3, stimuli voltages like input and biases
and components like capacitors and resistors are used. The values for
these stimuli and components are listed in table 6.1. V,. is set to 2.6 V
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in order to compensate voltage drop of pad resistance.

6.2.1 Simulation result

Figure 6.4 and 6.5 shows input and output waveforms of PMS block
when supplying 10 mA current to the load. On comparing V,.. with
that of rectifier only section, two distinct difference can be observed:
additional drop in V,.. and additional time to get maximum V,... As
already mentioned that final parasitic extraction from layout not just
include the core but also the tracks from pad to the core inputs, which
obviously contributes more resistance in the conduction path and hence
more drop in V... Similarly, passive and active rectification region is
clearly seen here. C),,4 being a large capacitor, it is taking longer time
to start the active rectification. The regulated output, V,., is similar to
as discussed in LDO section.

PMS Inputs voltages @10 mA load
T T

Voltage (V)
o

Vin
1k Pre Vinl
Pre Vin2
Pre Vrec
— — Post Vinl
2 r Post Vin2
Post Vrec
-3 1 1
600 600.05 600.1 600.15

Time (us)

Figure 6.4: Input voltage waveform of PMS
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Figure 6.5: V... and V,., voltages of PMS
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Time (us)

Figure 6.6: Ripple in V,... and V.,
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Figure 6.6 gives a zoomed view of rectified, ;.. and regulated, V,.,
output voltages. Their characteristics are same as discussed in rectifier
and LDO section.

Figure 6.7 shows of diode currents corresponding to its input voltages.

It is seen that diodes turn off slightly later than intended. This has res-
ulted in reverse leakage of current. Since rectifying diodes are realised
with large MOSes, these diodes have larger gate to source capacitance.
So when the diodes are turned on and off, it require some time to charge
and discharge, resulting in delay of turning off diodes. The other reason
might be, if the parasitic capacitance of diodes are not equal, it results
in different charging and discharging of time of diodes, resulting in
even conduction of current through them. Same is the reason for rms
diode current being slightly less in post layout. The other important
observation is peak diode though V;,; path is less than through V;,,
path which means paths from pad to diode inputs are asymmetrical
with V},,; track having higher resistance.

Current from source

T T
AN ~

?,E? 30 Pre:Vin2| =43.4mA,|  =13.9mA .
- Pre: Vinl | p=43.4 mA, | r=13.9 mA
Kl ——-Post:Vin2| =43.1mA,1 =124 mA ]
310 - Jf Post: Vin11 =39.0mA,| =11.2mA |
O p !

‘ \

I ‘ )

600 600.05 600.1 600.15

Rectifier voltages

T T
B

/_—r"/
— —
<2 ¢ ﬂ\:\ Vin
2 Pre Vinl
% \ Pre Vin2
Si1r Pre Vrec
§ — — Post Vinl
\ Post Vin2
0r A - Post Vrec
600 600.05

Time (us)

Figure 6.7: Current and power consumption
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The total power consumed from signal source, V,. are 30.2 mW and
28.4 mW for pre and post layout simulation for delivering 17.8 mW to
the load. Slightly less power in consumed in post in post layout which
is explained by two things: reduced rms current of diodes as explained
earlier and reduced V,... Since V,.. is the input to the LDO, less V..
means pass device in LDO has to drop less voltage increasing LDO
efficiency.

This results in power transfer efficiency, 7,,,s of 58.9 % and 62.7 %
respectively. In theory these values should be equal to

Npms = Mrect * Nido (61)

Using 7,.» from table 3.2 and 7,4, from table 4.2, the pre and post
layout efficiencies are 68.5 % and 67.2 % respectively. This disagree-
ment in value is due to inclusion of pad resistance and pad to core
resitance in in top test bench of PMS.

The performance of PMS system is tabulated as in table 6.2.

Table 6.2: PMS performance summary

| Schematic | Post-layout

Viee 2.285V 2217V
AViee 2.4 mVy, 3.6 mVy,
Vieg 1.780 V 1.781V
AVieg | 0.1 mVp, 0.5 mVy,
Npms 58.9 % 62.7 %

6.3 WPT System

6.3.1 Top Testbench

Figure 6.3 is also the test bench for complete WPT PRU unit when the
balun block is replaced with wireless transfer link model. Figure 6.8
is the transfer link realised with lumped model of resonant inductive
link. The values of lumped elements of inductive link and tuning ca-
pacitors are given in table 5.1, 5.2 and 5.3. V,., a 13.56 MHz voltage
source, is connected to V,,; input of this model and differential voltages
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Vieer and V... are generated as output, which are used as Vj,,; and V},»
inputs for PMS system. The simulation result of 5 mm distance coup-
ling is presented below.

