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This thesis presents investigations into a system for the delivery of power and data to low
power remote sensor nodes by means of a wide area magnetic inductive coupling, and
describes the design and measurement of the essential receiver circuits fabricated in CMOS
IC technology. Remote sensors applications require a long-life power supply and data
information from the source in order to properly function. An inductive loosely coupled
system, in which electromagnetic energy transmitted from the source is collected by many
receivers, is a potential candidate for providing a power source and a channel for essential
node control data. Moreover, the sensor network can be accurately synchronised by
transmitting the modulated timing information carrier to the receivers which removes the
risk of data collision, omitting the need for a high accuracy real-time clock in the remote
node and its associated power drain. However, the received voltage at the secondary coil
may not be sufficient to overcome transistor thresholds and activate the system and begin
power transfer. Thus, a rectifier that can operate under the very low input voltage and a
high quality factor inductor-capacitor receiver coil are required to maximise the operating
range with a reliable start-up voltage. Since the bandwidth of the receiver coil is narrow
due to its high quality factor characteristic, an accurate resonant frequency tuning system
is needed to optimise the received voltage. Moreover, a phase-shift-keying modulation
scheme is chosen for the data transmission since the carrier amplitude and frequency are
ideally constant. However, the high quality factor behaviour of the receiver coil distorts the
phase-shift-modulated carrier which leads to the failure of the data extraction if the

receiver employs a conventional demodulator. A slow phase-shift-keying demodulator is



needed to ensure that the data is extracted without an error when a high quality factor

characteristic issued in the signal path.

The design presented in the thesis is an inductive loosely coupled energy harvesting and
data demodulation receiver used for wide area wireless sensor network applications. A
CMOS rectifier/receiver that can operate with the input voltage below the MOS threshold
value with a medium frequency range and provide a DC output voltage delivered to the
sensor node load for local storage in a battery or capacitor. In addition, the proposed
receiver can extract data from slow phase-shift-keying modulation present on the
powering signal. Furthermore, the resonant frequency tuning circuit is implemented to
ensure that the receiver operating frequency is matched to the incoming frequency to

maximise the received voltage.
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Chapter 1

Chapter 1: INTRODUCTION

1.1 Motivation

Remote sensors for industrial, agricultural and environmental applications demand a long-service
lifetime and require a power source that can maintain operation over these periods. However,
these applications are often installed in locations where the replacement of the battery is difficult
and expensive. For example, multiple sensor nodes installed on a farm to measure the moisture
content of the soil may be in locations where changing the battery of each node is occasionally
needed, but is hard to achieve in practice. To meet such needs, many designs for ultra-low power
circuits and energy harvesting have been published that enable the potential of battery-less

applications where battery replacement needs to be avoided.

Scavenging from ambient energy in various environments is challenging since the available energy
might not be sufficient for the device to operate [1, 2]. Hence, many energy harvesting applications
alternatively harvest from a dedicated electromagnetic source. Example [3] demonstrates a near-
field magnetic power transfer where an external power source is used to transmit the energy. In
addition, RF energy harvesting is widely used in several radio-frequency identification (RFID)
applications where the passive RFID tags harvest the energy from the reader [4]. Therefore, a self-
powered receiver that harvests energy from a dedicated magnetic or RF energy source is a potential

candidate to replace battery-powered wireless sensor nodes.

Since the energy harvested from an RF energy source or a loosely coupled magnetic wireless link is
typically a few puW, a specific circuit that can operate with the ultra-low power consumption is
inevitably needed to increase the distance between the transmitter and the receivers. The inductive
link coverage area can be extended by using a high-quality factor (Q) narrow-bandwidth resonant
inductor-capacitor (LC) circuit. Moreover, reducing the active duty cycle of the receivers can
significantly reduce the average power consumption. Although the design of an ultra-low power
circuit with the reduced active duty cycle of the receiver can effectively reduce the minimum
received energy requirement, the received AC voltage may be insufficient to be converted to DC
voltage due to the limited sensitivity of conventional rectifier circuits [5]. Hence, proper designs of

the rectifier for supplying the device are needed.

System synchronisation between a transmitter and multiple receivers is needed in order to permit
the battery-less remote sensor nodes to only be active at a certain period and avoid the data

collisions which occur from simultaneously transmitting the collected data back to the source from
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two or more receivers. Thus, the sensor nodes require precise timing information to enable the
precise system synchronisation. The accurate timing information can be obtained by either using a
high accuracy real-time-clock circuit or transmitting the information modulated with the carrier
energy signal from the source to the receivers. The data modulation scheme is preferable due to
less power consumption [4, 6, 7]. However, the demodulation of the data in the receiver is not
straightforward. A simple amplitude-shift-keying (ASK) demodulation technique, which has power
consumption, is not suitable for this work since the average power delivery at the receiver is
reduced as the amplitude is shifting according to the data. Moreover, a frequency-shift-keying (FSK)
demodulation technique is not appropriate either, since the receiver in the near-field
electromagnetic harvesting system has a narrow bandwidth, and deviation from the frequency for
optimum power should be avoided. Therefore, a simple phase-shift-keying (PSK) demodulation

system with low power consumption is needed.

This work addresses those issues by considering the use of medium frequency (MF) magnetic power
delivery from a dedicated distributed antenna system where the application is used for wireless
sensor nodes on a farm for agriculture use or in an industrial setting. In addition, the energy
harvesting system in this work also allows network timing to be efficiently controlled by extracting
the data along with the received energy using the PSK demodulation technique. Moreover, the
design of a high sensitivity rectifier and the ultra-low power management for powering the system

is demonstrated to deliver operation at longer range from the transmitting antenna system.

1.2 Research Goals and Contributions

The goal of the research is to design and implement a system of battery-less energy harvesting
devices that are wirelessly powered by electromagnetic energy from a remote power source. The
devices harvest energy from the environment and deliver the power to the remote sensor nodes.
Moreover, these devices can also extract data and timing information transmitted from the source
to enable communication and synchronisation between a transmitter and multiple receivers

without the need for a continuously active real-time-clock.

The proposed system is intended to be used in an area such as a farm or an industrial site where
the area could be typically around 100x100m?. Sensor nodes would be placed in different locations
within the field, in locations prohibitive to other power supply methods, and could wirelessly

harvest energy and receive instructions from the transmitter.

The design and fabrication of the full custom integrated circuits are undertaken in an 180nm
standard CMOS process, available from the Europractice foundry service. This 180nm process is

selected, instead of a shorter length CMOS process, as the digital complexity and high bandwidth
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switching speed available in more costly smaller geometry processes are not needed for this
system. Moreover, smaller geometry processes often have larger off-state leakage that would
seriously affect the performance of circuits integrated for a nano-ampere current level. The
performance of the energy harvesting functions will be directly affected by the threshold voltage
(Vin) of the transistors in the chosen process, and those in this 180nm CMOS are suitable for this
application. In addition, this project is restricted by the choice of technology shared with another
project which means that a near-zero Vw process is not an option, although such a process could

potentially yield better performances of the energy harvesting circuit.
The following list highlights the research contributions that address these goals.

- Design the MF electromagnetic energy transfer system for wide area wireless sensor
network applications with two prototype ICs.

- Design an integrated CMOS switch-over subthreshold voltage rectifier capable of cold
starting with the applied input voltage at 200mV which is less than the MOS transistor
threshold, and with the switch-over detection circuit to maintain efficient operation (1
prototype IC).

- Design an ultra-low power data extraction system for extracting the phase data modulation
(1% prototype IC).

- Design of a segmented rectifier capable of cold starting and with the efficiency adaptive re-
configuration over a wide range of input voltage (2" prototype IC)

- Design an ultra-low power phase data demodulator for extracting the low-speed, slow
phase shift modulated data from the MF electromagnetic energy transfer (2" prototype

IC).

All of the work described in this thesis has been done solely by the author, except for the assistance
stated in the acknowledgements. In addition to the original contributions by the author, basic ideas

developed from several proposed works are given in cited references.






Chapter 2

Chapter 2: LITERATURE REVIEW

In this chapter, literature reviews on energy harvesting and data communication are examined. As
stated in the previous chapter, this research aims to design a receiver that harvests energy and
extracts data from an electromagnetic power source for a remote sensor network for agriculture
or industry. Hence, the chapter describes the background of wireless energy harvesting.
Furthermore, the principles of an inductively coupled system, including the transmitter and receiver

antennas are studied.

2.1 Energy Harvesting Overview

In an environment where various forms of energy such as light or radio frequency waves are
present, ambient energy can be extracted and converted into electrical energy. This energy
extracting method is called energy harvesting or scavenging. Energy harvesting provides an
appealing solution for supplying energy to embedded devices, such as implantable medical devices
(IMD) and wireless sensor nodes, where an energy source is required for a long operational lifetime.
Compared to the conventional solution where embedded devices are powered by a battery, the
capacity of the battery cell is limited and the replacement of the depleted battery may be very
inconvenient. Moreover, devices with sufficient battery power for a long operating time may

require a larger volume, which might not be practical for remote sensor nodes and IMD.

Several forms of energy extraction by scavenging can be provided from electromagnetic waves,
light, heat and vibration. A standard photovoltaic (PV) cell can generate approximately 100mW/cm?
under bright sunlight and 100pW/cm? in an illuminated office [2]. Measurements from Matthews
et al. shows that 4mW of power can be harvested by a credit-card-sized PV device in an indoor
bright light condition [8]. Heat waste dissipated from machinery in an industrial plant or a small
thermal gradient from the human body can be converted into energy by a thermoelectric generator
(TEG). A report from Paradiso and Starner [2] states that 60uW/cm? can be generated from a TEG
in wearable applications. Mechanical vibration from an object such as machinery or a human body
can produce energy by means of piezoelectric materials, electrostatic capacitive charging or
electromagnetic energy transducers [9]. Ambient radio frequency (RF) waves generated by a
cellular base station can typically provide a 1uW/cm? to an antenna with the maximum operating

distance of 2.5m [10]. Table 2.1 compares the energy harvesting capability of various sources [2].

From Table 2.1, it can be seen that ambient light provides the highest energy density compared to

other energy harvesting sources, although with the disadvantage that the available energy is
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inconsistent and may fluctuate rapidly. Scavenging energy from heat and vibration may supply
stable energy with moderate power density, but on the other hand, a dedicated source such as
machinery or a human body is required for each embedded device. Despite the lower energy
density powered by an ambient RF wave, the energy can be distributed to multiple devices.
Moreover, digital data can also be modulated with the RF wave to enable data communication
between the source and the energy harvesting receiver if the receiver is harvesting energy from a
dedicated source instead of a base station [6, 7, 11, 12]. An energy harvesting receiver can therefore
benefit from having a communication channel as the source can send a sleep command to

deactivate the receiver in order to reduce the average power consumption of the receiver.

Table 2.1 Energy harvesting capabilities (Table from [2]).

Energy Source Performance
Ambient radio frequency < 1uW/cm? (VHF and UHF band)
Ambient light 100mW/cm? (directed toward bright sun)

100pW/cm? (illuminated office)

Thermoelectric 60uW/cm?
Vibrational 4pW/cm? (human motion-Hz)
microgenerators 800uW/cm? (machines-kHz)

As electromagnetic wave energy harvesting is attractive due to the availability of the power
distribution to multiple devices and the communication between the source and the receivers,
several studies have emphasised far-field RF energy harvesting systems [11-14] or near-field
magnetic coupled [3, 6, 15, 16]. However an RF energy harvester operating in the ultra-high-
frequency (UHF) band suffers from significant energy loses, such as path loss due to the absorption
from walls, or voltage drop from parasitic components [17-19]. While the magnetically coupled
energy harvesting system is not affected by such losses since the system is operating at a lower
frequency typically below 15MHz, a much larger antenna size is needed for both transmitter and

receiver.

Since our work is focusing on a remote sensor network for agricultural or industrial sites, energy
harvesting from a dedicated magnetic field is an appropriate solution, since the source must
distribute consistent energy to multiple sensors. Moreover, the medium frequency (MF) range
(300kHz to 3MHz) is selected for the energy source in order to wirelessly transfer the energy at a
relatively large area since the free space path loss is proportional to the frequency [20], and the
near-field operating region associated with the transmitting source can be quite large. While the
MF band is currently still in use for broadcasting, this is declining and national regulators are

opening up this part of the spectrum to some experimentation in very narrow segments [21]. In
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addition, the power source can transmit control and timing information to sensor nodes by

modulating the data with the magnetic field.

2.2 Medium Frequency Inductive Coupled Energy Harvest

Wireless energy transfer based on near-field magnetic/inductive coupling technique has been
extensively used in radio frequency identification (RFID) [4] and wireless implantable medical
devices (IMD) [7]. A device can be wirelessly powered by utilizing the magnetic flux loosely coupled
between two conductive coils. Figure 2.1 illustrates a model of the proposed MF inductive coupled
energy harvesting system. A large loop primary coil, excited by an AC voltage source, generates the
time-varying magnetic field. A secondary coil, located within the area under the primary coil, is
coupled by the magnetic flux. In consequence, an electromotive force is induced in the secondary
coil [22]. As stated in Chapter 1, the application is designed for a sensor network used on a farm or
industrial site. A square loop antenna is shown for the primary coil since the loop is probably used
in a square or rectangular area defined by the boundaries of a field or an industrial site, and running
a conductor around the boundary would be by far the most convenient installation. Furthermore,
selecting one large loop, compared with multiple loop antennas for power transmission, is less
complex. Only one transmitter circuit is required for a loop antenna, while the synchronisation

issues required between multiple transmitters for multiple loop antennae can be avoided.

Magnetic field

Primary coil

Secondary coil(s)
& A
o, &

TX

w
Figure 2.1 Model of MF inductively coupled energy harvesting system.

The MF loosely coupled inductive energy harvesting system can be modelled as an equivalent
circuit, as depicted in Figure 2.2. The circuit consists of Ohmic losses R; and R, self-inductance L;

and L; of the coils and a mutual inductance M, between two coils. From the equivalent circuit

7
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model of the inductive coupling, the relations between voltage and current in the frequency domain

can be expressed as
V(jo)=R1(jo)+ jol 1 (jo)+ joM,1,(jo), (21)
V2(] ):Rzlz(ja))+ja)L2]2(ja))+ja)MmIl(ja))' (2.2)
where w is the operating frequency of the system. According to equation  ( 2.2 ), it is evident
that the voltage at the secondary coil (V>) is generated due to the magnetic coupling between two
coils (Mz2). On the other hand, the voltage at the primary coil (V;) is affected by the loading current

of the secondary coil (/). Note that the loading current I, that affected the primary coil voltage V;

is negligible in the loosely coupled inductive links since the value of M, is very small [16].

Rl M 12 RZ
+ 5 — +
I > 2 I
Vi L % % Lz V2
o o
Primary coil Secondary coil

Figure 2.2 Equivalent circuit model for the inductive link coupled between two coils.
From equation ( 2.1 ), the equivalent load when multiple secondary coils are placed within the

transmitter coil is
Req,RX = joM ,1,ngy, (2.3)

when ngyx is the number of secondary coils. Since the magnetic field strength is proportional to /;
which will be shown later, it is desirable to ensure that the loading resistance due to the multiple
secondary coils (Reqrx) does not reduce the primary coil current. Hence, the maximum number of
secondary coils used for harvesting the magnetic energy without affecting the primary coil current

can be derived by approximating R.qrxto be much smaller than the primary coil resistance R; as

Req’RX =0.01*R,. (2.4)
R
Rpy max = : . (2.5)
’ 100>1<Req’RXa)M1212

2.2.1 Self-inductance and Mutual Inductance

The self-inductance L; and L, from Figure 2.2 is defined by a ratio of the total magnetic flux (/) in

an enclosed surface of the primary coil to the current which flows in the primary coil (I) [4, 22]

which can be expressed as

774
L=—. 2.6
7 (26)
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The total magnetic flux is given by [22]
w=uNHA, (2.7)

where u is the permeability of the space in an area of the enclosed surface of the coil, N is the
number of turns of the coil, H is the magnetic field strength and A is the area of the enclosed surface
of the coil. The mutual inductance M from Figure 2.2 occurs when a current is induced by the
magnetic flux generated by the primary coil which can be expressed as [22]

M, = Vo , (2.8)

1,

where M;; is the mutual inductance of the secondary coil excited by the primary coil and ¥/,, is the
total magnetic flux generated by the primary coil that flows through the enclosed surface area of
the secondary coil. In addition to the primary coil, the mutual inductance also occurs due to the
current that flows in the secondary coil and the magnetic flux coupling in the primary loop. Hence,

the mutual inductance is
M=M,=M,,. (2.9)
The mutual inductance, which expresses the coupling between two coils, can be normalised in order

to intuitively describe the effect of the magnetic coupling between two coils. Therefore, the

coupling coefficient k is introduced and can be expressed as

M
k= ) (2.10)
LILZ

The value of the coupling coefficient of the inductive coupling between two coils is between 0 and
1 (or 100%). In practice, the coupling coefficient of the loosely inductive links for each of the sensor
nodes in the proposed system is lower than 0.01 (or 1%) since the size of the secondary coil will be

much smaller than the primary coil [16].

2.2.2 Coil Characteristics

The magnetic strength and the inductive coupling coefficient described in section 2.2.1 are
dependent on the coil characteristics. In this section, the coil characteristics of both primary and
secondary coils that are used in this work are studied. A square single turn loop coil antenna, which
is suitable for the practical applications envisaged as mentioned earlier, is chosen for the primary
coil, while a ferrite rod antenna is chosen for the secondary coil. The ferrite rod antenna is selected
to harvest the wireless energy due to its high Q-factor and its small size. More details are described

in the following sections.
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2.2.2.1 Square Loop Antenna

A square loop antenna is one of the common structures for a loop antenna. Figure 2.3 illustrates

the geometry model of a square loop antenna placed on the origin. From the Biot-Savart law [22],

the magnetic field is generated when current is flowing in the loop wire. The magnetic field vector

at an arbitrary point of a square loop coil is given by ( 2.11) [15, 23]. W is half of the length on one

side of the loop antenna and Iry is the current flowing in the loop antenna. The derivation of

equation ( 2.11 ) can be found in Appendix B. It can be seen that the vector of the magnetic field

generated by the current flowing in a square loop coil is only in the z-axis, which means that the

secondary coil needs to align in the same angular orientation with the primary loop coil to receive

the maximum magnetic flux (as shown in Figure 2.1). Moreover, the field strength of the loop is

proportional to the transmitter current.