Since the nominal peak to peak value of differential inputs is 2.6V,
during simulation magnitude of V,. is gradually increased till the dif-
ferential signals in secondary antenna reach the nominal value when
driving maximum load. Other biasing voltages and component values
remain the same as in PMS simulation test bench given in table 6.1.

Inductive Link

Cp2 Rp L1(1-k"2)

VPRI -—|

VSEC+

T Csl
<@l V/SE C+

GND @ *——1—o ) . .

Figure 6.8: Lumped model of inductive link

The parasitic extraction of the compete layout also includes the
tracks from pad to core inputs. The pad-frame layout provided by the
fab was used to accurately draw the tracks from pad to core I/O termin-
als.

6.3.2 Simulation result

Figure 6.9 is the plot presenting input voltages to the inductive link
and chip: V,. is input to the primary antenna, and V;,,; and Vj,,, are dif-
ferential voltages generated across the secondary antenna which are
inputs to the chip and and V;, is V},; — Vj,2. In order to obtained the
nominal amplitude of 2.6 V of the differential signals, the amplitude
of V. is required to rise to 3.7 V. It is seen that V,. slightly lags in
phase with V;, due to shift in resonance frequency. This can be due to
mismatch in load at secondary because rectifier being non-linear load,
it was modelled as an approximate dc load during tuning of induct-
ive link. Moreover, V;, is not perfectly symmetrical here. It is slightly
flattened at the peaks because of voltage drop in coil and pad resistance
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while the diodes are conducting.

WPT Inputs voltages @10 mA load
T T T T

Pre Vac
Pre Vin
Pre Vinl
Pre Vin2
Pre Vrec
Post Vac
2 — — Post Vin
— — Post Vinl
— — Post Vin2
Pre Vrec o
_3 1 1 1 1 1 1 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Time (us)

Voltage (V)

Figure 6.9: Input voltage waveforms

In figure 6.10, rectified voltage, V,.. and regulated voltage, V,., wave-
form from the PMS chip is shown where its inputs are the differential
signals, V;,; and V},,, shown in figure 6.9. On comparing these wave-
forms with that of PMS system, it is seen that outputs take longer time
to reach steady state due to weakly coupled inductive and a large out-
put capacitor.

Figure 6.11 is a closer look over steady state V.. and V,., along with
inherent ripple in them.

59



PMS and WPT Systems
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WPT Vrec and Vreg @10 mA load
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Figure 6.11: Ripple in V,.. and V.,
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The voltage and current at the primary antenna is shown in figure
6.12. AS already mentioned, V,. is gradually increased to 1.85 V amp-
litude to get nominal amplitude of differential inputs to the rectifier.
Also seen in the plot, current is slightly leading voltage, which means
it slightly capacitative and resonance frequency has slight shift.

WPT Primary Voltage and Current @10 mA load
T T

e

1/

Pre: V., Peak=1.82V,Rms=142V
— — Post:V_, Peak =1.85V, Rms =1.38 V
Pre: |, Peak = 38.0 mA, Rms = 29.1 mA 120
— — Post: |, Peak =37.5 mA, Rms = 27.6 mA

05 10
<
> £
S o €
£ 3
2 5
05 10 ©

1 -20

15 -30

-2 L L I 40

1200 1200.05 1200.1 1200.15
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Figure 6.12: Primary voltage and current

Figure 6.13 shows instantaneous diode current waveform with their
corresponding input voltages. On comparison with PMS performance,
two distinct difference is seen: diode current rising quickly to peak
value and higher peak diode current. This is because V;,(Vin1 — Vin2)
changes quickly during turning on time of diodes. That is why the
peak of Vin is more like a square wave. Similarly as in PMS section,
diode in V;,,; path is conducting less peak current than in V;,,, path due
to two path being resistively asymmetrical in the layout.
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Current from source
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Figure 6.13: Diode current and voltages

From the simulation, it is obtained that primary antenna consumes
37.1 mW and 35.2 mW in pre and post layout result, for delivering
17.81 mW to the load. This results in power transfer efficiency, 7, of
48% and 50.6 % respectivley. Using 7,,,; value from table 6.2, 1, is
obtained 81.5% and 80.7% from pre and post layout result. The theor-
itical 7;;,; for perfectly matched source and load of transfer link is 86%.
This difference can be explained with inaccuracy in modelling complete
system (PMS chip and DC load) as DC load during tuning of inductive
link. As a result this has caused slight shift in resonance frequency
and eventually has reduced efficiency.