Hz(x’y’z):i.

4z

-(-w) . x+W N -x+W
(y_W)2+ZZ \/(x+W)2+(y—W)2+z2 \/(—x+W)2+(y—W)2+z2

(x+W) _ y+w N -y+W
Wy +22 | Jarw P+ +w P +22 Ja+ WP+ p+ W) +22

L) —x+ W X+ W

G+ +22 |\ Jex+W P +(+ W) +22 +\/(x+W)2+(y+W)2+zz

3 (x—W) ' -y+W N y+Ww
=P+ \Ja-wY +(yewP+22 Ja-WP+(ew) +22
(2.11)

I H.(x'yz’)

/ 2% W
X

Figure 2.3 Model of a square loop antenna.

Considering the equation ( 2.11 ) for the magnetic field in the centre of the loop (x=0 and y=0) with

the distance d along the Z-axis, the equation is simplified to

10
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2
H_.(0,0,d)= [21” i (2.12)

7 j (> +d> Nd* + 2w
In this project, the chosen width W is much larger than the distance d. Hence the magnetic field
when W2 > d? and 2W? > d? can be approximated to

H_(0,0,d)~ (ij (2.13)

N2 EW

The equation ( 2.13 ) implies that the distance between the magnetic field strength and the loop is
not affecting the magnetic field strength when the width is much greater than the distance. Further,
the field strength is inversely proportional to the width of the loop coil. In this project, a square
loop antenna is constructed in a large horizontal square area where the side width is between 10m
to 100m, while the vertical (i.e., z-axis) distance between the primary coil and secondary coil would
typically be between Om and 2m. Therefore, the reduction of the magnetic field along the distance
should not significantly affect the received power at the secondary coil. Note that the vertical
distance is selected such that the magnetic field distortion due to the earth is minimised [24-26] if

the secondary coils are placed on the ground.

T T B i It
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Figure 2.4 Magnetic field strength at z=1m and y = Om for the loop antenna with the side width of

2W = 100m along the x-axis. The current applied in the coil is 1A.
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Figure 2.5 The plot of the magnetic field strength at the centre of a square loop antenna (x = Om

and y = 0m) versus the side width of the square loop for different displacements along the z-axis.

The current applied in the coil is 1A.

Figure 2.4 plots the magnetic field strength of a square loop antenna of 100m on each side with 1A
applied current calculated from equation (2.11 ) at z= 1m and y = Om, showing how field strength
varies along the x-axis from -50m to 50m. Note that the calculated field is constant as a result of DC
passing through the loop, and time-varying field values (as required to generate an induced voltage
at the secondary coil) will scale accordingly. It can be observed that the peak of the magnetic field
is at the edges inside the square loop. This is because the field strength is inversely proportional to
the square of the distance between the point of interest and the conducting wire (or the loop coil)
according to the Biot-Savart law [22]. The graph of the magnetic field strength versus the loop
antenna side width also varies with different distances along the z-axis is illustrated in Figure 2.5.
The magnetic field is calculated at x = 0m and y = Om when the current of 1A is applied to the coil.
It can be seen that the optimum points of the magnetic field strength versus the side width of the
loop vary with different distances along the z-axis. Further, it can be seen that the distance that
affects the field strength is less impactful when the side width is much larger than the distance, as

described earlier.

After the magnetic field of a square loop antenna has been determined, the equivalent circuit of
the coil is addressed. Figure 2.6 shows the equivalent circuit of the square loop coil which consists
of the square loop loss resistance Rrx, and the antenna inductance Lix. Note that the radiation
resistance R, and the internal inductance L; are omitted since their practical values are negligible
compared with their counterpart when the antenna operating frequency is in the MF range. The

parasitic elements are given by [27]

12
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R, = |k (2.14)
m \ 20
4w, 2w
L, = ﬂ'u" [ln[ » j—().774}, (2.15)

where 2W is the side width of the square loop, a is the conducting wire radius, @ is the operating

frequency, wo is the permeability of free-space, o is the conductivity of the wire and Ais the
. 8 .
wavelength which is related to the operating frequency (1 = 3-10 /f)' Note that the equations

are derived from an assumption that the frequency is very high such that the skin depth of the
conductor is very small compared to the cross-section area of the wire. In addition, these equations
are valid only when the total length of the square loop antenna is smaller than one-tenth of the
free space wavelength A [4]. Therefore, the maximum operating frequency of the system restricted

by the wavelength is given by
_0.1(1, ) 0.1(4(2m)) _0.8W

MAX =310 3.108 3.10%°

When Iy is the length of the transmitter antenna (/rx = 4*W). On the other hand, the minimum

(2.16)

operating frequency is constrained by the on-chip coupling capacitor value used in the receiver
integrated circuit (IC) since the impedance of the capacitor is inversely proportional to the operating
frequency. More details of the on-chip coupling capacitor will be explained later in chapter 3. As a

result, the minimum operating frequency is chosen to be at 300kHz.

[TX

Figure 2.6 Equivalent circuit model of the square loop antenna.

The magnetic field strength of the transmitter loop antenna can be optimised by selecting a small
antenna size. However, the minimum size of the antenna is restricted by the wireless sensor
network operating distance (e.g., a 70x70m? transmitter loop size for a 70x70m? operating area of
the sensor network). Alternatively, the magnetic field strength of the loop can be increased by
increasing the transmitting current, as can be seen in the equation ( 2.11 ). In addition, the
secondary coil characteristics also affect the received voltage. Hence, enhancing the performance
of the loosely coupled inductive system by optimising the design of the secondary coil is an

alternative way.
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2.2.2.2 Ferrite Rod Antenna

Ferrite rod antennas have been extensively used in broadcast AM radio receivers for several
decades [4, 27-29]. The ferrite antenna consists of a loop antenna (the shape is dependent on the
ferrite shape) and the ferrite material, as depicted in Figure 2.7. Figure 2.8(a), illustrates the effect
of the ferrite rod [30]. By comparing the loop antenna without the ferrite rod and the loop antenna
with the ferrite rod, it can be seen that the latter absorbs more magnetic flux through the area
within the loop. Therefore, the ferrite rod helps to effectively increase the permeability x of the

secondary coil.

lrod

<
<

A\ 4

Icoil

o)

Figure 2.7 Model of a ferrite rod antenna.

The permeability of the ferrite rod is dependent on the initial permeability of the ferrite material
and the dimensions of the rod and the coil [30]. Considering the effect on the incident magnetic
field depicted in Figure 2.8(a), it can be seen that the magnetic flux along the ferrite rod is maximum
at the middle and decreases at the ends of the rod. Hence, a loop coil winding at the middle of the
length of the rod could absorb more magnetic flux than a loop coil winding at the end of the length

of the rod.

Figure 2.8(b) shows an equivalent circuit of the ferrite rod antenna. By comparing the equivalent
circuit of the inductive link in Figure 2.2 to the ferrite rod equivalent circuit in Figure 2.8(b), the
induced voltage Vgx is related to the mutual inductance Mi,. Analysing the induced voltage of the
secondary coil (Vinp) instead of the voltage from the mutual inductive coupling shown in equation

(2.1)and (2.2 ) may be more useful for designing the secondary coil.
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Figure 2.8 (a) The effect of the ferrite rod (Figure from [30].) and (b) equivalent circuit model of the

ferrite rod antenna.

The induced voltage due to incident magnetic flux for a ferrite rod antenna is given by [30]

Vivo = J@t4,;NAB. (217)
where o is the frequency of the incident magnetic field, w4 is the relative permeability of the
ferrite rod, N is the number of turns of the coil, A is the area of the circular loop (A = 2mb) and B,

is the incident magnetic field at the ferrite antenna, which is related to the magnetic field strength

H as

B = ’UOH , ( 2.18 )
where p is the permeability of the space. Furthermore, the lumped resistors and inductors shown

in Figure 2.8(b) are the loss resistance Rgx and the ferrite rod inductance Lgx respectively [27, 30].

The expressions of these components are

RRX:N_b a)_'uo' (2.19)
a \ 20
A
Lpy = tgigN* - —, (2.20)

coil
where I is the length of the coil, b is the radius of the coil, a is the radius of the loop wire, and o

is the conductivity of the wire.
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2.2.3 Resonance

The voltage induced by the magnetic flux from the primary coil Vkx, as shown in Figure 2.8(b), can
be improved by adding a shunt capacitor at the output terminal of the secondary coil to form a
parallel resonant circuit. By applying input voltage at the primary coil with the resonant frequency

in the loosely inductively coupled system as

-1
), /LRXC , (2.21)

the output voltage Vouris effectively increased by Q times, where Q or quality factor is proportional
to the ratio of energy stored to the energy lost per unit time for the sinusoidally excited system
[20]. Alternatively, the definition of the Q-factor can also be described as the ratio of a resonant
frequency to the bandwidth of a resonant system. By adding the resonant capacitor at the

secondary coil, the output voltage is expressed as
Vour =V @, (2.22)
where the quality factor of the ferrite antenna is

O LpyCR g
LRX + CRLoadRRX -

0=

(2.23)

30

— R esonant
Nonresonant
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Figure 2.9 Comparison of the normalised voltage across the load (Vour) between the non-resonant

secondary coil and the LC resonant secondary coil. The values of the passive components are Lgx =
10uH, C=100pF, Rrx = 1Q and Rioaq = 10kQ.

The derivation of Q is shown in Appendix A. Figure 2.9 shows the simulation result of the non-
resonant secondary coil circuit model and the series-LC resonant secondary coil circuit model when

the values of the passive components are Lgx = 100uH, C = 253pF, Rex = 1Q and Rioqe = 10kQ. From
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the figure, the output voltage of the resonant circuit is boosted up to approximately 30 dB when
the frequency is operated at the resonant frequency 1MHz. In contrast, the output voltage of a
similar ferrite antenna in a non-resonant circuit remains constant at 1V (or 0dB) and gradually
decreases when the frequency is greater than 100MHz. In addition, the current I; of the primary
coil can also be improved by adding an additional capacitor to form an LC resonant circuit similar

to the secondary coil.

In addition, the output voltage of the secondary coil can be expressed as a function of the
transmitter magnetic field and the receiver coil characteristics by substituting equation ( 2.17 ),
(2.23)and (2.11)in(2.22), which yields

— ( LRX CRLoad
our —
LRX + CRLoadRRX

jja)(f,uo,umdNAHz. (2.24)

While it might seem that the output voltage Vour can be increased by simply increasing the number
of turns N, however the output can possibly decrease if the output load R} ,,4 is not sufficiently
large. As the inductance Lgx is proportional to the square of N, if N is increased such that Ly is

much larger than the term CR;,,4Rrx then equation ( 2.24 ) can be rewritten as

Vour = (CRLoad )J a)g Ho,oq NAH . (2.25)
As a result, the quality factor Q is decreased as the output load is limited by the rectifier (which will
be explained in the next chapter). Figure 2.10 depicts the plot of the Vo, and the ratio of the coil
impedance Lgy and CR;,q,4Rrx When the N is increased with different output load conditions. As
expected, the number of turns decreases the output voltage if the output loading resistor is not

sufficiently large.
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Figure 2.10 The plots of the output voltage Vour of the secondary coil (left) and the ratio of the coil
impedance Lgy and CR;,,qRgrx (right) versus the number of turns of the loop antenna with

different output load conditions.
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224 Magnetic Coupled Energy Harvest Performance Measures

The power transfer efficiency (PTE) of an inductively coupled system is generally defined as the
ratio between the power delivered to the load at the secondary coil R; and the input power at the
source of the primary coil, as shown in Figure 2.11. The PTE, denoted 7, is a commonly used
indicator of the performance of the design of the power transfer via inductive links. Because our
work targets the applications of a remote sensor network with the ability to operate from a cold-
start in a wide area, the coupling coefficient between coils is very low. Hence the PTE is limited by
the coupling factor [16]. As a result, the optimisation of harvested energy and start-up voltage takes
priority over the optimisation of the PTE. However it is still useful to investigate the PTE of the

inductively coupled energy harvesting system.

Ry G R; M, R,
VN
——"\\\ Wy o
+ 5 -— +
V ]1 [ ] L] ]2
R A
o )

Primary coil Secondary coil

Figure 2.11 Equivalent circuit model of the inductive coupled wireless power transfer.

From Figure 2.11, the PTE is given by

N2k OOy . (2.26)
The derivation of the efficiency is shown in Appendix A. It can be seen from equation ( 2.26 ) that
the PTE is dependent on the coupling coefficient (k), and Q-factors of both the primary and
secondary coils. As the coupling coefficient of the loosely inductively coupled system is practically
lower than 1% [16], the PTE is expected to be very low. However, the energy transfer efficiency can
still be improved by employing a resonant circuit on both primary coil and secondary coil. Note that
the PTE is derived from the assumption that the inductive link is loosely coupled where k is very

low.

2.3 Summary

In this chapter, an overview of several energy harvesting methods has been presented. The MF
inductive coupled energy harvest is chosen for this project as the system allows a lower power
system synchronisation by modulating data with the harvesting energy. In addition, the MF
inductive coupled energy harvesting source is independent to the environment compared with

other energy harvesting methods.
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The mathematic model of the inductive loosely coupled power transfer has been studied. Several
equations derived in this chapter have shown how the system can be optimised. The size of the
transmitter and receiver antennas can be calculated to maximised the harvested energy.
Furthermore, the operating frequency of the system can be selected based on the size of the
transmitter antenna. Moreover, the resonant circuit can be used to further increase the received

voltage to ensure that the receiver can be powered up with sufficient harvested energy.
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Chapter 3: INDUCTIVE COUPLED ENERGY HARVESTING
SYSTEM LEVEL STUDY

In this chapter, the system level issues for a medium frequency (MF) inductively coupled energy
harvesting system deployed in a large approximately square area, such as a farm or industrial site
are studied. An AC-DC receiver/rectifier, which is an important element in the wireless energy
harvester design, is explained. The magnetic field generated by the transmitter loop and the output
voltage received at the ferrite rod antenna are examined. And lastly, a scheme for system

synchronisation of the wireless energy harvest is investigated.

3.1 System Level Overview

The system level of the proposed inductively coupled wireless energy harvesting scheme is shown
in Figure 3.1. The system consists of a transmitter and several remotely located sensor node
receivers. At the transmitter block, it is comprised of a loop transmitter antenna, typically
approximately square or rectangular, a transmitter driver and a radio receiver (at HF/UHF) for a
data uplink. The sensor node receiver block consists of a ferrite rod receiving antenna, an AC-DC
receiver/rectifier, a data demodulator and a radio transmitter (at HF/UHF). The transmitter
magnetic field is modulated with digital data, and is generated by driving a transmitting antenna
with the driver, then the magnetic energy received at the secondary coil is converted from an AC

signal to DC for energy storage, such as in a large capacitor.

Collected data from m

Y A7
_—_——t e e e e e = e e e e e e
| | | AC-DC |
|| UHF Lo/ Lpy _converter UHF Sensor ||
| receiver X | | transmitter module |
| gis%' | I I
| =) I T . |
I | Data Micro-
| I ; demodulator|| controller ||
| Transmitter — I | Receiver |

Magnetic coupling for power and
data transmission
Figure 3.1 System diagram of the inductive coupled wireless energy harvesting.

Moreover, a significant average power consumption, which is caused by the power-hungry radio
transmitter and sensor modules, is reduced by activating the modules only when needed. The

active or sleep command is modulated, together with the timing information for the system
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synchronisation, through the harvesting energy. A calculation of the average power can be done by
using equation ( 3.1 ), where P is the average power consumption, P, is the power consumption of
the module, t, is the active time of the module per period and tr is the total time period. The
duration of the active time of the module is constrained by the selected module, on the other hand,
the total time period per one cycle of operation can be flexible in order to reduce the average power
consumption. For example, if the power consumption of a transmitter module is 1 W and the active
time is 10ms then the average power consumption of the transmitter module per 1 hour is 2.78uW.
The average power consumption can be reduced to 1.39uW if the transmitter module only activates
every 2 hours.
P Bt +Pt, + Pty +....
Ir

(3.1)

As the sensor node collects data, the radio transmitter at the sensor node is used to send the
collected data back to the primary source in a suitable RF channel. Because the data transmitted
back to the source from several sensor nodes can potentially collide if the timing is incorrect, a
synchronisation system is needed. A real-time-clock (RTC) can be used to generate the timing at
each sensor node. However, a more accurate RTC consumes more power. On the other hand, the
accumulating timing errors of the less accurate but also less power hungry RTC in a long service
lifetime sensor node may cause collision or data loss [31, 32]. For example, the RTC shown in [32]
consumes very low power at 5.4nW. However, the accumulating timing error of the design is 4.37
seconds per hour. The timing error is calculated by using equation ( 3.2 ) where ppm is the frequency
variation in units of parts per million (ppm) of the clock. Alternatively, system synchronisation with
precise timing information and less power consumption at the receiver node can be achieved by
transmitting data instructions modulated with the carrier energy signal at the source to the
receivers, and then the data can be demodulated at the receivers [7, 11, 12]. Hence the data
modulation technique used for the system synchronisation is chosen in this project. The data

modulation technique is discussed later in this chapter.