Just for the cross check, this 7, of complete WPT system should be
equal to
(6.2)

Using table 5.3, 3.2 and 4.2, efficiencies obtained from equation 6.2
are 56.7% and 57.8% respectively for pre and post layout results. As
already discussed this difference can be explained with resistive loss in

Nwpt = Mink * Nrect * Nido
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PMS system and load mismatch in resonant inductive link.

Finally, the performance of the above discussed WPT system for
maximum load and coil separation of 5 mm is tabulated in table 6.3.

Table 6.3: WPT performance summary for 5 mm coupling

| Schematic | Post-layout

Ve 3.7V 3.7V
Viee 2.287V 2.229V
AV, e 3 mVyy 2.8 mVy,
Vieg 1.780 V 1.781V
AV,eg 0.1 mVp, 0.5 mVy,
Nwpt 48 % 50.6 %

All inductive links

The above analysis and characterisation of WPT system is for inductive
link with coil separation of 5 mm for delivering 10 mA current at 1.8 V.
The same analysis is repeated for other two cases: a stronger inductive
link created from 1.5 mm coil separation and a weaker inductive link
created from 10 mm coil separation. For doing this, respective lumped
model of inductive link is used in top test-bench, figure 6.3, The com-
parative post layout performance of WPT system for these different
inductive links is listed in table 6.4.

Table 6.4: WPT performance summary for all inductive link

| Sepr: 1.5 mm | Sepr: 5 mm | Sepr:10 mm

k 0.52 0.25 0.1
Vae 3.6V 3.7V 4.7V
Leak 41.2 mA 37.5 mA 39.2 mA
P, 32.8 mW 35.2 mW 51 mW
Nuwpt 54.3 % 50.6 % 34.9 %

From table 6.4, it is observed that with the increase in distance
between primary and secondary coils, there is decrease in coupling
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between the coils in the inductive link, resulting in less magnetic field
from the primary coupling into secondary. That is why with increas-
ing distance between the coils, the primary has to be driven with more
power to deliver to the load.
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Chapter 7

Test and Verification

7.1 Chip and PCB

After post layout simulation of complete PRU system, it was sent for
production to TSMC fab in November 2016 and was received in Febru-
ary 2017. The manufactured chip was packaged in 84 1I/O pins JLCC
package. The full layout is included in appendix. It is designed in 90nm
process using 2.5 V devices. This process provides 1P-9M - 1 poly layer
and 9 metal layers. However in this design, 1 poly and 8 metal lay-
ers is used. Basically every component layout used up-to 4 metal lay-
ers. Only the high current paths are made with parallel path of higher
metal layers. The micrograph of produced layout is shown in figure 7.1.

While the chip was in production, test PCB board and antennas
were designed and produced. EAGLE is used as PCB design tool.
Jumper header pins are used for DC voltages whereas for ac inputs
SMA connectors are used. Similarly, for decoupling and ripple rejec-
tion SMD MLCC capacitors are used but for stability purpose of LDO,
electrolytic capacitor is used owing to requirement of better accuracy
and higher ESR for compensation capacitor. In order to have better
control of supplies to bias, buffer and pad circuits on board regulator is
used. For convenience, instead of providing biases voltages from power
supply, on board resistive network is implemented to generate required
bias voltages. For sanity check of the chip, balun is used to created
differential signal inputs. The test PCB and antenna are included in
appendix.
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Figure 7.1: Micrograph of PMS chip

7.2 Measurement Setup

The laboratory setup done for measurement of data is shown in figure
7.2 . The primary antenna is driven by V,. from arbitrary waveform
generator, TGA 1244. The differential ac signals V;,; and V},; gener-
ated from the secondary antenna, which are fed to the rectifier of PMS
chip is measured with channel 1 and channel 2 of oscilloscope, Agilent
54624A. V,.. and V,., are measured with channel 3 and channel 4 re-
spectively. Agilent E3648A is used as power supply to the regulator
on PCB. This regulator is generates 2.5 Vas VDD and 1.18 V as V,.;.
This VDD is used as supply for pad/ESD, on chip buffers and on board
bias generation circuit. Keithley 6514 electrometer is used to measure
current where required. All these devices are connected to a GPIB bus
and controlled using Matlab script. An example of Matlab code used
here is given in the appendix.
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Figure 7.2: Measurement setup

7.3 Measurement Result and Discussion

As in simulation, first the performance of rectifier and LDO are meas-
ured, then PMS and finally WPT system, which are presented below.

7.3.1 Rectifier

For measuring the performance of rectifier on PMS chip, balun on test
PCB is used to generated V;,,; and V;,». V,. of 13.56 MHz frequency is
supplied to the balun. Its magnitude is adjusted to 4.1 V so that the
magnitude at the input of rectifier, V;, (V;,1 — Vj,2) is 2.6 V as in simu-
lation. The bias and reference voltages for LDO are grounded in order
to disable LDO for now. The potentiometer at V,.. node, as a load res-
istance, is adjusted for drawing 10 mA current.