~ 24x3600x ppm

delay — 1 O(,

(3.2)

A flowchart of a possible synchronisation protocol for the MF inductively coupled wireless energy
harvesting system is depicted in Figure 3.2. The operation can be described as follows. Initially, the
sensors start from cold by harvesting the magnetic energy generated from the transmitter. When
each receiver is awakened and has sufficient energy stored, an acknowledge signal is sent from
each sensor node receiver to the transmitter via the HF/UHF uplink radio channel. If the central
source receives acknowledgement signals from all of the sensor node receivers, then the
initialisation of the system is complete. Then, in normal operation mode, the sensor nodes are only

activated to collect and transmit data back to the source when the nodes receive the active
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command. As a result, sensor nodes consume less power and the system is precisely synchronised
without the need for each node to provide an RTC. Note that this protocol is chosen due to its
simplicity. Many other variations are possible with the proposed hardware depending on

programmers/users.

TX transmits power
for energy harvesting

Collected data from
RX sensors

TX wakes RXs C:: :::>
TX == S RX
= e
! | |
RXSs collect data and L L
transmit back to TX X RX
* Magnetic coupling for power and
data transmission
RXs sleep

Figure 3.2 Example of the synchronisation protocol for the sensor network.
In the following sections, the AC-DC receiver rectifier used for harvesting the magnetic energy and

the data demodulator used for the system synchronisation are studied.

3.2 AC-DC Conversion

For wireless energy harvesting applications, an AC-DC converter or receiver rectifier is an essential
element for supplying the power to the applications. The rectifier circuit converts the ambient
electromagnetic or magnetic signal received from an antenna to DC voltage. The conventional
rectifier consists of a diode and a capacitor where the diode rectifies the incoming AC signal and
the capacitor averages the rectified signal to DC voltage. The power conversion efficiency (PCE) of
the rectifier circuit is strongly dependent on the forward bias voltage of the diodes used, particularly
with very low signal voltages, and also on the losses due to parasitic resistance in the circuit.

Furthermore, the leakage during the reverse bias of the diode might also decrease the DC voltage
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at the output of the rectifier circuit. In addition, the dynamic power consumption ( CVDZDfm) of the

rectifier also degrades the efficiency, especially at high frequencies. A standard CMOS process is
chosen for the implementation of the rectifier in this project for cost reasons, as explained in
Chapter 1. In a standard CMOS process, MOS transistors are often used in a diode-connected
configuration as illustrated in Figure 3.3. The gate and drain of the NMOS M; are connected to form
a diode, and the diode is operated in forward bias when the input voltage is approximately greater
than the threshold voltage (Vi) of the transistor. However, the diode-connected transistor fails to
conduct if the input amplitude is smaller than the Vi, of the transistor. In addition, the nominal Vi,
of the target CMOS process is approximately 350mV for NMOS transistor (Vi) and -400mV for
PMOS transistor (Vinp). In practice, the output current can still be weakly conducting due to the

subthreshold leakage but might be insufficient to power the system.

A

ILoad

ﬁV Subthreshold
sl region

M;

Vin @ —_ LLoad |

Vin

\j

VTH ~0.3V to 0.8V

Figure 3.3 Rectifier implemented from the diode-connected NMOS and the load capacitor (left) and

the output current behaviour (right).

3.21 Power Conversion Efficiency

Before the rectifier is analysed, the PCE of the rectifier circuit must first be introduced. PCE can be
defined as a ratio of the power delivered to the load to the total power that is consumed from the
source at the input of the rectifier
P
PCE:?L-IOO. (33)

To observe the performance of the rectifier circuit, one can determine the PCE and the converted

DC output voltage of the rectifier.

3.2.2 Voltage Multiplier

The conventional voltage rectifier, as depicted in Figure 3.3 including the full-wave rectifier, is not
suitable for this application since the rectified output voltage is always smaller than the input
voltage in practice. For example, if the input voltage of the rectifier is 500mV, then the DC output

of the conventional rectifier is always less than 500mV, which is not adequate for the CMOS circuit
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operating in the saturation region. Therefore, several published works have proposed rectifier
circuits that were developed from the voltage doubler/multiplier which can provide a higher output

voltage with the same input voltage compared with the conventional voltage rectifier.

The voltage multiplier rectifier circuit used is based on the Dickson charge pump proposed in [33].
Figure 3.4 illustrates the voltage multiplier rectifier that comprises the NMOS M; and M,, the
coupling capacitor C. and the load capacitor C;. The operation of the circuit is as follows. As an AC
signal voltage is applied at the input, when the input voltage is negative, the transistor M; is ON
while transistor M3 is OFF. Hence, the negative voltage with respect to ground is stored in capacitor
C.. In the next half period of the input, when the input is positive, the transistor M, is ON while the
transistor M; is OFF. Therefore, the charge in capacitor C. is pumped to the load capacitor C,.
Eventually, the output voltage is charged to double the input amplitude for an ideal case where the
diode forward bias voltage is negligible. By using the same concept, the output voltage can be

increased by cascading the voltage multiplier rectifier stages as shown in Figure 3.5 [33].

c 1
¢ Vy 1 VOUTO

. """ M2

Cor i Mljj NG

Vin
o

Figure 3.4 Voltage multiplier rectifier implement_ed from NMOS transistors.

Figure 3.5 N stages voltage multiplier rectifier.

In addition to the circuit, the voltage multiplier can be implemented by three configurations which
are the NMOS-only, PMOS-only and the CMOS voltage multiplier. The PMOS-only and CMOS
voltage multipliers may benefit from the connection of source and body of the PMOS, which is
standard in CMOS processes if deep N-Well is not available. The body-effect of the MOS transistors

is exempted in such configurations. On the other hand, the NMOS-only voltage multiplier rectifier
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occupies a smaller area compared to the other two configurations. Moreover, the parasitic
capacitance of the transistors C,qr depicted in Figure 3.4 forms a capacitive dividing configuration

at node X. Therefore, the voltage at node Vy is attenuated by

C
Vo =| ——c _lp . (3.4)
et

Furthermore, the parasitic capacitance at node Vx due to the MOS transistors depicted in Figure 3.5

can be calculated by [17]
Coop = 2AC, W +CWE+2C, (W +E)), (35)

250
where Cysois the overlap capacitance per unit width, G;is the junction capacitance per unit area, Cjsw
is the side-wall junction capacitance per unit perimeter, W is the width of the transistor and E is a
process parameter constant which can be found in the datasheet. The process parameter constant

E is often five or six times of half of the minimum channel length [17].

The DC output voltage of the rectifier was originally derived by Dickson [33], however the equations
are not accurate for radio frequency identification (RFID) rectifier applications which typically
operate at higher frequencies than originally envisaged and with micro-power input levels [19]. In
the original proposal, the equations are developed from an assumption that the input voltage is
relatively large compared with the MOS V. The forward voltage drop in diodes is also assumed to
be linear in the original proposal. For the rectifier in RFID applications, including RF energy
harvesting systems, the nonlinearity of the forward voltage essentially affects the output voltage
of the rectifier, since the input voltage is often close to the Vi, value of the MOS diodes. Therefore,
a more accurate model for the rectifier for RFID applications is proposed [17-19]. The output
voltage of the voltage multiplier rectifier, derived from a simple and accurate model for RFID

rectifier, can be expressed as [18]

C 27 2NI
V. =2N|V < — L_py |- L , (3.6)
( ’N(cc +CWJ B THJ flc.+c,,)

where f is the gain factor of the transistor ( g = HCo W ), I is the load current, N is the number of
n

stages of the voltage multiplier and fis the frequency of the input signal. Note that this equation is
derived from the assumption that the input voltage is larger than the V.. The voltage multiplier

rectifier fails to operate when the rectifier input voltage is less or equal to the MOS thresholds.

Figure 3.6 illustrates the equivalent circuit of the voltage multiplier rectifier proposed by [19]. The

Thevenin equivalent voltage source and resistance at the output can be expressed as

Vitgy = 2N(V1ca - VD[O) , (3.7)
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2N 2Na

R. = - , (3.8)
ey f(CC + Cpar) fCC

where « is the dividing capacitance of the rectifier (a=CC/(CC+Cpa,A)) and Vppo is the forward

voltage of the diode-connected MOS transistor (V,,,, = /21, /B +V}; )- The Thevenin model can
be used to analyse the rectifier output loading current, which can be expressed as

I, :M, (3.9)
(1 + kL )RTHEV

where k; is the ratio of the loading resistance to the Thevenin resistance [34]. In addition, the
equivalent input impedance of the multi-stage voltage multiplier rectifier consists of the input
capacitor Cyy paralleled with the input resistance Ry, as depicted in Figure 3.6. The expressions of
the lumped equivalent components are given by

cC

Cpy =2N—2" (3.10)
C.+C,,

:ﬂVI_N
NC, 4I,°

c

IN (3.11)

The derivation of the equivalent input impedance is presented in Appendix C.

Vin
o—

CIN

Figure 3.6 Equivalent circuit of the voltage multiplier rectifier.

Equation ( 3.6 ) indicates that the output voltage is limited by the MOS diode forward voltage, so
the rectifier cannot convert the AC signal into DC voltage if the input amplitude is smaller than V.
Since the received voltage at the secondary coil of the wireless energy transfer system could be of
the order of 500mV or even lower, then even with several stages, the output voltage from the
voltage multiplier might not be sufficient to power up the system since the multi-stages rectifier
also suffers from body effect and loss due to parasitic capacitance. Schottky diodes, although often
unavailable in a standard CMOS process, can improve the rectifier circuit since the forward bias
voltage can be as low as 200 mV [19]. Moreover, the zero or near-zero-Vw, MOS transistor, which is
available in many deep-submicrometer processes, can also increase the sensitivity of the rectifier
[35, 36]. However, Schottky diodes and near-zero-Vw, MOS transistors also have significant reverse

leakage current, which can cause large losses of power when the rectifier input voltage is large.
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As has been discussed, the MOS voltage multiplier rectifier could not provide an adequate DC
voltage for powering the system. Alternative circuits for the diode-connected MOS transistor to
reduce the effective Vi, will be examined and discussed later. However, the rectified output voltage
and the input impedance of the rectifier can still be used for the system level analysis as the
components used in the alternative circuits are still similar to the conventional voltage rectifier

circuit [5, 37, 38].

3.23 Secondary Coil Output Voltage

As the input impedance and the output voltage of the AC-DC receiver rectifier have been studied,

the input AC voltage received at the resonant secondary coil antenna of the system (Vzx) can be

derived by substituting equations (2.23 ) and ( 3.11 ) to ( 2.22 ), which yields

&y Ly Cy ) Vi — (ZaNLRX)' I,
CORRX

Ve | ) (3.12)

where Gyis the receiver parallel capacitor (C, = C + C,.) and Cicis the input capacitor of the rectifier

shown in equation ( 3.10 ). Furthermore, the rectifier loading current can be substituted by ( 3.9)
which yields

V.. = ((1 +k, XZJ#)LRXCO ) Vivp = (2NfLRXCC ) Vi
“ (L+ &, )Cy Ry +2NfarL, C, '

(3.13)

Equation ( 3.13 ) can be used to calculate the received voltage at the secondary coil connected to
the AC-DC receiver rectifier. However, the equation may be too complex to intuitively explain the
system due to the large amount of parameters. By considering equation ( 3.12 ) which is less
complex, it can be seen that the increase of the loading current I/, of the rectifier output can
potentially decrease Vix. This is because the Q-factor of the receiver is affected by the loading
current, which eventually decreases the output received voltage. It is important to note that
equations (3.13 ) and ( 3.12 ) are derived with the assumption that the rectifier is operating when

the input voltage of the rectifier is relatively large compared with the value of the V.

From the derived equations shown in this section we can summarise that (1) the rectifier requires
a voltage that is relatively large compared with the value of the MOS Vi, and (2) the rectifier output
loading current can affect the output voltage of the secondary coil (or the rectifier input voltage in
this case). Thus, the design of the receiver antenna in this project is prioritised towards maximizing
the received voltage Vzx and the rectifier DC voltage Vour rather than optimising the PTE of the
system. The received voltage at the antenna has to be large enough such that the AC-DC receiving

rectifier can start-up from cold and generate sufficient rectifier DC voltage.
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3.2.4 Rectifier Architectures

The voltage multiplier shown in the previous sections cannot convert the AC voltage into a usable
DC voltage supply if the input voltage is close to the Vi of the transistor. The diode-connected
transistor in the rectifier requires the gate-to-source voltage (Vas) to be greater than the Vi, to form
a conducting channel. Figure 3.7 shows the example state-of-the-art voltage rectifier architectures
where the Vgs is biased to decrease the effective Vi of the transistor. Note that the rectifier
architectures in this section are shown in a single-stage form, however, these circuits are also

suitable for multi-stage implementation (i.e., with voltage multiplication) as well.
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Figure 3.7 Voltage rectifier architectures.

The differential drive rectifier (DD) shown in Figure 3.7(a) was proposed in [13, 39, 40]. The single-

stage DD consists of two NMOS (M; and Ms) and two PMOS (M3 and My) transistors connected in a
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cross-coupled configuration with a bridge structure. The rectifier requires a differential source
connected to Vi and Vin.. The operation of the circuit is as follows. During the positive phase of
the input where Vin. is positive and Viy. is negative, transistors M, and M3 are ON while transistors
M; and M4 are OFF. Thus, the current flows from Vi, through transistor M, to charge the load
capacitor C; and flows back to Vix. through transistor Ms. Similarly, when the input Viy. is negative
and V. is positive, transistors M; and M4 are ON while transistors M, and M3 are OFF. Hence, the
load capacitor is charged by the current flowing through M4 and M;. Compared with other proposed
circuits, the DD can provide higher efficiency and output voltage when the input is close to the value
of V. However, reverse current leakage significantly increases as the input voltage is increased
because the MOS transistors are partially active during the reverse bias phase. Moreover, it can be
observed that the circuit requires four transistors and three capacitors for a single stage rectifier
which requires a larger size, and potentially adds larger parasitic capacitances with their associated
losses. Furthermore, the DD begins to generate a DC voltage only when the peak amplitude input
voltage is larger than the value of the Vu, this is because the output voltage at cold-start is

practically zero, which is not sufficient to bias the DD MOS rectifying transistors.

Figure 3.7(b) illustrates the external Vi cancellation rectifier (EVC), which resolves the issue by
applying the static voltage across the gate-to-drain terminal of the transistors [37, 41]. By ignoring
the load current and the parasitic capacitance, the simplified expression of the output voltage of
the rectifier is

Vour =2Vin =V +Vigpas)- (3.14)
If the bias voltage is equal to the Vi, the limitation due to the insufficient rectifier input below the
Vi is completely eliminated. The bias voltage of the EVC is distributed by using a switch-capacitor
technique to provide the DC voltage [37, 41]. As a result, the effective Vi, of the rectifier transistors
can be reduced to zero if the bias voltage is properly chosen. The circuit can rectify even if the input
AC signal is smaller than the MOS V.. However, it appears that the circuit requires an external
battery source to supply the voltage to the rectifier. As a result, the circuit is not appropriate for
this project since the receiver at the secondary coil must be able to harvest energy from a cold-
start. Furthermore, the switch-capacitor biasing generator may consume an additional large area

since moderate size capacitors are required for storing the bias voltage.

The internal Vi, cancellation rectifier (IVC), depicted in Figure 3.7(c), alleviates the insufficient input
voltage issue by employing the additional diode-connected transistors M3 and M to bias the
rectifying transistors M; and M, [42]. In steady state, the DC output voltage of the rectifier (Vour)
provides a bias voltage to the diode-connected Ms and M4 where the capacitor Cg is added to filter
the high-frequency component of Vour. Moreover, the large resistor Rs is used to limit the loss

current of the bias source MOS diode. Compared to other circuits, the IVC circuit has lower reverse
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leakage current when the input voltage is relatively large since the transistors are biased by
additional diode-connected transistors such that variations in the Vi, are compensated. However,
since the circuit consists of four transistors, two resistors and four capacitors for a single stage
rectifier, the total size of the circuit may be larger compared with other circuits. Note that the IVC
fails to start from cold if the rectifier input voltage is lower than the value of the Vi, since there is

no available bias voltage to reduce the effective rectifier MOS thresholds.

The self-Vi, cancellation rectifier (SVC) proposed in [5, 14, 38] is shown in Figure 3.7(d). As can be
seen from the figure, the gate of the input rectifying transistor M, is biased by the rectified output
DC voltage at the adjacent transistor M,. Similar to the DD circuit, the SVC rectifying transistors
behave as a voltage controlled switch instead of a diode. Since the effective gate bias rises with the
input voltage, the NMOS M; can become active in both positive and negative input phases when
the output voltage is above Vih. Similarly, the PMOS Mj; can also become active during the negative
input phase when it is supposed to turn off. Therefore, the SVC and DD can exhibit large leakage
when the input voltage is relatively large. By comparing this to three previous rectifiers, it can be
seen that the area of the SVC is much less since no additional devices are required. Moreover, the
effective threshold of the rectifier is reduced by the biasing voltage from the adjacent transistor. In
contrast, the PCE of the circuit decreases if the input signal is too large, in a similar way to the
differential drive rectifier. Similar to the DD and the IVC, the SVC is not functional when the rectifier

input voltage is below the value of the Vih.

The hybrid rectifier (HR) is shown in Figure 3.7(e); the circuit rectifies the two dedicated voltage
sources Viy and Vinz. The voltage Viy is rectified to supply the main system while the voltage Vi; is
generated to provide a bias voltage for the main rectifier. The secondary voltage can be provided
by an external source such as a PV cell [43] or a piezoelectric sensor [44]. It can be observed that
the circuit configuration is similar to the EVC shown in Figure 3.7(b). By rectifying the two dedicated
sources, the HR circuit can convert an AC signal that is lower than the Vi, similar to the EVC, while
other previous rectifiers could not operate with the same input signal. On the other hand, the circuit

requires an additional DC source which might not be practical for many applications.

Although an active diode voltage multiplier rectifier could achieve the highest PCE, however, more
than a few uW is consumed by the high-speed comparator used for the active diode [45]. Hence,
this type of rectifier is often seen only in a near-field strongly coupled inductive link applications,
such as implantable medical devices (IMD) [3, 7, 45], where the rectifier input voltage can be

between 1V and 3V.

To select a suitable rectifier circuit for the inductive loosely coupling system, the rectifier

architectures, investigated in this section, are simulated and compared. The model library of the
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180nm CMOS process used for the simulations is extracted from the AMS 0.18um CMOS process
[46]. The Vi, of the 0.18um NMOS is 0.35V while the threshold of the 0.18um PMOS is -0.42V. The
LTspice software was used for simulating the rectifier circuits’ architectures prior to commencing a
final design. The load resistance of 500kQ is chosen as the output power of 2uW and output voltage
of 1V are expected to be a minimum usable level to be delivered to the load. From the system
requirements, the dimensions of the transistors for rectifiers are calculated using equations from
section 3.2.2. Thus, the parameters of the circuit are shown in Table 3.1. The dimensions of the
transistors are realised from the optimization in the simulation after starting from the initial
calculations. For the architecture comparisons, the input signal with an operating frequency is at
1MHz and is stepped from 0.1V to 1V. Note that the transistors M3 and M, of the IVC are slightly

smaller than the rectifying transistors to minimise the bias current of the diodes MOS M3 and M.

Table 3.1 Parameters used in rectifiers simulation.
Parameters Value Parameters Value

NMOS W/L 10/0.2 Coupling capacitance, C, 50pF

pmos W /, | 40/02 Load resistance, R, 500kQ
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Figure 3.8 Output voltage and PCE versus input voltage of different rectifier architectures with the

operating frequency of 1MHz and a load of 500kQ.

The output voltage and PCE comparisons of the voltage multiplier, EVC, IVC, SVC, DD and HR are
illustrated in Figure 3.8. From Figure 3.8(a), it appears that the converted output voltages when the
peak amplitude of the input voltage is high for the EVC and IVC are better than other circuits. On
the contrary, only EVC and HR can rectify when the input is lower than 0.4V which implies that
the circuits could operate when the input voltage is below the Vi, of the CMOS transistors. For the
other rectifier circuits, when the input voltage is lower than the Vi, the transistors are not activated
due to the insufficient voltage at the Vs of the MOS transistors. Observing the result of SVC, DD

and HR, it can be seen that the output voltages start to saturate when the input voltage is greater
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than 0.5V« Such behaviour occurs because the reverse leakage current increases, as explained

earlier.

In addition to the PCE performance shown in Figure 3.8(b), the EVC has the best PCE because the
power consumption of the DC biasing generator is not taken into account. (An ideal voltage source
is used instead.) Ignoring the PCE result of the EVC, the DD and IVC have the best PCE when the
input voltage is low. In contrast, the PCEs of the conventional voltage multiplier and the IVC rectifier

are better than the others when the input is high.

In summary, rectifier circuits shown in this section provide different trade-offs. The DD and the SVC
appear to be suitable when the input signal is close to the Vi, of the MOS transistor. On the other
hand, the EVC produces the best efficiency when the input voltage is sufficiently large. When the
input voltage is lower than the Vi, only the EVC and HR are functional for voltage conversion.
However, the EVC rectifier requires an external battery while the hybrid rectifier requires an

additional voltage source.

For this project, EVC and HR are not suitable since there are no external batteries and secondary
harvesting source available. Furthermore, other rectifiers may not be appropriate as those rectifiers
cannot operate properly when the received voltage at the secondary coil is lower than the Vy,
which is likely to occur in this project. Hence, an alternative approach is proposed in the next

chapter.

3.3 Magnetic Field Strength and Receiver Output Voltage

As the rectifier circuit model has been investigated, the rectifier equivalent circuit can be used to

study the harvested energy of the magnetic loosely coupled energy harvesting system.

The magnetic field strength generated by an ideal square transmitting loop coil and the received
output voltage excited at the secondary coil using a ferrite rod antenna are plotted in MATLAB. The
parameters used for the calculation are shown in Table 3.2. The width of the square loop is chosen
based on the target applications as this project is intended to design the inductively coupled energy
harvesting system for a wide area between 10x10m? to 100x100m?2. Moreover, the conductor wire

and the ferrite rod used in this demonstration is based on options available in the market.

Figure 3.9 illustrates the plot of the magnetic field strength generated from the 10x10m? square
loop antenna when the centre of the square loop is at the origins (x = 0m, y = Om) and the vertical
distance between the primary coil and the secondary coil is 1m. As explained in section 2.2, the
receiver sensor nodes are placed on the ground and the transmitting coil is constructed 0.1m-2m

above the ground to minimise the magnetic field distortion due to the ground. It can be seen that

33



Chapter 3

the field strength peaks around the edge of the square area within the loop and decreases when
the received point is moving toward the centre of the loop, which is similar to the plot of the
magnetic field of the square loop shown in Figure 2.4 from the previous chapter. This is because
the magnetic field strength is inversely proportional to the square of the distance between the
point of interest and the conducting wire from the Biot-Savart law [22]. Moreover, it can be
observed that the field strength falls rapidly outside the perimeter of the loop. As a result,
interference from the magnetic energy with another user of the radio spectrum outside the square

loop antenna is unlikely.

Table 3.2 Parameters of the square loop antenna and the ferrite rod antenna used for the

calculations of the magnetic field strength and receiver output voltage.

Square loop transmitting antenna Ferrite rod receiving antenna
Parameters Value Parameters Value
Operating frequency 1MHz Ferrite permeability at IMHz, /L, 125+j30
Transmitting current, Irx 100mA Ferrite rod relative permeability, 20
lurod
Width of the single square 10m- Ferrite rod diameter 8mm
loop, 2*W 100m
Vertical distance between the 1m Ferrite rod length 45mm
coils (z-axis)
Radius of the conductor 0.1mm Radius of the conductor 0.1mm
TX and RX Coils resistance 0.57Q/m Number of turns of the coil 32
Ferrite rod loading resistance, Riv 50kQ
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Figure 3.9 Magnetic field strength of the 10x10m? square loop antenna at the distance z= 1m when

the current I7x is 100mA and the operating frequency is 1MHz.

The plot of the magnetic field strength has shown that the interference outside its perimeter is very
low, however it is still important to consider the radiated power caused by the square loop antenna

at far-field. The radiation power of the square loop antenna at far-field is given by [27]
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b= Zo(%](ko (2W))4|]TX|2 , (3.15)

where Z, is the impedance of free space and ko is the wavenumber. In this example, with an
excitation current of 100mA, the calculated radiated power from the square loop antenna is
0.192mW or -7.16dBm. Calculating by using the free space path loss equation [27] when the

receiving antenna is ideal and the gain is G=1, the radiated power at 1km is reduced to 173pW or -

67.6dBm.
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Figure 3.10 Received output voltage of the ferrite rod antenna located within the square loop when
the transmitting current is 100mA, the vertical distance (z-axis) between the coils is 1m, the number

of turns of the secondary coil is 32 and the loading resistance of the secondary coil is 50kQ.
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Figure 3.11 Received output voltage of the ferrite rod antenna located at the centre of the square
loop when the transmitting current is increasing, the vertical distance between the coils is 1m and

the loading resistance at the output of the secondary coil is 50kQ.

Moreover, the plot of the output received voltage at the resonant secondary coil, implemented

from a ferrite rod antenna with the parameters shown in Table 3.2, at different points of interest
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(x, y) within the example transmitting square loop coil is depicted in Figure 3.10. It can be observed
that the voltage peaks at the area close to the inner boundaries of the square loop are similar to
the magnetic field strength plotted in Figure 3.9. In addition, the received output voltage at the coil
within the square area varies between 225mV, to 360mV«. Furthermore, the plot of the received
output voltage of the coil versus the transmitter current, with different numbers of turns of the
ferrite rod receiving coils, is shown in Figure 3.11. It can be seen that the output voltage is increased
when the square loop antenna current increases. This is because the magnetic field strength is
linearly proportional to the loop coil current, as can be seen from equation ( 2.11 ). Consequently,
the output voltage is increased as the magnetic field strength increases. On the other hand, it can
be observed from the plot that the optimum number of turns of the receiving coil is at 32, as it was
explained in section 2.2.3 that the loading resistance can limit the Q-factor of the secondary coil if
the receiver inductance Lgx is too large. Note that this calculation assumes that the receiving
capacitor at the receiving antenna is tuned to the resonance frequency accordingly, since the

number of turns of the receiving coil affects the inductance of the receiving antenna.

3.4 Data Demodulator Requirements for System Synchronisation

As mentioned in section 3.1, the data modulation is used for the system synchronisation. The

modulation methods and the demodulator architectures are investigated in this section.

A central issue in the implementation of a communications channel associated with the MF
magnetic power supply system is that the data modulation used must be compatible with the main
function of energy harvesting. Hence, the modulation should not interfere significantly with the

recovery of energy and should also be able to be demodulated with simple ultra-low power circuits.

Data

A
0 T,

ASK

FSK

Figure 3.12 The digital modulation techniques of ASK, FSK and PSK.

In recent work, three simple digital modulation techniques are mostly used for wireless data
communications of RFID and IMD systems [4, 7]. Such techniques are amplitude-shift keying (ASK),
frequency-shift keying (FSK) and phase-shift keying (PSK). Figure 3.12 illustrates examples of the
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digital modulation techniques. ASK modulation is done by changing the amplitude of the carrier
signal from A, to A; according to the changing of the data bit stream. The FSK system modulates
the signal by changing the frequency of the carrier between f; and f; as the digital bit changes. For
PSK modulation, the phase of the carrier shifts by some defined value (typically a multiple of t/2),

when the data bit is changing.

ASK is the most popular method for data transmission used in RFID and IMD applications due to the
simplicity of both modulation and demodulation [7]. However, the changing in the amplitude of the
carrier signal implies that the transmission power is reduced when the amplitude decreases. The
reduced transmission power level might not be adequate to maintain the energy harvesting of the
receiver. Similarly, FSK modulation may not be suitable for an inductive loosely coupled wireless
power transfer system due to the requirement of a high-Q factor leading to a narrow bandwidth
receiver in order to maximise the receiver input voltage, as mentioned in the previous section. As
the frequency of the carrier signal changes, the modulated frequency is likely to be attenuated by
the antenna LC circuit at the receiver. As a consequence, the receiver may harvest less power when
the frequency deviates from nominal. PSK is likely to be the most efficient method for the inductive
coupled wireless power transfer, since the amplitude and frequency can be made mostly constant.
Hence, PSK could potentially provide the most efficient data rate per available bandwidth and is
consistent with maintaining acceptable power transfer compared with ASK and FSK [7, 47].
However, the implementation of a PSK demodulator in the low power receiver might be relatively
complex, which eventually causes more power consumption and size compared with ASK and FSK

[6, 47, 48].

The PSK modulation scheme is chosen for this project due to the constant frequency and amplitude
of the carrier, which is suitable for the wireless inductively loosely coupled energy harvesting
system. Several binary phase-shift keying (BPSK) techniques have been proposed [6, 49-51],
however, the received voltage at the antenna is likely to be significantly attenuated if the phase of
the signal transits from 0 to 180-degree phase shift due to the requirement of a narrow-bandwidth
high-Q factor for the receiver coil. Considering the PSK signal during the phase transition, it can be
seen that the frequency of the signal during the phase transition period is proportional to the
degree of phase shifting since the phase is defined as the rate of change of the frequency over time
(¢p=dw/dt). Hence, the bandwidth of the BPSK signal is wider than the bandwidth of the quadrature-
PSK (QPSK) signal. Therefore, the BPSK signal during the phase transition is likely to be attenuated
by the narrow-band resonant circuit since the frequency during the phase transition of the BPSK
signal deviates from resonant frequency further than the QPSK signal. Figure 3.13 shows the
comparison between the amplitude settling time of the BPSK signal and the QPSK signal when Q=33;

it can be seen that the QPSK signal requires approximately 15us to settle the amplitude while the
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BPSK amplitude settling time is two times longer. The AC-DC rectified output voltage can be
affected by such a slow amplitude response, especially with a higher data rate (i.e., 10kbps) BPSK

signal. Therefore, a QPSK modulation is preferable for such applications.
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Figure 3.13 Comparison between the amplitude settling time of the BPSK signal and the QPSK signal

in the high-Q resonant circuit where Q=33, Rrx=10, Lrx=53uH and C=478pF.

In the following sections, three practical implementations of the PSK are discussed. Those works

might provide some insights in order to design an appropriate PSK demodulator for this project.

34.1 Costas Loop PSK Demodulation

Figure 3.14 shows the conventional block diagram of the Costas loop PSK demodulator initially
proposed in [52]. The demodulation system consists of three mixer blocks for signal multiplication,
which results in subtraction and summation in frequency, a voltage-controlled oscillator, a 90°

phase shifter and three low pass filter blocks.

The ideal input data phase modulated signal can be represented by

7

" (¢)=mlt)sin(ayt +6,), (3.16)
where m(t) is the modulating data stream. For simplicity in describing the operation, we consider
BPSK, such that m(t) can be either 1 or -1, while w1 is the carrier frequency and 6, is the (arbitrary)
phase of the carrier. It can be observed that when m(t) is 1 then the phase is not changing and

when m(t) is -1 then the phase of the carrier is shifted by 180°.

When the loop is in a locked condition, the phase differences between 68, and 8, is close to zero,
and therefore the data output at the | Branch is
V.. (¢)=m(t)cos(6, — 8,) = mlr). (3.17)

Hence the digital data bit stream is recovered.
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Figure 3.14 Block diagram of the Costas loop PSK demodulator (re-drawn from [52]).
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Figure 3.15 The implementation of the Costas loop (re-drawn from [53]).

It can be seen that the original Costas loop requires three analogue multiplier circuits (or switching
mixers) and a phase shifter, which are power hungry and complex. Therefore, [6] and [53] proposed
the Costas loop where the multiplication and phase shifting are done in the digital domain instead,
as depicted in Figure 3.15. Note that the block diagram shown in the figure is the modified Costas
loop for QPSK demodulation; two signal multiplication blocks are added to acquire | and Q output
data. It can be observed that the received signal is amplified to a digital bit stream where the signals’
multiplication is done via XOR logic gates. Moreover, the quadrature generator can be easily

implemented from two D-flip-flop circuits.

As the system utilises XOR for phase comparison, the frequency acquisition range is not sufficiently
wide. Thus the system employs a conventional phase/frequency detector (PFD), which is commonly
used in a phase-locked loop circuit, in order to track the input frequency in the initial state. After
the VCO frequency is locked, an ADC converter and an 8-bit register are used to convert and store
the VCO tuning input level. As a consequence, the system shifts from using the conventional PFD to

the XOR phase detection to demodulate the PSK modulated signal.
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3.4.2 BPSK Demodulation using Charge Pump PLL and Trigger and Hold Circuit

Figure 3.16 illustrates the BPSK demodulation proposed by [49], the system utilises the
conventional phase/frequency detector (PFD) and a charge pump based phase-locked loop (PLL) to
acquire a wide tracking frequency range. The principle of operation of the circuit is described as
follows. Initially, the PFD and the charge pump track the input frequency, similarly to a conventional
PLL behaviour. When the phase of the input signal is 180° phase shifted, the signal produced by the
VCO CARRIER_REGEN cannot instantaneously track the input phase due to the slow control loop
response. In consequence, the XNOR1 detects the phase differences between input signal BPSK
and the reference signal CARRIER_REGEN which results in producing a signal DATA_DEMOD to
switch the path of the PLL loop. As the path of the PLL loop is switched from the non-inverting
output of the VCO to the inverting output of the VCO, the phase comparing at PFD becomes zero.
Thus, the PLL loop remains in a locked condition. In addition, the data extraction of the system is
realised by utilising a trigger and hold circuit to detect the fluctuation of the PLL and hold it for a
certain delay defined by the R2-C2 time-constant. It can be seen that this concept can be modified
to a QPSK demodulator by generating the 1/Q signal used for detecting the incoming signal.
However, the data rate used in this system is limited by the slow control loop response. Moreover,

the limited loop bandwidth of the system leads to a slow operating frequency lock as a result.
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Figure 3.16 BPSK demodulation implemented using charge pump PLL circuit. (Figure from [49].)

3.4.3 PSK Demodulation using Time-to-Digital converter

Figure 3.17 depicts the time-to-digital converter (TDC), which is used to generate a multiple-phase

clock for the PSK demodulation. The generated multiple-phase clock is used to sample the incoming
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QPSK (or M-PSK) signal, and then a digital state machine control unit can be used to identify the |
and Q of the multi-phase clock to match the incoming QPSK signal. In recent state-of-the-art TDC
circuit design, the multi-phase clock can be generated by using either a frequency divider [54] or a
multi-stage ring oscillator [55]. The TDC frequency-divider-based consumes more power due to the
requirement of a higher clock frequency oscillation, thus, the dynamic power (CVj2pfin) of the
system is larger compared with the TDC multi-stage-ring-oscillator-based. On the other hand, the
phase accuracy of the multi-phase clock generated by the ring oscillator is process and temperature

dependent, hence a larger MOS transistor size may be needed for better accuracy.
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Figure 3.17 Block diagram of the TDC (top) and QPSK signal 1/Q detector (bottom).

Table 3.3 Performance of the PSK demodulator.

Work Costas loop by [6] Costas loop by [53] PLL by [49] TDC by [54]
Process 0.18um CMOS 0.18um CMOS 0.5um CMOS 0.18um CMOS
Area 0.19mm? 0.23mm? 0.1mm? 2.7mm?
Frequency 10MHz 13.56MHz 13.56MHz 2.4GHz
Modulation BPSK QPSK BPSK QPSK
Data rate 1.12Mbps 8Mbps 20kbps 1Mbps
Supply 1.8V 1.8V 3.3v 1.8V
Power 610pW 680uW 3mW 20.4mW
BER 10° - 7.58 x 10 -

To compare these practical implementations of the PSK demodulator, the performances and
specifications are summarised in Table 3.3. By comparing the data rate performance, the
implementation of the PSK PLL-based proposed by [49] has the slowest data rate due to the slow
PLL control loop response, as explained. It can be seen that the Costas loop PSK demodulation
proposed by [6] has the lowest power consumption, which is 610uw. Such power consumption is
feasible for the IMD applications as the received power of the implantable devices can be as high
as ImW [3, 7]. However, the received power in this project is potentially in the region of 1 to
100uW. On the other hand, the data rate as high as 100 kbps might exceed the requirements of this

work. The data rate of 1 to 10kbps should be sufficient for data communication between the
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transmitter and the receiver for this work. Therefore, an alternative system will be proposed in the

next chapter.