Figure 7.3 shows measured input and output waveform for 10 mA

load compared with corresponding PMS simulation. The average rec-
tified output V.. is a close to simulated value. The additional drop
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in measured V,.. is about 65 mV, which can be accounted to resistive
drop along bonding wire, PCB trace and higher drain-source resistance
of diodes. This assumption results in resistance of 6.5 (2 in V.. path,
which in real cannot be so big. This means more than 10 mA current
is drawn from the rectifier, proportionally dropping this higher voltage.
The additional current may have been drawn by LDO because the LDO
might not be completely turned off.

Rectifier: Measured vs Simulated @10 mA load

T T T T T T T T T

Voltage, V

Vinl: MEAS
Vin2: MEAS
Vrec: MEAS, 2.151V
Vin: MEAS
— — Vinl: SIM
-2 — — Vin2: SIM

Vrec: SIM, 2.217 V
— — Vin: SIM
3 F J
1 1 1 1 1 1 1 1 1

70 80 90 100 110 120 130 140 150
Time, ns

Figure 7.3: Measured rectifier waveform for 10 mA load

The differential input waveforms are similar in shape but during
diode conduction the measured waveforms are distorted: V;,; and Vj,»
have additional peak and valley when rectifying diode are turned on
and and off respectively. [20] has discussed about similar issue in rec-
tifier performance and accounted this distortion for parasitic induct-
ance of bonding wire and PCB trace in addition with probe and pad
capacitance while operating at higher frequency. In order to verify this
clarification, the top level test bench is re-simulated with approximate
parasitic inductance and capacitance and the distortion in V;,,; and V},,»
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is noticed as in the result above. This distortion has affected the com-
parator performance resulting in faster turning on diodes and later
turning off diodes. The later turning off of diodes results in reverse
leakage current.

Figure 7.4 is performance of rectifier for 1 mA load where the dis-
tortion due to energy storing and realising in the parastic incudtor and
capacitors is less pronounced. The simulated and measured perform-
ance is a close match in this case.

Rectifier: Measured vs Simulated @1 mA load

Voltage, V

—Vinl: MEAS

—Vin2: MEAS
Vrec: MEAS, 2.504 V

—Vin: MEAS

\——Vinl: SIM

——Vin2: SIM A
Vrec: SIM, 2.567 V

——Vin: SIM

3t i

70 80 90 100 110 120 130 140 150
Time, ns

Figure 7.4: Measured rectifier waveform for 1 mA load

The measured rectified output for various load is presented in fig-
ure 7.5. The average rectified DC value is as expected but the ripple is
unexpectedly higher. The ripple rejection capacitor was replaced with
100 uF capacitor hoping for reduced ripple but only few milli volt re-
duction was observed. The frequency of ripple was 35 MHz, higher
than 2 times the operating frequency which means the distortion in in-
puts is causing multiple conduction in a half cycle. The peaks in ripple
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corresponds to additional conduction during turning on of diodes and
valleys in ripple corresponds to occurrence of reverse leakage during
turning off time.

Rectifer: Measured Vrec for various load

T T T T

26 §

2.4 ~

22 1
>
o
g
>
2 — 1mAload:V __=2510V, Ripple = 66 mV
—— 2 mA load: V rec = 2466V, Ripple = 78 mV
4 mA load: V =2.408 V, Ripple = 92 mV
18 [ rec i
—— 6 mAload: V rec = 2:320'V, Ripple = 111 mV
8mAload:V  =2.248V, Ripple =133 mV
16 b 10 mAload: vV =2.174V, Ripple =142 mV i
1 1 1 1
0 100 200 300 400 500

Time, ns

Figure 7.5: Measured rectifier output for various load

In order to measure input power, P,,, from signal source V., first
a 5 () current sense resistor was connected in series between supply
and balun and voltage drop across this resistor was measured. Cur-
rent drawn from the source was then calculated by dividing voltage
drop across the series resistor by its resistance value. Using Matlab,
the average input power was calculated by integrating the product of
instantaneous current waveform and input voltage waveform, V, in
figure 7.3 and dividing it by integration time, as in equation 7.1.

1 o
Pavg = m Ll U(t)l(t)dt (71)

Similarly, output power, P, delivered to load, realised with poten-
tiometer, was calculated as product of rms value of V,.. and dc current,
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I;,.q value read by Keithley 6514 electrometer measured at V,.. node,
as in equation 7.2.
Pload = ‘/recrms-lload (72)

For delivering 10 mA output current to load, V.. is 2.151 Vi.e 21.51
mW output power, the measured input power is 33.74 mW.. The results
in measured efficiency of rectifier to be 62.5%.

Table 7.1: Rectifier measured performance

| Measured | Post-layout

Input magnitude 26V 265V

Rectified DC 217V 2.285V
Ripple Vpp 142 mV 4 mV
PCE 64.4 % 80.5 %

VCE 80.4 % 87.8 %

The post layout performance of rectifier is obtained from PMS sim-
ulation by disabling LDO. This is done in order to imitate the measure-
ment scenerio.

7.3.2 LDO

For measuring the performance of LDO on PMS chip, no differential
inputs to the rectifier was applied. The biasing and reference voltages
given in table 6.1 were generated on test PCB and applied to PMS chip.

Figure 7.6 is the regulated voltage V,., of LDO when the input
voltage V.. was swept using a voltage source. The load current was
set to 5 mA by adjusting potentiometer. It is seen that the pass device
starts conducting at around 1.9 V input and the regulated output is 1.8
V for both simulated and measured results. However the significant
difference minimum drop across pass device. The measured minimum
drop across pass device is 0.55 V compared to simulated 0.15 V which
means minimum input voltage required for LDO to work is measured
to be 2.45 V which is much higher than the simulated performance
which is 1.95 V. This is be due to the produced pass device having much
higher resistance than shown by simulation. This problem could have
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been avoided by making the pass device much wider.

LDO: Vin sweep @5 mA load
T T T

18 e |

1.2 /’ 7

Vreg (V)
[y
Tk

—%-- MEAS: Vreg
7SIM:Vreg

06 f ; i

0.4 r ‘ y

0 0.5 1 1.5 2 2.5 3
Vin (V)

Figure 7.6: LDO input sweep for 5 mA load

Figure 7.7 is the performance of LDO when the load was swept from
0 mA to 11 mA by adjusting potentiometer. 2.45 V was applied as input
because it is the minimum input required for the LDO to work as given
in figure 7.6. The regulated output V,., and current drawn from the
source were measured in order to note quiescent current.

The variation in V;., is not greater than 5 % of nominal value of 1.8
V i.e. within the desired margin. However, the quiescent current is
much higher than simulated result. It is seen that measured quiescent
current is 4 mA in average for all load current which was only 115 uA
in simulation. This quiescent current is not entirely the leakage in the
LDO. A rectifier turn down switch should have been made to turn off
rectifier while testing LDO. So during this measurement rectifying di-
ode in the rectifier were turned on, conducting some current through
them. The large quiescent current of LDO is accounted for this diode
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current.
LDO: IIoad sweep @ Vin =2.45V
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Figure 7.7: LDO load sweep

7.3.3 PMS Chip

As the PMS produced here consists of rectifier followed by LDO, the
LDO should be able to operate with the given performance of rectifier.
On verifying the LDO above, one limitation is observed. The minimum
input voltage required to operate LDO is much higher than rectified
output V,.. when operating to deliver 10 mA current. This has lim-
ited the further use of LDO in PMS system. Hence for the discussion
ahead, rectifier is only considered as PMS. To check the sanity of LDO,
its performance for 4 mA load which tightly meet the requirement of
minimum input voltage is presented in figure 7.8.
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PMS: Measured voltage waveforms
T T T

> _Vinl

s 0r —Vin2 i
% Vin
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S V= 2453V, Ripple = 60 mV

> 1t V,eg = 1.812 V, Ripple = 13 mV i

3t |
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Time, ns

Figure 7.8: PMS performance

7.3.4 WPT System

For measuring the performance of WPT system, the setup is done as
shown in figure 7.2. The measurement results of magnetic resonant
inductive link with 5 mm coupling separation is presented here. 3.8
V magnitude sinusoidal signal is required to drive primary antenna in
order to generate 2.65 V differential signals in the secondary coil.

The measured voltages waveform for 10 mA load is presented in
figure 7.9 along with simulation result. The additional drop in V.,
distortion of inputs, V;,; and V;,» and larger ripple are due to the same
reasons discussed in rectifier measurement. The distortion is more pro-
nounced here because of additional parasitic from the transfer link.

Figure 7.10 shows measured current and voltage in the primary
coil. Input and output powers are calculated as discussed in rectifier
measurement section. Here current sense resistance is used in series
to primary coil. Thus obtained input power to primary was 45.6 mW to
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WPT Measured voltages @10 mA Ioad
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Figure 7.9: WPT from 5 mm coupling: voltage waveform

deliver 21 mW to load. This results in measured efficiency of 46.1 %.
This to make things clear that this efficiency is the transfer efficiency
from primary to rectifier output excluding LDO. Using rectifier meas-
ured efficiency from earlier section, the efficiency of resonant inductive
link is 70.5 %.