3.5 Energy Harvesting and Data Demodulator Design Challenges

As the system level of the inductive coupled wireless energy harvesting system has been studied,

the design challenges are highlighted as follows:

- Low received voltage at the secondary coil from the ferrite rod antenna might be
insufficient for the rectifier to properly start up from cold.

- The magnetic loosely coupled wireless energy harvesting system used for the wireless
sensor network requires system synchronisation.

- External modules require sufficient harvested energy to perform tasks.

- The inductance and capacitance values of the receiver LC-tank have to be accurate since
the high Q-factor resonant circuit is used to increase the received signal.

- The receiver circuit including the PSK demodulator needs to be ultra-low power since the
harvested energy is limited.

- The PSK demodulator needs to be able to demodulate slow transitions limited by the Q-

factor of the receiver antenna.

3.6 Summary

In this chapter, an inductive coupled energy harvesting system has been studied. The system
synchronisation between the transmitter and multiple receivers allows the receiver to reduce the
average power consumption by only activating for a short period. The PSK modulation can be used
to transmit the timing information from the source to the receivers which enables the system
synchronisation. However, the existing PSK demodulating architectures studied in this chapter
consume large power which is undesirable for the low power energy harvesting applications.

Hence, the design of the ultra-low power PSK demodulator will be presented in the next chapter.

In addition, the analysis of the AD-DC receiver shows that the loading current of the rectifier can
affect the received voltage at the secondary coil. Several rectifier architectures designed to
maximise the harvested energy have been studied. The derived equation of the output rectified
voltage shows that the rectifier can only start to operate when the input voltage is greater than the
diode/transistor forward voltage. As a result, most of the existing rectifier architectures are not

suitable in this project since the simulation results of the magnetic energy harvesting system show
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that the received voltage can be as low as 250mV,. Therefore, the rectifier circuit capable of

operating with a subthreshold voltage will be proposed in the next chapter.

Moreover, the simulation results of the magnetic field strength and receiver output voltage of the
MF inductive coupled energy harvesting system have been presented. The generated magnetic field
peaks around its boundary and reduces rapidly when the receiving point moves away from the loop
perimeter. The receiver output voltage extracted from the simulation results can be used to define

the design specifications of the receiver which will be shown in the next chapter.
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Chapter 4: PROTOTYPE WIRELESS ENERGY HARVESTING
RECEIVER INTEGRATED CIRCUIT DESIGN

As the system level of the magnetic loosely coupled wireless energy harvesting system has been
studied in the previous chapter, several challenges of the system have been highlighted. In this
chapter, an integrated circuit (IC) design of the wireless energy harvesting receiver is presented to
address those problems. The design specifications of the IC are shown. The system architecture of

the IC is proposed and the circuit design of each block is explained.

4.1 Design Specifications

In order to design the energy harvesting receiver, the design specifications are initially defined, as
shown in Table 4.1. The minimum amplitude of the input voltage is calculated from the inductive
coupling equations that have been demonstrated in section 3.3. Furthermore, the output power
delivery required of the energy harvesting receiver is determined from the power consumption of
the off-chip external modules which typically comprise a sensor module, a transmitter module and
a microcontroller. Appendix D describes the details of the power consumption estimation for each
module. In addition, the AMS 0.18um CMOS process is chosen for this design [46]. As mentioned in
Chapter 1, the 180nm standard CMOS process is suitable for this project because of its cost and the
transistor threshold voltage (Vin).

Table 4.1 Design specifications of the energy harvesting receiver.

Parameters Value
Minimum amplitude of the input voltage” 250mVpk
Input frequency 500kHz — 2MHz
Output power delivery 34mW for 4ms (Active)
0.2314uW (Idle)

“Calculated from the specifications shown in Table 3.2, section 3.3.

4.2 System Architecture

Figure 4.1 shows the simplified system architecture of the medium frequency (MF) inductive
coupled wireless energy harvesting receiver IC. The system consists of a rectifier, a quadrature
phase-shift keying (QPSK) demodulator and a power management unit (PMU). The rectifier
converts the harvested MF magnetic energy with the frequency between 500kHz and 2MHz to a DC
voltage Vi in a range of 0.9V to 1.8V for storage in an off-chip capacitor C;. Moreover, the data

modulated with the harvesting energy is demodulated by the QPSK demodulator to extract the data
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for external modules. The demodulator can be activated and deactivated by the power
management unit (PMU) depending on the supply voltage level provided by the rectifier.
Furthermore, the PMU provides a clean regulated DC voltage Vpp to supply the demodulator. Since
the voltage provided by the rectifier is not sufficient for typical off-chip external functions such as
a microcontroller or a UHF uplink transmitter, a DC-DC converter (charge pump) in the PMU boosts

the low voltage V...t to 3V DC output voltage Ve which is stored on the off-chip capacitor C..

Wireless Energy Harvesting Receiver IC

Magnetic loosely e T T/ ..,
. | Off-chip |
coupling Vex | _ Vreet Power capacitor VP MCU,
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Figure 4.2 Timing diagram of the energy harvesting power management scheme. V. is the rectifier

output voltage storage on the capacitor C; and Vcp is the DC-DC converted voltage from the power

management unit storing energy in capacitor C..

The timing diagram of the start-up power supply behaviour of the energy harvesting receiver IC is
depicted in Figure 4.2. The diagram consists of the transient behaviour of Ve from the output of
the rectifier and V¢ from the DC-DC charge pump (CP) circuit of the PMU. The timing diagram can
be explained as follows. Initially, the rectifier charges the off-chip capacitor C; from cold. Once Ve«
reaches Vjign, the PMU enables the DC-DC conversion. As the CP is enabled, a large current is drawn
from the capacitor C; and the rectifier which may potentially reduce V,.:. When the voltage level
of Viect drops below Ve, the CP is disabled, as shown in the timing diagram between period t; and
ts. At t4, the CP resumes activating as Ve climbs back to Viuigh. When the sensor node is expected
to collect the data and transmit the signal back to the source, the current is drawn from the
capacitor C,. Consequently, V¢ decreases as in ts. It can be seen that the reduction of Ve might

affect Vi, thus properly chosen capacitor sizes are needed. This is because the rectifier output
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needs to provide more power to the CP when the CP output current is drained by external modules,
thus V.. may decrease depending on the harvested voltage level at the receiver. Note that Vi is

defined based on the minimum voltage needed to supply the receiver circuits sufficiently.

The calculation of the size of the storage capacitors is determined from the current consumption
and the activation time of the external modules [12]. As shown in Table 4.1, the average current
consumption of the external modules is expected to be approximately 11mA for a 4ms period. By
using equation ( 4.1 ), the capacitance of C; is calculated as approximately 115uF. More details of
the analysis can be found in Appendix D. On the other hand, the capacitor C; can be calculated from
the output current provided by the rectifier ic;, the voltage difference between Viign and Viow and

the period t..

(4.1)

o=k
dt

4.3 Circuit Design

As the harvested energy from the secondary coil of the inductive loosely coupled energy harvest is
limited, an ultra-low power circuit design is needed to ensure that the receiver IC can properly
operate under the constrained conditions. The circuit implementation of each block presented in

Figure 4.1 is briefly explained in the following sections.

43.1 Rectifier

In this project, the receiver rectifier is required to convert the input voltage from the antenna coil
with the amplitude as low as 250mVy. However, the MOS transistor Vi, of the chosen process
technology is typically at 350mV for NMOS (Vin) and 400mV for PMOS (Vihp). As a result, the
conventional voltage multiplier circuit presented in section 3.2.2 is not suitable for the application
due to the resulting forward bias voltage issue. Hence, a rectifier operating under the subthreshold

voltage condition is presented in this section.

43.1.1 Switch-over Cold-start Subthreshold Voltage Rectifier

The proposed subthreshold voltage rectifier is designed based on the concept of a MOS transistor
subthreshold operation where the transistor in the subthreshold region can still weakly drain a
small nA current depending on the transistor dimensions. Figure 4.3 shows that the PMOS transistor
connecting in a self-Vth cancellation rectifier (SVC) configuration can conduct an asymmetrical
leakage current when the input voltage is below the MOS V. It can be seen from the simulation

result that the output current of the PMOS when the input is positive is larger than the current
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when the input is negative, this is because the gate-to-source voltage (Vss) of the PMOS is larger
when the input voltage is positive compared with the PMOS Vgs when the input is negative. Hence

the SVC can generate a small output DC voltage when the input voltage is below the MOS Vin.

-1 -0.5 0
Input voltage (V)

Figure 4.3 Output current versus DC input voltage of the single-stage SVC rectifier.
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Figure 4.4 Two-stage SVC circuit (left) and the transient simulated voltage behaviour when the input

voltage is below the MOS Vi, (right). The input voltage signal is at 250mV« while the

loading resistance is 500kQ.

However, the SVC circuit under a subthreshold operation cannot provide a usable DC output voltage
to supply the receiver system. Figure 4.4 shows the two-stage SVC circuit and the internal voltage
behaviour when the input voltage is below the Vi, of the transistors. Although the input voltage is
not sufficient to fully activate all the transistors, the coupling capacitor Cc at the voltage node V,;
at the first stage of the SVCis still being charged by a weak asymmetric leakage current, as described
above. Since the node V,; is not loaded by a resistor, the transistors M»; and My are biased by the

built-up voltage from the leakage current. On the other hand, the output voltage of the rectifier
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(Vout) is much lower than the voltage node V; due to the loading resistor Ri.qaqs. Consequently, the
transistor Mp; is conducting in the opposite direction at t=0.1ms (the current is flowing from node

V1 to V,; instead) which causes Voui: to decrease further as a result.

Figure 4.5 illustrates the proposed subthreshold voltage rectifier circuit developed from the SVC
and the internal Vi cancellation rectifier (IVC) circuits and its transient simulated voltage behaviour
when input voltage is below the MOS V.. The PMOS transistors Mp: to Mgs are biased by the
rectified voltage of the adjacent stages as in the SVC circuit while the NMOS transistor My is biased
by the DC voltage Vi provided by the diode-connected MOS M,;,. Similarly to the SVC, the output
voltage V,; at the first stage is initially charged by a net forward leakage current while the output
Voutz is limited by the loading resistor as expected. However the PMOS transistors are biased by the
adjacent voltage nodes that are not connected to any resistors, consequently the output voltage is
increased as the effective Vi, of the PMOS transistor is reduced. As the bias voltage Vo is increased
similarly to the output voltage, the effective Vi, of the transistor Mn; is reduced. As a result, the
subthreshold voltage rectifier can rectify an input voltage that is lower than the Vi, of the transistor
since the transistors are properly biased. As the proposed rectifier depends on the leakage current
to decrease the input start-up voltage of the rectifier, the start-up voltage can be adjusted by
increasing/decreasing the MOS dimensions. Note that the number of stages of the proposed
rectifier (and thus the voltage multiplication ratio) can be increased by replicating the second stage

(Mp2 and Mp3) of the circuit.
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Figure 4.5 Proposed subthreshold voltage rectifier (left) and the transient simulated voltage
behaviour when the input voltage is below the MOS V4, (right). The input voltage signal

is at 250mV, while the loading resistance is 500kQ.

The 4-stage implementation of the proposed rectifier with optimised MOS dimensions is simulated
using the Cadence CAD tool where the AMS 0.18um HV CMOS Process [46] is chosen for this design;

the optimised transistor aspect ratios are 10/0.2 for NMOS transistors and 140/0.2 for PMOS
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transistors. The plots of output voltage and power conversion efficiency (PCE) versus sinusoidal
input voltage with the frequency of 1MHz when the output is driving the load of 500kQ is shown in
Figure 4.6. It can be seen that the rectifier can rectify when the input voltage is as low as 250mVy,
which is lower than the Vi, of both NMOS and PMOS of this process (Vinn=350mV and Vin,=450mV).
On the other hand, the PCE result of the rectifier indicates that the efficiency of the rectifier
decreases when the input voltage is increased above a given value, which is similar to the behaviour
of the SVC rectifier. This is due to the reverse leakage current which starts to increase when the

input voltage is too large.
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Figure 4.6 Output voltage (left) and PCE (right) versus input voltage of the proposed voltage rectifier

when the operating frequency is 1MHz and the load is 500kQ.
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Figure 4.7 A switching between two rectifier circuit configurations of the proposed two-stage
voltage rectifier. Left: When the input voltage is relatively low compared to the MOS V. Right:

When the input is relatively large.

The proposed circuit is further developed in order to improve the PCE of the circuit when the input
voltage is large. It can be seen from the simulation result shown in Figure 3.8(b) that the PCE of the

conventional voltage multiplier is better than other circuits when the input voltage is large. Thus,
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switches are added in order to change the gate connection of the PMOS from SVC configuration to
voltage multiplier configuration, as illustrated in Figure 4.7. When the input voltage is low, the gate
of the PMOS is connected to the adjacent channel to form the SVC configuration. On the other
hand, the PMOS is connected to its drain to form the diode-connected configuration when the input

voltage is larger [11, 14].

However, the included switches for the rectifier switch-over are not functioning when the system
is starting from cold where there is no energy storage in the output capacitor to control the
switches. Therefore, an additional capacitor is added in parallel with the switch that is connected
between the gate and the adjacent channel of the PMOS, as shown in Figure 4.8. The figure presents
the proposed switch-over cold-start voltage rectifier circuit. At cold-start where all switches are
OFF, the parallel capacitors Csw connect the gate of the PMOS with the adjacent MOS drain node
enabling the circuit to weakly rectify the incoming AC signal under cold-start conditions. When the
rectifier DC output voltage Vour is sufficiently large to supply a comparator used for driving the
switches, the switches take over the parallel capacitors and properly operate in order to improve

the efficiency of the rectification, as described above.

Figure 4.9 presents the PCE simulation result of the proposed 4-stage rectifier operating in the high
voltage input mode compared with the result of the low voltage subthreshold mode shown in
Figure 4.6. It can be seen that the efficiency of the rectifier operating in the high voltage mode

increases when the input amplitude is increased, as expected.
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Figure 4.8 Proposed switch-over cold-start subthreshold voltage rectifier.
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Figure 4.9 PCE versus peak input voltage of the proposed rectifier with two different configurations

when the operating frequency is 1MHz and the load is 500kQ.

4.3.1.2 Switch-over Detection

As the proposed rectifier switches the configuration according to the amplitude of the incoming
signal, a voltage amplitude detection circuit is needed in order to make a decision for the switch-
over. For simplicity and low power consumption, the proposed switch-over detection circuit
depicted in Figure 4.10 is used to detect the incoming voltage amplitude for the switch-over
efficiency enhancement. The circuit consists of a dummy rectifierimplemented from a simple PMOS
diode-connected half-wave voltage rectifier and an ultra-low power comparator supplied by the
rectifier output voltage Vour. The power consumption of the dummy rectifier is negligible compared
with the main rectifier since the circuit is unloaded by any resistors. The circuit operates as follows;
the input signal is rectified to DC voltage Vaummy by the dummy MOS rectifier Mgummy. Then the
dummy voltage is compared with the voltage produced by the diode-connected V4o of the main
rectifier circuit. Due to the forward-bias voltage issue of the dummy rectifier if the input voltage Viy
is lower than the PMOS threshold Vi, then the voltage Vaummy will likely be smaller than the internal
voltage from the main rectifier V. Thus, the switches of the cold-start rectifier connect the gate of
the PMOS with the adjacent channel to form the SVC configuration. On the other hand, when the
input voltage is sufficiently large (i.e., becoming larger than the MOS V), then the value of Vaummy
is larger than the V4. Hence, the switches connect the gate of the PMOS to the drain to form a basic

voltage multiplier rectifier.
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Figure 4.10 Proposed switch-over detection circuit.

Figure 4.11 shows the schematic diagram of the comparator for the switch-over detection circuit.
The comparator utilises a positive feedback path to provide a hysteresis characteristic [56] and an
inverter at the second stage to provide the inverted output signal. The hysteresis comparator is
needed as the inputs of the comparator might potentially be noisy. Furthermore, it can be observed
from the figure that the current of the output inverter is limited by the current source /ze. The
current limiting of the inverter is needed because the inputs of the NMOS pair Vs and Vi,- may
cause the output to be in the transition region for a significant time, so that it might turn both PMQOS
and NMOS of the inverter ON and cause a current path from supply to ground through the output
inverter. As the circuit supply source is provided by the rectifier circuit which has very high
resistance, the local supply voltage may collapse even with a few pA current drain on the supply for
a significant time. Moreover, the input is implemented from the NMOS pair since the input voltage
may potentially vary from 0.3V to 1.8V. Note that the upper voltage limit 1.8V is limited by the
breakdown voltage of the CMOS process used in this project [46]. The 1.8V limiter circuit will be
shown later in this chapter. In addition, the current sources of the comparator are implemented
from a conventional NMOS current mirror [56, 57] where the current reference /g is injected from
the reference circuit, which will be shown later. The circuits (both comparator and reference
generator) can only start to operate when the output rectifier is at least 0.4V which is determined

by CMOS process Vin.
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Figure 4.11 Schematic view of the comparator for the rectifier.

The comparator for the rectifier switch-over detection is simulated with transient and DC analysis
when the reference current is generated by an ideal current source. The peak of the current
consumption during the output transition is approximately 70nA. The current consumption of the
comparator for the steady-state condition where the comparator is fully switched is approximately
25nA at the 1V supply voltage. Moreover the hysteresis voltage of the comparator is at 100mV at
the nominal condition. As the results can be varied across the process voltage and temperature
variations (PVT) for the transistor parameters [56, 57], PVT corners simulation results of the
comparator indicate that the variation of the hysteresis voltage is approximately 10mV. In addition,
the simulation result verifies that the comparator can operate with the minimum supply voltage of
400mV. The plots of the DC and transient simulations of the comparator can be found in Appendix

E.1.