The decreased efficiency can be explained with two main factors: ef-
fect of parasitics on rectifier and non-optimal resonance. As explained
in rectifier measurement result, the parasitic capacitance and induct-
ance have caused the distortion of rectifier inputs, significantly affect-
ing the comparator performance which was designed to avoid reverse
leakage of current. Similarly magnetic resonance created at the trans-
fer link is dependent both on load and distance and alignment of the
coil. During tuning of transfer link the load was modelled as dc load
including the LDO, which is disabled during measurement due to its
limitations, and not to mention rectifier itself being non-linear load
which is always subjected to change. Likewise during measurement,
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WPT: Measured primary voltage and current
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Figure 7.10: WPT 5 mm coupling: Voltage and current at primary coil

due to lack of device/instruments to maintain better control of distance
and alignment of coils, the coupling factor was always subjected to vari-
ation.

The measured performance of WPT with 5 mm coil separation is
summarised in table 7.2

Table 7.2: WPT measured performance for 5 mm coupling

| Measured | Post-layout

Ve 3.8V 3.6V
Viee 21V 2.23V
AV, | 1183mV,, | 2.8mV,,
Topt | 46.1% 63.4 %

Once again just to avoid confusion, it should be mention here that
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performance summary given in table 7.2 is for WPT system constitut-
ing resonant inductive link and rectifier.

All inductive links

As in simulation the performance is measured for 1.5 mm and 10 mm
coil separation too. On doing so, the transfer link is realised with their
respective resonant primary and secondary coil held at respective dis-
tance. The input voltage and current at the primary antenna for all
three coupling cases for 10 mA load at rectifier output is shown in fig-
ure 7.11.

WPT: Measured Primary Vac and lac for all links

40
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Current, mA
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Time, ns

Figure 7.11: Primary voltage and current for various inductive link

On observing the voltage and current waveform in figure 7.11, it
is found that their amplitude and phase difference are comparable to
the simulated result for 1.5 mm and 5 mm distance coupling. How-
ever for the case of 10 mm, the phase difference between current and
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voltage has increased, thereby requiring much higher input voltage to
deliver the same output current. As in other two case, load variation,
unaccounted parasitic capacitance in simulation and inaccuracy in coil
separation have obviously shifted the resonance frequency. In addition,
[32], reports that optimisation for weakly coupled link should be done
together with rectifier and regulator.

The measured performance for all three cases of coupling are presen-
ted in table 7.3

Table 7.3: WPT measured performance for all inductive links

| Sepr: 1.5 mm | Sepr: 5 mm | Sepr:10 mm

Ve 375V 3.8V 78V
Tcar | 453 mA 39.2 mA 28 mA
P, 39.7 mW 45.6 mW 99.7 mW
Topt 52.9% 46.1% 21 %
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Chapter 8

Conclusion

In this project, wireless power harvesting system was designed, ana-
lysed, produced and tested. Magnetic resonance inductive coupling
method was used for wireless power transfer. The WPT chip was pro-
duced using 2.5 V devices of 90 nm CMOS process. The target perform-
ance was to wirelessly power 10 mA load with 1.8 V.

The post-layout simulation result, summarised in table 6.3, showed
that the target objective of WPT system implemented in this project
can be achieved with system efficiency greater than 50 %. Measured
performance of rectifier was decent, the limitation being effect of para-
sitic inductance and capacitance. Similarly, in spite of higher drop
and leakage, LDO measured performance showed that its functional-
ity agreed with the simulation result. The inductive link power trans-
fer efficiency for strong and moderate coupling was reasonable good
enough to give measured WPT system efficiency of 46.1 % taking recti-
fier only as PMS.

To sum up the work, it can be said that the conceptual design of
WPT implemented in this work was approved by post layout simula-
tion, with measured results backing the simulated performance. The
analysis of degraded measured results were traced to layout design of
PMS and effect of parasitics.



Conclusion

8.1 Design issues

In course of this WPT chip design, I came across many design issues,
most of which I learnt after the design. I learnt that these issues have
direct impact on the performances of the system and on addressing
these issues the performance of the WPT system can be significantly
improved.

* Device size: I followed a text book approach for designing which
I later realised not to be an optimal design choice. For example,
choosing device length 3 times the minimum feature size. Though
simulation across all corners met the target requirements with
chosen technique, there was still plenty room on the chip. Big-
ger devices sizes could have, on the one hand, make good used
to available room and on the other hand, it could certainly have
made the produced chip less prone to PVT variation.

* Layout: During verification of the chip, larger ripples, both in
Viec and V,., were measured. The main reason for this is rectifier
and LDO sharing the same ground path. During conduction of
MOS diodes large ac current passed through the ground, even-
tually creating higher ripples and requiring large ripple rejec-
tion capacitors. Separate ground for rectifier and LDO and wider
gaurd-ring around the noisy rectifier, could have minimised the
ripple amplitude in rectified output. Similarly, the higher current
path reaching the diodes should be made with equal resistance.
A slight difference in path resistance was observed in this design
which resulted in asymmetric conduction of rectifying diodes.

¢ Inductive link: A more detail analysis of magnetic resonance
inductive link is required. The coupling link was designed for
fixed resonance frequency at 13.56 MHz but shift in resonance
frequency was observed while taking measurements of WPT chip.
It was mostly due to variation of load and inaccuracy in coil sep-
aration.

¢ PCB: The test PCB could have been made better in terms of both
performance and test connivence. The current conduction paths,
Vi1 and Vj,» should have been made shorter and symmetrical.
The decoupling capacitors and ripple rejection capacitors should
be place closer to their corresponding JLCC pins. For making
measurements easier, more test points are required, especially
current measurements points.
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* Test-bench: The top level test-bench of WPT chip can also be im-
proved to realise a real measurement set up. Inclusion of parasit-
ics of probes increases the accuracy of measured data and hence
the verification of performance. More important is inclusion of
pad resistance and capacitance which are the source of voltage/-
power loss and shift of resonance frequency respectively. Moreover,
power down switches should be added to disable rectifier and LDO
so that they can be tested separately.

8.2 Future Work

As this work is done as pilot project of implementing of WPT in 90 nm.
it can be taken as a starting point to build an optimal WPT system
for either charging or directly driving low power devices. I think it
can work as reference and/or preliminary work on following perspective
future works.

* The same design choices and architectures can be optimised for
better efficiency in specific application. The boundary condition,
problems and challenges discussed above should be first addressed.
Other additional work includes, integration of over voltage protec-
tion circuit for rectifier and BGR for on chip biasing and reference
voltage generation.

* Design and implementation of communication and transfer pro-
tocol between PTU and PRU can be other additional topic relating
to this work. One can implement standard commercial protocols
like Qi and AirFuel or can design one’s own protocol optimised
for specific application. On completion of these works, a complete
independent WPT system is made.
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Rectifier Implementation
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LDO Implementation
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LDO Implementation
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Test PCBs
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Figure D.1: Primary antenna layout
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Figure D.2: Primary antenna PCB
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Figure D.3: Secondary antenna

Figure D.4: Secondary antenna PCB
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Appendix E

Matlab code for PMS
measurement

clear all;

addpath (genpath (’ /hom/mes/src/matlab/gpib/linux’));
%% Parameter declaration and initailisation
Voffsetl = 0;

Vampl = 3; % Vpp in function generator
Freql = 13.56%10"6;

Vlimit = 5; % device range 2V-200V
Ilimit = 20%«10"-3; % device range 20pA-20mA
mode = '"1";

pause (1) ;

%% Instruments GPIB address
TTI1244_address = 6; Arbitary function generator
HP54622_ address = 24; Oscilloscope
Ko514_ _address = 18; Electrometer DMM
HPE3631_address 8; Power supply

o® o° o o©

%% Power supply initailisation and setup

HPE3631Init (HPE3631_address);

HPE3631_SetILimit (1, 0.05);

HPE3631_SetILimit (2, 0.05);

HPE3631_SetVolt (1, 4); % To regulator on PCB "Vsup"
HPE3631_SetvVolt (2, 0);

HPE3631_Operate () ;



39

40

41

42

44

45

46

47

48

49

60

61

Matlab code for PMS measurement

pause (1) ;

%% Function generator initailisation and setup
TTi1244_Init (TTI1244_add);

TTil244_SetChannel (1) ; % Channel 1 as "Vac"
TTi1244_SetTerm ('’ 50");
TTil244_SetWaveform(’ SINUS’) ;
TTil244_SetAmplitude (Vampl) ;
TTil244_SetFrequency (Freql);

TTi1244_DCoffset (Voffsetl);

TTil1244 ChannelEnable ('ON’, 1);

pause (1) ;

%% Multimeter initailisation and setup
GPIB_Write ('’ xCLS; *RST;’, K6514_add);
K6514_SetMode (mode) ;

K6514_SetRange (Ilimit);

pause (1) ;

$K6514_QuickMeasure () ;