4.3.1.3 Top-level Simulation

The four-stage switch-over cold-start subthreshold voltage rectifier circuit and layout are
implemented in the first IC design. The capacitance values of 1nF, 100pF and 12pF are chosen for

the loading capacitor C;, the coupling capacitor Cc and the parallel capacitor Csw respectively. The

coupling capacitor Cc is selected such that the impedance (Z, = 1/ij) of the capacitor is

considered to be small for the operating frequency between 500kHz to 2MHz used in this project.
On the other hand, the parallel capacitor Csw does not need to be as large since the capacitor is only
for the start-up condition; Csw is not needed when the output voltage is sufficiently large to enable
the switches. The capacitors are implemented using the metal to metal capacitor (CMIM) structure

which provides high capacitance per unit square area in this CMOS process. However the parasitic
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capacitance from the metal-to-substrate, which is proportional to the capacitor sizes, is undesirable
for the coupling capacitor Ccconnecting between the receiver antenna output node (Vzx) and the
rectifier input. The parasitic capacitance can be removed by connecting the bottom-side metal plate
to the antenna output Vzx which results in connecting the parasitic capacitor to the LC-antenna
instead. Note that the NWELL capacitor could provide more capacitance per unit square area
(depending on the shape/dimensions), however it is not suitable for this design since one end of
the capacitor is always connected to the substrate. Also, the NWELL capacitor breakdown voltage

is much smaller than the CMIM capacitor.

The proposed 4-stage switch-over cold-start voltage rectifier and the switch-over detection circuit
are connected together and simulated by applying the input voltage with the frequency of 1MHz
stepped from 0.1V« to 1V« when the output load is 500kQ. Figure 4.12 shows the plots of the
output DC voltage and the PCE of the circuit. It appears that the rectifier can start up when the
input voltage is as low as 250mVy, similar to the previous simulation result for the basic
subthreshold rectifier. Moreover, the PCE and the output voltage are improved when the input
voltage is large compared with the previous simulation result. It can be observed that the PCE of
the rectifier drops at the input voltage between 300mV and 400mV,. This is because the rectifier
is operating in the subthreshold mode which causes large reverse leakage current when the input
voltage is relatively large. The configuration of the rectifier is switched from the subthreshold mode
to the high voltage mode when the input voltage is above 400mV, and thus the PCE rises when
the input voltage increases. Note that the efficiency drop of the rectifier when the input is between
300mVek and 350mV,« cannot be mitigated by switching the rectifier configuration since the high
voltage mode rectifier cannot properly start up due to the insufficient forward-bias voltage of the
PMOS transistor, as shown in the previous simulation result from Figure 4.9. In addition, the output
voltage of the rectifier will be larger than 1.8V when the input is relatively large, which is greater
than the maximum voltage allowed for the thin oxide MOS devices in this process. Thus, a voltage

limiter circuit is required in order to protect other building block circuits.
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Figure 4.12 Output voltage (left) and PCE (right) versus input voltage of the switch-over cold-start

rectifier when the operating frequency is 1IMHz and the load is 500kQ.

4.3.2 Data Demodulator

As mentioned in section 3.4, a QPSK modulation scheme is preferable due to the shorter amplitude
settling time that leads to less average signal attenuation of the received signal compared with the

BPSK signal. An ultra-low power QPSK demodulator is presented in this section.

Considering the QPSK signal (Vi,) and the square wave of the sliced QPSK signal (PLLin) shown in
Figure 4.13, it can be seen that the maximum phase transitions per second of PLLin is synchronised
with four times the phase transition of the carrier frequency of Vi,. For instance, if the carrier
frequency of Vi, is 1MHz then the sliced QPSK signal maximum phase transitions rate is 4M pulse-
per-second. A clock and data recovery (CRD) system, which recovers a clock signal that is insensitive
to missing pulses of the incoming data [20, 58], can be used to create a stable reference square
wave signal with the same frequency as the carrier of the QPSK signal called PLLref. As a result, the
QPSK output data can be extracted from the XOR operation between PLLin and PLLref, as depicted

in Figure 4.13.

PLLin

PLLref

Output data

Figure 4.13 Concept of the proposed QPSK demodulator. Vi, is the incoming QPSK signal, PLLin is
the amplified input signal, PLLref is the reference signal and Output data is the output from the

QPSK data extraction.

Figure 4.14 presents the proposed system architecture of the QPSK data demodulator for the
wireless energy harvesting receiver. The system has a dual-loop operation that can switch between
the phase-locked loop (PLL) mode for the frequency locking and the CDR mode for the data
extraction. The proposed system consists of an amplifier, the Phase/Frequency detector (PFD), the

Hogge phase detector (PD), the PLL charge pump, a multiplexer, a low-pass filter (LPF), a voltage-
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controlled oscillator (VCO), a frequency divider, a lock detection circuit and a data detection circuit.
The Hogge PD based CDR PLL detects the incoming pulses (Vi») to recover a stable reference clock,
however the frequency capture range of this type of PD is not sufficiently large to ensure reliable
start up for the system, since the VCO is designed from a ring oscillator which has a very wide output
frequency range. Hence the PLL mode is enabled initially for the frequency locking from an out-of-
lock condition. In addition, the Hogge PD is chosen because its phase detector gain (Krp) is similar
to the Kpp of the PFD if the incoming pulses are continuous (The Kpp is different for the incoming
NRZ signal). The loop stability of the system is thus unlikely to be affected by the transition from
the PLL mode to the CDR mode. Note that the VCO clock frequency is locked at four times of the
QPSK carrier because the Hogge PD based CDR PLL requires the clock frequency to synchronise with

the input phase transitions rate which is four times that of the carrier, as explained earlier.

|-> Y Charge Pump
Via Hogge > ”
PD X > ck
Amplifier é - oo R
PLLin Up = - by 4
PFD Down: f
r 3 PLLref
|—> Data Output
Lock [ | , .
;;etection Vieek PLLin_,inetectiof ~ data

Figure 4.14 System architecture of the proposed QPSK data demodulator.

The data demodulator operates as follows. When the demodulator is enabled by the PMU, the
demodulator is initially configured to use the PFD to enable the lock condition to be found. The
input amplifier amplifies/limits the incoming signal received from the antenna to a digital level,
dictated by the local supply. The amplified signal PLLin is initially compared with the VCO output
divided by four (PLLref) by the PFD. Thus, the frequency of the VCO is four times the frequency of
PLLin. When the lock detection circuit detects that the VCO frequency is locked to the received
signal, the Hogge PD takes over the phase detection of the system. In this case, the Hogge detector
takes the VCO output directly at four times the input frequency so that there will be a phase
transition in the reference that matches the four possible phase conditions in the QPSK modulated
input signal. Similarly to the typical behaviour of a CDR system, the proposed demodulator is not
sensitive to missing pulses and will remain in lock despite the imposed QPSK modulation. Therefore,
the data detection can sense when the input phase is changed by comparing the signal with the

stable phase reference produced by the VCO.

The control loop design of the proposed system is explained in Appendix F. Before the

demodulator’s circuits are implemented, the demodulator control loop model is firstly verified in
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MATLAB to ensure that the loop is stable [59]. In the next section, the operation of the CDR PD used
for locking the reference frequency to the incoming “data”, in this case in the PSK/QPSK signal, will

be explained.

43.2.1 Phase Detector

The CDR PD is used to recover a clock signal that is aligned synchronously to the incoming random
data such that the rising edge of the lock is at the midpoint of each bit of the input data, which leads
to providing a maximum margin for the clock jitter. Moreover, the frequency of the recovered clock
must be at least two times the incoming input frequency (or equal to the data rate of the input
data, i.e., 1IMHz clock frequency for 1Mbps data). To understand how the CDR PD locks the
reference frequency to the missing-pulses-incoming-data, we firstly consider a simple PD
implemented from a D-type flip-flop (DFF) and an XOR logic gate, as illustrated in Figure 4.15. We
assume that a reference clock (CK) has a phase transitions rate that is equal to the maximum data
rate of the input pulse (Dis). It can be seen that the PD can produce an output signal Y according to
the lag/lead of the reference CK to the input data, and then the average voltage of the output signal
Y (highlighted in grey colour in the figure) can be used to compensate for the phase of the clock
using a PLL control loop. Moreover, it can be seen that the average voltage of the output signal Y
remains unchanged if the random input data transition is missing. Note that this is only true if the

input data is random or continuously having a phase transition.

P b
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Y - Y _|

Figure 4.15 Schematic view of a simple PD using a DFF and an XOR gate and its timing diagram.
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Figure 4.16 Waveform generated from a simple PD and the Hogge PD.

However, the simple PD shown in Figure 4.15 fails to produce a unique average DC output when
the data rate of the random data falls by a factor of two as the pulse width generated by the phase
detector rises by a factor of two accordingly. For example; the averaged output Y (highlighted in
grey colour), generated from the simple PD when the data rate of the random data is faster by a
factor of two shown in Figure 4.16(a), is identical to the average output Y of the waveform shown
in Figure 4.16(b). To produce a unique average output signal X, the secondary DFF and XOR gate
are cascaded, forming a Hogge PD circuit [20, 58] shown in Figure 4.17(a), to produce a reference
pulse clock with the period of Tck/2 when Te is the period of the clock signal CK. It can be seen that
the average voltage of the signal X (highlighted in grey colour) shown in Figure 4.16(a) is different
from the average voltage of X shown in Figure 4.16(b). The output X and Y produced by the Hogge

PD are consequently subtracted and averaged to control the output frequency of the VCO.

Figure 4.17(b) shows the conventional PFD [20, 59]. The circuit is implemented from two DFF
circuits and a NAND gate for resetting the flip-flop. The DFF used in this design required 1ns
minimum pulse width as the reset signal, and thus a pulse extension circuit employing a chain of
inverters and an OR gate is used for the reset. In addition, the logic circuit cells are obtained from
the library provided by the manufacturer [46]. The layout of each logic gate can be cascaded at the

adjacent side of the cell since the height of each cell from the library is identical.
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Figure 4.17 Schematic view of the phase detector.
4.3.2.2 PLL Charge pump

The conventional PLL charge pump circuit is susceptible to transient noise due to the charge
injection of the MOS switches My: and Mn1 [59], therefore a current steering switch and an op-amp
used as a voltage follower are utilised as illustrated in Figure 4.18 [60]. The circuit consists of a
single-stage op-amp, a PLL charge pump with current steering switch and four multiplexers. The

multiplexers are used for selecting two different signals provided by the PFD and the Hogge PD

depending on the different operating modes.

Mpzj }—o nUP

VDD
V) toer
MUX1
R ¢ S e K o_{[M,,,
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Lock > ¢ Iy Terre $
cho——l
MUX2
DOWN
PFD DOWN = pown [M,,I
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L

The PLL charge pump is simulated by applying the UP and DOWN signal (Y and X signal from Hogge
PD) when the voltage supply is 600mV, as can be seen in Figure 4.19. The integ_icp shown in the
figure (the bottom trace) is the integrated signal of the output PLL charge pump current; the nice

shape of triangle implies that the transient noise from the charge-injection at the output current is

relatively low.

+
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Figure 4.18 Schematic view of the PLL charge pump.
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Figure 4.19 Transient response of the PLL charge pump when the supply voltage is 600mV.

4.3.2.3 Voltage-controlled Oscillator and Frequency Divider

The VCO is implemented from the conventional current-starved ring oscillator [61], as illustrated in
Figure 4.20. The current-starved configuration is selected in order to acquire a full output voltage
swing at all tuning values. In addition, one of the inverters is replaced with a NAND gate in order to
enable the sleep mode of the oscillator. Moreover, a simple NMOS (M,) is utilised for the voltage
to current (V-to-1) conversion. In order to improve the linearity of the voltage to current converter,
a series resistor (Rs) is connected to the source of M, to ground which results in a source
degeneration configuration [57]. Note that an NMOS switch (SW1) is added to disable the
continuous current of the V-to-1 converter when the VCO is deactivated. The VCO is designed to
generate a clock signal where the frequency range is between 2MHz and 8 MHz since the frequency
is divided by four before being compared with the input RF signal. As the VCO generates a high-
frequency signal, parasitic capacitors may significantly affect the output frequency of the circuit.

Thus, the placement of the chain of inverters in the layout should be very compact.

The post-layout simulation of the VCO is tested by ramping the input voltage of the VCO from the
supply (Vop) to ground to control the output frequency. At the nominal condition with the supply
voltage of 600mV, the VCO output frequency range is between 100kHz and 14MHz. Moreover, the
VCO gain (Kvco) measured from the transient response is 33.5MHz/V, which will be used for
designing a PLL system. Furthermore, the simulation of the circuit across the PVT corners with the

different power supply has been tested. The maximum frequency of the VCO under the worst-case
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condition, with the power supply below 500mV, might not be sufficient for the requirement of the
demodulator system. Hence the design of the voltage reference and the voltage regulator that
provide the supply voltage, which is above 500mV across the PVT corners, for the demodulator is

essential. The simulation results of the VCO are shown in Appendix E.2.
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Figure 4.20 Schematic view of the VCO.
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Figure 4.21 Schematic view of the frequency divider.

In addition, a divide by four [59] implemented from two DFF circuits is used as a frequency divider,
as depicted in Figure 4.21. The circuit is chosen because it can generate the quadrature outputs (/

and Q) which are required to extract the data using the data detection circuit.

43.2.4 Lock Detection

The locked condition detection, implemented from the logic circuit cells from the manufacturer’s
library, is designed for detecting the locking of the frequency in the proposed QPSK demodulator.
When the reference frequency is close to the input frequency then the locked detection sends a
signal to switch the phase detection of the demodulator system. Figure 4.22 illustrates the
schematic diagram of the proposed locked condition detection. The circuit consists of the N-bit
counter and logic circuits, and is developed from [62]. The N-bit counter is used to count the rising
edge of input pulses. After 2N pulses are counted, an overflow output (Cou) is toggled in the next

rising edge and the N-bit parallel outputs (B; to By) are reset to zero.
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Figure 4.22 Schematic view of the proposed locked detection.
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Figure 4.23 Waveform of the locked detection circuit.

Figure 4.23 illustrates a waveform example of the lock detection. Initially, the two input signals with
the same frequency are applied to the circuit. At t;, the counter C; finishes the counting and the
overflow output Couz from Cy is high. The D-flip-flop DFF; holds the output until it is reset. Before
the signal from the first counter is reset, however, the counter C; finishes the counting.
Sequentially, the output from the logic AND between two counters is high. In consequence, the
reset signal Reset; toggles at the clock input of DFF, and the output Lock is high. It can be seen that
when one of the counters finishes counting, the system waits for another counter for a period of

Delay;. When both counters finish counting on time within the delay interval, the output locked
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signal then is high, as can be seen in Figure 4.23 at the time between t; and t,. At t3, the reset signal
Reset; rises and the counters start to count. On the other hand, if the second counter does not
finish on time between t; and ts then the output Lock is low. Note that DFF is used to create the
delay period of the signal and the FF is toggled by the incoming signal IN;. In practice, the VCO
frequency is likely to start from a low value, hence the incoming frequency is more suitable for

toggling the DFF of the delay cells for a shorter and more reliable delay time.

4.3.2.5 Data detection

Figure 4.24 shows the schematic view of the data detection, the circuit is designed to extract the
data signal from the QPSK demodulator. The circuit consists of an XOR gate, two DFF circuits and
two tri-state buffer logic gates. When the locked detection senses that the frequency is locked, the
lock detection enables the tri-state buffer output of the data detection. The QPSK data is extracted

by comparing the reference signals / and Q with the incoming QPSK signal Dj, using the DFFs.

DFF1 Lock
D,',, O D Q D out
10 CK nQpP-
DFF2
D o
QO0—PCK nQP-

Figure 4.24 Schematic view of the data detection.

The data detection is tested by applying a QPSK modulated signal with the carrier frequency of
1MHz and a reference signal when the supply voltage is 600mV, as shown in Figure 4.25. It can be
seen that the data detection can extract the data from the modulated signal. It is important to note
that the output data result is the anti-phase of the input data. This is expected for the PSK
demodulation system since the system cannot distinguish the recent phase of the signal, whether
it is 0-degree or 90-degree before the phase-change. The PSK demodulator can only detect how
much the phase is shifted from the previous state (i.e., 90-degree phase lag compared with the
previous state). Therefore, a communication protocol is needed for the receiver to identify the
correct signal. For example, in two clock cycles if the input data is toggled from high to low or from
low to high then the data can be read as “0”, while the data is read as “1” when the input data
remains unchanged in two clock cycles; this technique is known as the differential phase shift keying

(DPSK) [59].
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Figure 4.25 Transient response of the data detection when the supply voltage is 600 mV and the

frequency of the carrier is 1MHz.
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Figure 4.26 Schematic view of the inverting amplifier.

4.3.2.6 Amplifier

Since the incoming signal from the receiving antenna can be as low as 250mV,y, the signal may not
be sufficiently large to trigger a digital logic gate. Thus, an amplifier is needed to square the input
signal. An amplifier is implemented from an inverter biased with a large resistor, as can be seen in
Figure 4.26. In addition, a voltage gain of approximately 7.6dB is required, as the minimum incoming
signal for the specifications is 250mVy« while the supply voltage and hence logic swing of the logic
gates is 600mV. Note that an inverter logic gate used in this project requires at least 380mV to fully
trigger the output logic when Vpp is 600mV. A 5pF capacitance of the coupling capacitor C; is chosen

to couple the input signal while an approximately 1MQ is chosen for the large resistor. The coupling
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capacitor for the amplifier is not as large as the coupling capacitor (100pF) used for the rectifier
circuit since the input impedance of the amplifier is much higher compared to the rectifier input
impedance. The frequency response and the transient response of the amplifier across the PVT

have been tested and can be found in Appendix 0.

In this design, we have not discussed the noise, which is an important aspect to consider before
designing an amplifier and a data demodulator. However, the amplifier input signal-to-noise ratio
(SNR) of the system is very large since the required minimum input voltage (or receiver start-up
voltage) is at 250mV. By using the amplifier resistor to calculate the thermal noise at room
temperature [57], the SNR of the system is 63dB. Based on the calculated SNR, the calculated bit-

error-rate (BER) for the QPSK demodulation can be less than 1028[59].

Inverter am ifier

Data detection

F|gure 4.27 Layout view of the QPSK data demodulator. The size of the layout is 112x46pum?.

4.3.2.7 Top-level Simulation

After the circuit design of each cell of the data demodulator has been completed, the layout of each
cellis integrated, as depicted in Figure 4.27. The total area of the layout is 112x146um?. The system
is simulated by applying a QPSK modulated signal with the carrier frequency of 1 MHz while the
input data rate is 100kbps. The power supply of the system is provided by an ideal voltage source
ramped from OV to 600mV, thus the VCO frequency is started from zero. Note that the VCO
frequency, in practice, is started from a low value since the system supply voltage is also ramped

up from zero to Vppsame as the simulation setup. Moreover, the supply voltage used for the data
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demodulator has to be as low as possible to minimise the average power consumption of the
system, but also sufficiently large for internal circuits to operate properly (e.g., VCO). Hence, the
600mV supply voltage is chosen for the data demodulator circuits. The average power consumption

of each block of the data demodulator tested separately is summarised in Appendix E.9.
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Figure 4.28 Transient response of the QPSK data demodulator when the power supply is ramped
from OV to 600mV and the input signal is an ideal QPSK modulated signal with the

frequency of 1MHz frequency and the data rate of 100kbps.
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Figure 4.28 presents the simulated time domain start-up response of the proposed QPSK
demodulator. It can be seen that initially the signal Lock is high, hence the system fails to lock during
the period between 0 to 50us. This is expected, since the VCO frequency is started from cold while
the incoming frequency is at 1IMHz. After the lock detection circuit detects that the frequencies of
the signals are different, the signal Lock is low. Consequently, the PLL is configured to use the PFD
until the system is properly locked at the approximate time of 80us, as can be seen from the output
signal Lock. After the system is locked to the incoming data rate, the demodulator is reconfigured
so that the Hogge PD is in the control loop circuit, and the system can successfully demodulate the
data signal from the QPSK modulated signal. Although the phase of the output is inverted compared
to the input data, a finite-state machine or microprocessor can be used to manipulate the output
data later, as described in section 4.3.2.5. In addition, Figure 4.28 also depicts the zoomed
waveform of the clock and the input signal amplified by the inverting amplifier. It can be seen that
the clock signal is correctly recovered by the demodulator. Moreover, the average power
consumption of the data demodulator from the transient response is 690.8nW. It is important to
note that although the system can extract 100kbps data from an ideal QPSK signal, the data rate
can be as low as 1kbps in practice due to the high Q-factor bandwidth limiting behaviour of the LC-

antenna.

In addition, Figure 4.29 displays the transient response of the demodulator when the input is
generated from an ideal 180-degree BPSK modulated signal with the 1MHz frequency and 100kbps

data rate. It can be seen that the system can also extract the data from the 180-degree BPSK. Note

that the test circuit for this simulation does not include the effect of the high-Q LC-antenna circuit.
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Figure 4.29 Transient response of the PSK data demodulator when the power supply is ramped from
0V to 600mV and the input signal is an ideal 180-degree BPSK modulated signal with
the frequency of 1MHz frequency and the data rate of 100kbps.
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4.3.3 Power Management

Figure 4.30 presents the system architecture of the PMU for the inductive coupled wireless energy
harvesting receiver. The system is comprised of a voltage reference, a voltage regulator, a voltage
level detector, a DC-DC voltage converter, the low and high voltage limiter circuits and two off-chip
capacitors. The system is designed to produce clean DC voltage sources for internal circuits,

including the data demodulator, and external modules.

The output DC voltage from the input switch-over cold-start subthreshold voltage rectifier Vi, in
a range of 0.9V to 1.8V, is stored in an off-chip capacitor C; to supply the voltage reference, the
regulator, the level detector and the QPSK data demodulator. The low voltage limiter ensures that
the rectifier output voltage is always below 1.8V for circuit protection. The voltage regulator
incorporated with the voltage reference regulates the fluctuating V,..: to a stable 600mV DC voltage
Voo, then the local supply Voo is provided to the QPSK data demodulator. Since the DC voltage Viec
is not sufficient for the off-chip external modules, a DC-DC charge pump (CP) boosts the low voltage
Vrect to @ 3V DC output Ve which is stored on an off-chip capacitor C; (or a lithium-ion battery
depending on the application system requirements). The clock signal for clocking the CP is
generated from the PLL of the data demodulator, which is able to begin running with a very low
supply during start-up. Furthermore, the high voltage limiter is used to protect the CP from voltage
breakdown while the input signal received from the antenna Vi is limited by the low voltage limiter
similarly to the voltage limiter used for limiting the supply voltage Vi... In addition, the level

detector controls the active timing of the data demodulator and the CP as described in section 4.1.
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Figure 4.30 System architecture of the power management unit.
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433.1 Voltage Level Detection

Figure 4.31 illustrates the schematic view of the voltage level detection function. The circuit consists
of two (different) voltage level detectors Viow and Viign and logic gates for hysteresis level detection.
The circuit is implemented using two identical transistors that are drained by two different values
of current (lrerz and Irer2) and are applied by a reference voltage (Vze) at the MOS gate [12].
Considering the PMOS Mg, if the input supply voltage (Viv) exceeds the threshold or |Vggq| =
IVin = Vrer| = |Vinp|, then the drain voltage (Vo) of Mey is pulled down to Vj, = Vi — Vs where
Vps is the drain-to-source voltage of the transistor. The drain voltage Vp can be used to toggle the
logic gate when the voltage level exceeds the logic threshold level. Note that the logic threshold
level is varied across PVT of the transistor, however this circuit consumes less power than the circuit
using an op-amp to compare the input voltage with the reference voltage, which is essential for
ultra-low power circuits. In addition, the nref _ready signal is generated from the voltage reference
circuit when the voltage reference level is ready to enable the voltage level detection circuit using
an OR gate. Moreover, the logic circuits are connected to the current source /zerzin order to limit
the short circuit current during the output transition, similar to the comparator of the rectifier

switch-over detection circuit shown in section 4.3.1.2.
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Figure 4.31 Schematic view of the voltage level detection.

Due to the requirement of a hysteresis voltage detection to be able to tolerate a noisy supply signal
from the rectifier output (Vzecr), a secondary voltage level detector is added by using PMOS M, and
the current source /zerz. As the MOS drain current (/Ip) is proportional to Vps when the transistor is
operating in the saturation region (and /p is also roughly proportional to Vps in linear region) [56],
two voltage level detection circuits with different voltage levels are created. In addition, the current
sources (/rer1, Irer2 and Igrers) are implemented from a conventional current mirror circuit where the

reference current is generated by the reference circuit which will be shown later.

The hysteresis level detection is tested in both DC and transient simulations; the low voltage level
detection View is 730mV and the high voltage level detection Viign is 905mV for nominal PVT.

Moreover, the current consumption of the circuit with 1V supply voltage is 120nA. The transient
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response verifies that the current spike drained from the level detection circuit which occurred
during the output transition is limited to 266nA. The DC, transient and corner tests are shown in

Appendix E.4.

4.3.3.2 Voltage Reference

The voltage reference is implemented from the supply independent current reference circuit [56,
57] as shown in Figure 4.32. The circuit is comprised of a reference generator, a start-up circuit and
the current mirror that provides the current reference for the analogue building blocks. As the
circuit is operating in the subthreshold (weak-inversion) region where the MOS drain current is
chosen to be less than 100nA, the expression of the current reference operating in the subthreshold
region of the circuit is

Iopr zimVT h{%} (4.2)

Rl (W/L)nl

where (W/L)nl is the dimension ratio of the transistor My, m is the subthreshold slope

parameter, and ¥, = k,T/q is the thermal voltage (ks is the Boltzmann constant, g is the elementary

charge and T is the absolute temperature). It can be observed that the reference current is
dependent on the resistance R;, where the resistance of an on-chip resistor is varied across the PVT
corners. However, this circuit is chosen because it consumes lower supply current compared with
the bandgap reference. The current consumption of the supply independent voltage-current
reference can be as low as 10 to 100nA while the current consumption of the bandgap reference
can be above 100uA. In addition, the supply independent reference voltage (Vzer) from Ves of the
MOS M1 can be used as a reference voltage for other circuits in the PMU.

Vo L Supply independent voltage-
T Start-up circuit current reference

M, I~ m, | VJ |
M,; | _.l | 1z p2
"] | il | | \_‘ |
M 1”1;5] }7 H |:‘ N VREF E
»t M, n7
e nref _ready Current reference for
_ analogue circuit
| | VB Mus M My building blocks
Mn.i] | EW"

Mn5 IREF J RI

High-V,, NMOS

Figure 4.32 Schematic view of the voltage reference.

As there are two conditions that can potentially occur for the reference circuit which are (1) the

reference current is conducting and (2) the reference current is zero, hence a start-up circuit is
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employed to ensure that the circuit is properly functional. The start-up circuit used in this design is
developed from the concept proposed by [63]. From Figure 4.32, the start-up circuit operates as
follows. Initially, the reference current Izer is zero, hence the voltage v, at the gate of the transistor
M is zero. Consequently, the output voltage vs of the inverter Mnsand Mya is logic high and turns
the NMOS switch M,; to conduct. Therefore, the gate voltage of the transistor Mn; is pulled up to
the power supply and the reference current is starting to conduct. As the current is conducting, the
voltage at node v, is approximately at the Vi, of the NMOS M,s. Sequentially, the output of the
inverter Mns and M4 is logic low and the NMOS switch My is turned off. Note that a high-Vi, NMOS,
which is available in the CMOS process used in this project, is selected for Mn3; to guarantee that va
is higher than the Vi, of inverter Mns when Iggr is conducting. Moreover, the local supply node of
the inverter (v¢) is tied to the diode-connected transistors Mns and My and the PMOS resistor Mps
to limit the logic high output of the inverter to approximately twice the N-channel V. If the supply
of the inverter is not limited, then the voltage va might not be sufficiently high for the inverter to
switch to logic low. In consequence, the NMOS switch would always be conducting and the

reference circuit would fail to operate properly.

The voltage reference is simulated to verify that the circuit can start up when the supply voltage is
as low as 500mV by ramping up the supply voltage from 0V. The circuit generates a DC reference
voltage and current approximately at 230mV and 22nA respectively. The voltage reference requires
approximately 200us for the reference signal to be ready for the nominal condition and 500us for
the worst-case PVT corners where the speed of the active devices is limited and the temperature is
-20°C. Furthermore, the power supply rejection-ratio (PSRR) of the circuit is approximately at -30dB
over the operating frequency region (500kHz — 2MHz). The simulation results can be found in

Appendix E.5.

43.3.3 Voltage Regulator

Figure 4.33 shows the capacitor-less linear voltage regulator. The circuit consists of a single-stage
operational amplifier, a PMOS pass transistor, two resistors for the negative feedback and a
comparator. This work employs a simple Miller capacitor for compensation instead of the more
sophisticated method that can be found in recent works, since the circuit provides low current
consumption and simplicity of the design. As the system requires an ultra-low power circuit,
sacrificing an area for a large compensated capacitor rather than a high-power consumption circuit

is acceptable. The regulator is designed to provide a 600mV output for a local power supply.

The voltage regulator is tested to ensure that the circuit is stable under the worst-case light load
condition [64, 65] where the loading current is 120nA. The minimum loading current is determined

from the simulation of the current consumption caused by the data demodulator at sleep mode.
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The phase margin of the circuit is approximately 67 degrees while the unity gain bandwidth (UGBW)
is approximately 24kHz. In addition, the regulator generates 603mV DC output at the nominal
condition. The total current consumption of the regulator at the light load condition is 431nA, thus
the quiescent current of the circuit is 311nA. (Assuming the load current is 120nA.) The corner
simulation of the voltage regulator confirms that the circuit is stable across the PVT as the phase
margin is above 60 degrees while the output voltage varies between 500mV and 780mV, which is
acceptable for the demodulator circuit (minimum Vpp must be larger than 500mV). The simulation

results are shown in Appendix E.6.
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Figure 4.33 Schematic view of the voltage regulator.

4334 DC-DC Charge Pumps

The DC-DC voltage converter is shown in Figure 4.34, the circuit consists of a three-stage latched
CP [66]. It can be observed that the circuit configuration is similar to the differential drive rectifier
mentioned in section 3.2.4, hence the operation of the circuit is similar. Since the CP clock is
generated by the PLL which has the amplitude equal to the local supply voltage Vpp which is
approximately 600mV, a level shifter is needed to shift the amplitude of the clock from 600mV to
Viect (rectifier output voltage). Moreover, the NMOS devices of the CP are implemented from the
isolated P-well transistors available in this process in order to reduce the body effect. Consequently,
the die area of the transistors is much larger than the normal NMOS transistor. Note that the output
voltage of the rectifier shown in equation (3.6 ) can also be used to design the CP since the circuit

is developed from the conventional voltage multiplier.

The circuit is tested with the output load of 5MQ resistance and 500pF capacitance when the supply
voltage is 0.9V. The load of 5MQ is chosen in order to demonstrate that the CP can provide sufficient

power to the external modules when they are in idle mode. In active mode, a large current is likely
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to be consumed by the external modules in the sensor system which will result in the decrease of
the output voltage of the CP. Hence, a large capacitor of, for example, 40F is selected, as explained
in section 4.2. As a result, the output voltage produced by the CP is approximately 3.2V. The corner

simulation result of the CP, when the input voltage and the clock signal are generated from an ideal

I Buffer

Cc

source, is shown in Appendix E.7.
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|
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Figure 4.34 Schematic view of the CP.

4.3.3.5 Voltage Limiter

The voltage limiter is used to protect the internal circuits from the breakdown voltage of the
0.18um CMOS process used in this project. The breakdown voltage of the low voltage CMOS devices
is 2V, while the breakdown voltage of the high voltage CMOS devices is 5V [46]. For this design, the
incoming signal from the receiving antenna can exceed these voltage ratings. Moreover, the
simulation result of the rectifier plotted in Figure 4.12 indicates that the output voltage Ve can
rise above the breakdown voltage if the input voltage of the rectifier is greater than 500mV,. Hence
the voltage limiter is designed to prevent the circuit break down. Similarly, the output voltage of

the CP can potentially exceed 5V, and thus the high voltage limiter is needed.

Figure 4.35 illustrates the schematic view of the limiter. Three diode-connected PMOS transistors
in series connection are used to detect the input voltage. When the input voltage is higher than
approximately three times of the Vin, then the parallel PMOS M,4 used as a parallel variable resistor
starts to conduct. As the input voltage increases, the parallel resistance of Mps decreases. In
consequence, the loading current (/,) of the rectifier or the CP is significantly increased which results
in limiting the output voltage of the circuit, as shown in equation ( 3.6 ).

The voltage limiter is tested by applying a DC current source in parallel with a 100kQ resistor. For
the low voltage limiter, the input voltage is limited to approximately 1.6V. When the input voltage
exceeds 1.6V, then the current conducted through the limiter starts to increase. In addition, the

current consumption of the limiter when the input voltage is at 1 V is 38.9nA as can be seen in
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Figure 4.35. The measured equivalent resistance of the limiter circuit from the simulation results is
less than 4kQ. On the other hand, the limited voltage of the high voltage limiter is approximately

4.5V. The DC simulation results of the circuits across the PVT are shown in Appendix E.8.
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Figure 4.35 Schematic view of the voltage limiter (left) and the simulation results of the low voltage

limiter when /044 is the current of the parallel loading resistor.
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Figure 4.36 Layout view of the rectifier and the power management unit. The size of the layout is

535x970um>.

4.3.3.6 Top-level Simulation

The rectifier top-level and the PMU are integrated for the top-level simulation. Figure 4.36 presents
the layout of the system where the total area is 535x970um?. It can be observed that the layout

size of the main rectifier dominates the total area due to the 100pF coupling capacitors (Cc) used in
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the rectifier circuit. Moreover, the CP is placed far from other analogue circuits to avoid

interference from the noise clock switching of the CP.

As the analogue circuits require moderate accuracy, layout matching techniques are used in circuits
that utilise a pair of transistors (e.g., a current mirror) where the transistors are split into a number
of fingers for a stack arrangement in order to mitigate the matching effects of the transistor [57,
67]. For instance, the NMOS pair Mn1 and My, is arranged as ABBA when A and B represent the
fingers of Mn1 and My respectively. Furthermore, several dummy transistors are placed adjacent
to both ends of the stacked transistors to improve the process variations. The average power

consumption of each block of the PMU simulated separately is summarised in Appendix E.9.
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Figure 4.37 Transient response of the PMU when the input is 250mVy with 1IMHz frequency.

Figure 4.37 presents the simulation results of the system when the input is 250mV with 1MHz
frequency. In addition, the load of 300kQ, which is equivalent to the loading current due to the
QPSK data demodulator (in the nominal condition), is connected to the output node of the voltage
regulator. Furthermore, two 1nF capacitors utilised as a storage capacitor are connected to the
output node of the main rectifier and the output node of the CP. Note that larger capacitors are
used in practice, however the capacitance is reduced to 1nF in this test for shorter simulation time.
From Figure 4.37, it can be seen that the rectifier can convert the incoming 250mV,« AC voltage

signal to a 900mV DC voltage which is sufficient for the system. In addition, the output of the
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comparator is switched to ground when the voltage Vi from the main rectifier is greater than the
voltage Vaummy from the dummy rectifier at the time of approximately 100us. Furthermore, the
simulation shows that the reference voltage and the regulated voltage are approximately 230mV
and 600mV respectively. However, it appears that the local supply voltage generated from the
voltage regulator is not smooth because the rectified voltage is not steady due to the frequency
carrier noise. Thus, a large capacitor is required at the output node of the rectifier in order to filter
the high frequency components from the incoming signal. At 800us, it can be seen that the output
of the level detection is low which enables the DC-DC CP. In consequence, the clock signal generated
from an ideal source is connected to the input of the DC-DC CP. Therefore, the output of the CP

starts to increase.