%% Oscilloscope initailisation and setup
GPIB _Write ('’ xCLS; xRST;’, HP54622 add);
$HP54622 AutoScale (1) ; % autoscaling channel 1

HP54622_SetVerticalRange (1, 3, 0); % voltage scale

HP54622_SetTimeScale (2+1/Freql) ; % time scale

pause (1) ;

[time, data] = GetData (HP54622_DefaultAdr); % read all
channles

Vrec_freq = HP54622_MeasFreq(3);
Vreg_freq = HP54622_MeasFreq(4);
pause (1) ;

Vrec ripple freqg
Vreg ripple freq

o)
)
o)

i)

o\°

Vinl = data(:, 1); Vinl_vpp = peak2peak (Vinl);
Channel 1 as "Vinl"

Vin2 = data(:, 2); Vin2_vpp = peak2peak (Vin2);
Channel 2 as "Vin2"

Vrec = data(:, 3); Vrec_avg = mean (Vrec); %
channle 3 as "Vrec"

Vrec_rip = peak2peak (Vrec);

o\

101



62

63

64

65

79

80

81

82

83

84

86

87

88

89

Matlab code for PMS measurement

Vreg = data(:, 4); Vreg_avg = mean (Vreq); %
channle 4 as "Vreg"

Vreg_rip = peak2peak (Vreqg);

Vin = Vinl - Vin2; Vin_vpp = peak2peak (Vin)/2; % "Vin

time = time x 1079 + 250; % in ns and starting with
0 ns

%% Plotting all voltage waveforms

fl = figure(l);

plot (time, Vinl ,’r’, time, Vin2 ,’b’, time, Vrec ,’g’
, time, Vreg ,’'m’); hold on;

plot (time, Vin); hold off;

x1lim = ([0, 5001);

xlabel (" Time, ns’);

ylabel ('Voltages, V');

grid onj;

vinl_legend = sprintf('Vinl: V_{pp} = %.3f V',
Vinl_vpp);

vin2_legend = sprintf ('Vvin2: V_{pp} = %.3f V’,
Vin2_vpp) ;

o\

vrec_legend sprintf (' Vrec: V_{pp} =
= %.3f V', Vrec_rip, Vrec_avg);

vreg_legend = sprintf ('Vreg: V_{pp}
= %.3f V', Vreg_rip, Vreg_avqg);

vin_legend = sprintf ('Vin : V_{pp}
) i

legend (vinl_legend, vin2_legend, vrec_legend, vreg leg
, vin_legend’, ’'location’, ’'best’);

title (' PMS: Measured voltages’, ’'FontSize’, 10);

.3f v, V_{avg}

I
o\°

.3f Vv, V_{avg}

Il
o\

.3f VvV, Vin_vpp

%% save plot the plot
set (fl,’Units’,’ Inches’);

pos = get (fl,’Position’);

set (fl,’'PaperPositionMode’, "Auto’, ' PaperUnits’,’ Inches
", "PaperSize’, [pos(3), pos(4)]);

print (f1, ’'pms_all_vs.pdf’, ’'—-dpdf’);

movefile ('pms_all vs.pdf’,’../../../img/meas/
pms_all_vs.pdf’);
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Acronyms

A4WP Alliance for Wireless Power

BJT Bipolar Junction Transistor

CMOS Complementary Metal-Oxide-Semiconductor
CPT Capacitive Power Transfer

DC Direct Current

ESR Equivalent Series Resistance

FCC Federal Communications Commission

GM Gain Margin

ICMR Input Common Mode Range

IEEE Institute of Electrical and Electronics Engineers
IPT Inductive Power Transfer

JLCC J-Lead Chip Carrier

LDO Low Dropout Regulator

MLCC Multi-Layer Ceramic Capacitor

MOS Metal-Oxide-Semiconductor

nMOS n-channel MOS

PCB Printed Circuit Board

PCE Power Conversion Efficiency

PM Phase Margin



Acronyms

pMOS p-channel MOS

PMS Power Management System

PRU Power Receiving Unit

PSSR Power Supply Rejection Ratio
PTU Power Transfer Unit

PVT Process Voltage Temperature

RF Radio Frequency

RFID Radio Frequency Identification
SMA SubMiniature Coaxial Connector version A
SMD Surface Mounted Device

SMPS Switch Mode Power Supply

SOC System On a Chip

SRF Self Resonance Frequency

TSMC Taiwan Semiconductor Manufacturing Company
UGF Unity Gain Grequency

VCE Voltage Conversion Efficiency

Vp Peak Voltage

Vpp Peak to Peak Voltage

Vtn Threshold Voltage of n-channel MOS
Vtp Threshold Voltage of p-channel MOS
WPT Wireless Power Transfer
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