4.4 IC Floor Plan

The pad ring is designed to connect the internal nodes of the system to the IC pins. The placement
of the pins is arranged such that the unwanted coupling between the adjacent metal traces and the
parasitic capacitance are minimised. In addition, the pad ring also provides the electrostatic
discharge (ESD) protection to protect the internal circuits. The pin diagram of the receiver IC is
illustrated in Figure 4.38, and the pin list of the IC and its functionality are shown in Appendix 0.
Note that the IC prototype shown in this chapter was shared with another design (unrelated to this

project), thus the pins shown in the figure are only on one side.
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vbuffl O——
VDDPLL O—— <
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dataout180 O—— J

VDDISTEST O——

Figure 4.38 Pin diagram of the chip.

Figure 4.39 presents the full chip layout. The total area of the layout is 0.85x2.2mm?. It can be seen
that the gap between the internal circuits and the pad ring is filled with multiple metal traces to
pass the minimum metal density design rule. Moreover, the schematic and post-layout extraction
of each block have been verified over the PVT corners. The chip micrograph of the wireless energy

harvesting receiver IC is shown in Figure 4.40.
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Figure 4.40 Wireless energy harvesting receiver IC micrograph.

4.5 Summary

The MF magnetic loosely coupled energy harvesting receiver prototype IC has been presented in
this chapter. The receiver IC is designed to harvest the MF inductive coupled wireless energy to
provide a stable supply source to a wireless sensor node. Moreover, the proposed ultra-low power
PSK data demodulator of the IC is used to extract the timing information from the incoming signal
in order to synchronise the system. The proposed switch-over cold-start subthreshold voltage
rectifier is designed to convert an incoming AC signal that can be less than the MOS threshold
voltage to a stable DC supply voltage. Furthermore, the switch-over detection circuit is used to
improve the rectifier efficiency when the input amplitude is increased. With the ultra-low power
designs of the PSK data demodulator and the power management unit, the average power
consumption from the simulation results is below 10uW in the typical condition. The low power

consumption of the receiver IC is achieved by using a near-threshold supply voltage at 600mV.

In the next chapter, the experimental result of the receiver prototype IC will be shown.
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Chapter 5: WIRELESS ENERGY HARVESTING RECEIVER IC
PROTOTYPE EXPERIMENT RESULTS

As the inductive loosely coupled wireless energy harvesting receiver IC has been implemented, the

laboratory and field measurements of the fabricated IC are presented in this chapter.

5.1 Measurement Setup

Figure 5.1(a) presents the simplified diagram of the laboratory measurement setup of the magnetic
loosely coupled wireless energy harvesting receiver IC. A function generator is used to generate the
QPSK signal for the receiver IC input. Moreover, a small series resistor connected between the signal
generator and the input of the IC is employed to measure the input current of the rectifier for
calculating the rectifier power conversion efficiency (PCE). Note that the rectifier and the data
demodulator of the chip share the same input pin, as shown in section 4.4. The output ports from

the receiver chip are measured by an oscilloscope before analysing the data in MATLAB.
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(b) Field experiment setup
Figure 5.1 Simplified diagram of the measurement setup of the magnetic loosely coupled wireless

energy harvesting receiver IC.

For the field measurement setup shown in Figure 5.1(b), the QPSK signal generated by the signal
generator is amplified by a transmitter driver to drive the large square/rectangular loop antenna.
Note that the loading resistors (Rioaqsz and Rioaqz) are not used in this setup, unlike the setup shown

in Figure 5.1(a), since those resistors are only used to measure the efficiencies of the rectifier and
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DC-DC CP. The transmitter antenna driver is implemented as an H-bridge class-D power amplifier
[68] using S8050 for the NPN transistor and S8055 for the PNP transistor. Moreover the capacitor
Crx is included to form a resonant circuit at the primary coil to effectively increase the transmitting
current. A ferrite rod antenna is used to receive the magnetic energy generated by the primary coil.
Similarly, the capacitor Cgx is deliberately chosen to match the resonant frequency of the system to
increase the received voltage signal. The parameters of the primary and secondary loop coils for
the field experiment are listed in Table 5.1. Further, the oscilloscope is used to measure the output
nodes of the receiver IC. The photo of the test-board of the wireless energy harvesting receiver IC
is shown in Figure 5.2. Moreover, Figure 5.3 depicts the field experiments setup for the inductive
wireless energy harvesting system measurement. The system is tested in an electrically quiet
environment where in-band medium frequency (MF) interference is not present. Moreover, the
10x10m? square loop antenna is attached to the top of non-magnetic poles 2m above the ground
level to avoid the loss from earth ground [24-26]. The 2m height of the poles for a large loop
antenna is selected to coincide with the practical installation (i.e., fence posts), In addition, while
the 10x10m? loop antenna is not the largest achievable area for this project, it is still a useful model
with the available low power transmit driver, as the results can be scaled by improving the

transmitter driver.
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Figure 5.2 Photo of wireless energy harvest receiver IC test-board.
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Figure 5.3 Field experiments setup for inductive wireless energy harvesting system measurement.
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Table 5.1 Parameters of the large area loop antenna and the ferrite rod antenna used for the field

measurement.
Large loop transmitting antenna Ferrite rod receiving antenna
Parameters Value Parameters Value
Operating frequency 824kHz Ferrite rod permeability 20
Transmitting current (RMS) 210mA Ferrite rod diameter 8mm
Width of the square loop 10mx10 Ferrite rod length 45mm
m
Vertical distance (z-axis) between Om Radius of the conductor 0.1mm
the TX coil and RX caoil
Conductor skin depth 71.8um Number of turns 32
AC resistance 0.57Q/m Conductor skin depth 71.8um
Inductance 90uH Resistance 0.826Q
Resonant capacitance 413pF Inductance 53uH
Q-factor 21 Resonant capacitance 700pF
Q-factor 33

5.2 Measurement Results

5.2.1 Laboratory Experiment Results

Figure 5.4 presents the output voltage and PCE measurement results of the rectifier of the receiver
IC. The input voltage generated by the signal generator with 1MHz frequency is applied for the
rectifier measurement. Further, the loading capacitor of the rectifier used in this measurement is
10pF. It can be seen that the rectifier can start up with the minimum input voltage (Vi) of 200mV,
and the output voltage (V) reaches 900mV when Vi is approximately 230mVy when the loading
resistance (Rioad1) is 470kQ. The result implies that the receiver IC can provide 1.72uW power to the
system with the incoming input voltage of 230mV«. The rectifier output voltage decreases as the
loading current is increased, as expected. On the other hand, the PCE of the rectifier peaks at 25%
when Vv is approximately 250mV, and rapidly falls when Vi is increased due to the reverse leakage
current, as discussed in the previous chapter. The rectifier efficiency starts to increase again when
the input voltage is above 400mV as the rectifier switches to the high-efficiency mode similarly to
the simulation result shown in Figure 4.12. The decreased PCE when the input voltage exceeds

500mV is caused by the voltage limiter that limits the output voltage Vi at 1.6V.
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Figure 5.4 IC measurement of the rectifier output voltage (left) and the PCE (right) versus input

voltage when the operating frequency is 1MHz shown with different loading resistors.
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Figure 5.5 DC output voltage measurement of the DC-DC CP in the receiver IC when the loading

resistance is 10MQ shown with different rectifier input frequency.

Figure 5.5 shows the measurement result of the DC-DC CP in the receiver IC when the loading
resistance (Rioad2) is 10MQ with different rectifier input frequency. It can be observed that the
output voltage is usable when the input voltage of the rectifier is approximately 300mVp. At the CP
start-up voltage of 300mV, the CP can deliver 0.9uW to the load which is extremely limited
compared with the required power consumption of external modules. But as we mentioned
previously in section 3.1, the external modules power consumption from the typical example can
be reduced to be less than 0.9uW if the idle mode period is increased. In addition, it can be seen
that the CP output voltage is also dependent on the input operating frequency since the CP clock is
provided by the PLL reference clock which is recovered from the incoming carrier signal. A local

clock generator used for the CP may be needed to improve the circuit.

The QPSK demodulator is tested by applying the 230mV, input signal (Viy) with 1IMHz frequency to
the input of the receiver IC. A pseudo-random 1.6kbps data is modulated in QPSK by the signal

generator. Furthermore, the receiver IC is self-powered by the on-chip rectifier and PMU. Figure
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5.6 presents the waveform from the measurement of the QPSK data demodulator re-plotted in
MATLAB. The results show that the 1.6kbps QPSK data demodulation of the self-powered receiver
IC is achievable. It can be seen that the reference clock PLLref (VCO output divided by four) remains
unchanged when the input signal PLLin is phase shifted, as expected. In addition, the demodulator

power consumption is 1.27uW at 630mV supply voltage.

) 2492 2494 N 249 2.498 25 2,502 2.504 2,506 2.508 2.51
T =— A B —
o5l ' .‘ Output data
s LA : # L]
‘ ‘ Input data
0.5 p —
Al | | 0.625 m |
; 1 2 3 4 s 6 7 8 9 10

Time (ms)

Figure 5.6 Waveform from the measurement of the QPSK data demodulator when the input voltage

is 230mV with IMHz carrier frequency and the data rate is 1.6kbps.

Note that an LC-circuit is not used in this measurement. The proposed QPSK demodulator of the
prototype receiver IC fails to demodulate the QPSK data when the LC-circuit has a Q-factor larger
than 3. This is because the QPSK signal phase transition is distorted by the high-Q LC-circuit which
leads to the unstable reference clock generated by the proposed demodulator. More details of the

QPSK signal in a high-Q LC-circuit will be explained in the next chapter.

5.2.2 Field Experiment Results

Figure 5.7 shows the comparison of the calculated and measured received voltage at the receiving
ferrite rod antenna which is connected to the input of the receiver IC. The receiver IC is tested at
different positions within the large area of the transmitter loop antenna where the vertical distance
(z-axis) between the transmitter coil and the receiver coil is approximately Om. The measurement
point is moving from one of the edges of the square (x =-5m, y = 0m) to another end (x =5m, y =
Om). The results are close when the measurement point is far from the large area loop edges,
however the deviation between the calculation result and the measurement result is apparent
when the receiver is moving toward the edges. One of the main reasons that causes the deviation
is that the loading resistance on the receiving coil in the calculation is assumed to be constant while
the actual loading resistance contributed by the receiver IC depends on the rectifier input voltage

and output current, as explained in section 3.2.

83



Chapter 5

2.5

Calculated

©  Measured

—
i

Received voltage (V)

e
in

X-axis (m)

Figure 5.7 Comparison of the calculated and measured received voltage (Vkx) at the receiving ferrite

rod antenna when y =0m and z = Om.
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Figure 5.8 Receiver IC field measurement results of (a) the received voltage at the secondary coils

(Vrx), (b) the rectified voltage at the output of the rectifier (Vi) and (c) the output voltage from
the DC-DC converter (Vcp).

The measurements of the harvested voltage Vix, Viect and Ve of the receiver IC in a grid where the
origin (x =0 m, y = Om) is at the centre of the loop are presented in Figure 5.8. Similar to the

calculated results, the measured received voltage Vizx peaks at approximately 600mVy when the
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receiver IC sits near to the boundaries of the transmitting square loop and decreases to
approximately 250mV,« when the receiver is placed at the centre of the loop. The measurement
result of the rectified output V.. varies between 0.8V and 0.9V, which indicates that the rectifier
can operate even when the input amplitude is as low as 250mV. Further, the maximum output
power of 1.33uW with 3V DC output voltage is harvested by the receiver IC when the receiver is
close to the boundary of the primary square loop coil (i.e., [x=-4m, y = -4m], [x=4m, y=4m)], [x=-
4m,y=4m], etc.). However, the received voltage is insufficient to generate a 3V output voltage when
the receiver is at the centre of the square loop. We attempted to increase the received voltage by
increasing the transmitting current I7xfrom 210mAgms to 570mAgrwms. As a result, the output power
of 0.73uW with 2.71V output voltage is harvested from the receiver at the centre of the square
loop. The result verifies that the received magnetic energy can be increased to usable levels to

power all the systems by increasing the transmitter loop current.

As the proposed QPSK demodulator cannot demodulate the QPSK signal in a high-Q resonant
system, the QPSK demodulation field experiment result is not shown in this section. More details

about the issue are addressed in the next chapter.

5.3 Design Improvement Requirements of the Energy Harvesting and

Data Demodulator Circuits

Most of the design challenges listed in Chapter 3 have been addressed. The measurement results
show that the proposed switch-over cold-start subthreshold voltage rectifier can operate under the
minimum voltage measured in the field. Further, the ultra-low power circuit design enables the
receiver IC to harvest the limited energy to power the internal circuit and external modules. The
laboratory result shows that the QPSK data demodulator can be used for the wireless sensor

network synchronisation.

However, the proposed demodulator fails to extract data when the QPSK signal is amplified by the
high-Q resonant LC tank. Moreover, the accurate tuning of the LC tank for resonant matching has
not been addressed. Furthermore, although the proposed rectifier can operate with the low start-
up voltage and provide high efficiency when the input voltage is relatively large, however, the
rectifier still suffers from the large reverse leakage current occurring at the moderate input voltage
level (between 300mVyx and 400mVpy). Due to the short-comings found in the first IC prototype, a
second IC implementation is required to address these issues. The requirements for the design

improvement of the energy harvesting and data demodulator circuits are listed as follows:
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- The rectifier circuit needs to provide high efficiency over a wide input voltage range since
the harvested voltage can be varied when the receiver is placed in different locations.

- The PSK demodulator needs to be able to extract the QPSK data that has a slow phase
transition due to the high-Q resonant circuit.

- The automatic capacitor tuning circuit is needed to match the receiver antenna resonant

frequency to the source frequency.

Based on these requirements, the second IC prototype will be presented in the next chapter.

5.4 Summary

Laboratory and field experiments of the magnetic loosely coupled wireless energy harvesting
receiver prototype IC have been presented. The laboratory experiment results verify that the
proposed rectifier can operate with the subthreshold input voltage to provide a usable DC output
voltage. The QPSK data extraction at low data rate has been demonstrated in the laboratory
experiment. In addition, the laboratory measurement results show that the receiver IC consumes
an ultra-low power below 3uW. For the field experiment, the MF magnetic transmitter coil has been
implemented to evaluate the performance of the energy harvesting system. The field measurement
of the received voltage shows the expected results where the received voltage peaks at the
transmitter loop boundary and decreases when the receiving point is far away from the transmitter
loop perimeter. In addition, the field measurement results verify that the receiver prototype IC can

be used to harvest the MF magnetic energy and provide a sufficient output voltage.

However, the QPSK data demodulator of the receiver IC fails to extract data in the field experiment
due to the high resonant behaviour of the receiver antenna. A few issues including the LC-resonant
frequency mismatch and the rectifier efficient drop during a certain input voltage range has not
been solved. Therefore, the second prototype IC will be presented in the next chapter to address

the remaining issues.
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Chapter 6: SEGMENTED RECTIFIER, HIGH-Q QPSK
DEMODULATOR AND LC-TUNE CIRCUIT DESIGN

The medium frequency (MF) magnetic loosely coupled wireless energy harvesting receiver IC has
been presented in Chapter 4 and 5. The proposed design has solved several design challenges.
However, a few problems are still visible. The proposed rectifier still suffers from low efficiency at
a certain input voltage range due to the reverse leakage current. Moreover, the proposed
demodulator cannot extract the QPSK data from a high-Q receiver antenna. Furthermore, the LC-
tuning circuit used for matching the receiver antenna resonant frequency to the incoming
frequency has not been presented in the first IC prototype. In this chapter, an improved receiver IC

is presented to address the remaining problems.

6.1 System Architecture

Figure 6.1 presents the simplified system architecture of the new wireless energy harvest receiver
IC. The system consists of a segmented rectifier, a QPSK demodulator able to deal with a high-Q
factor channel path, a tuning binary weighting capacitor circuit, an efficiency tracking circuit and a
power management unit (PMU). The rectifier is modified to improve the efficiency performance. A
novel technique is added to the previously proposed data demodulator to solve the QPSK
demodulation issue caused by the high-Q resonant behaviour. Further, the new tuning capacitor
and efficiency tracking control are included to increase the harvested voltage of the receiver IC. The
previous PMU is re-used to manage the available power at the receiver. The newly added blocks

are described in the following sections.
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Figure 6.1 Simplified system architecture of the energy harvesting receiver IC.

6.2 Segmented Rectifier

As the received voltage at the receiver antenna from the magnetic coupled wireless energy harvest

can be varied depending on the receiver position, as shown in the field measurement results in
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section 5.2.2, a rectifier with high power conversion efficiency (PCE) over a wide input range may
be useful to maximise the harvested energy. However, the PCE measurement result of the previous
rectifier depicted in Figure 5.4 shows that the efficiency drops when the input voltage is between
300mV,« and 400mV,. This is caused by the reverse leakage current as the rectifier is operating in
the subthreshold mode. The PCE will not be improved by switching the rectifier to the high voltage
mode as the input voltage is insufficient to fully activate the MOS transistors in basic diode

connection configuration.

There are two main reasons that cause the PCE of the rectifier SVC-based to peak only at a specific
voltage range; one is the bias voltage in series with the gate-to-source voltage of the diode-
connected transistors, and another is the dimension of the transistors. Since the bias gate-to-source
voltage (Vss) of the SVC is fixed at a certain range, the reverse leakage current occurs when the
input voltage exceeds the certain threshold value corresponding with the fixed bias Vss. Thus, the
peak of the PCE can be shifted by manipulating the bias voltage connecting at the gate-to-source
voltage of the transistors [11, 14, 41]. Alternatively, the dimensions of the transistor can reduce the
reverse leakage current by decreasing the width of the transistors, which results in shifting the PCE

since the start-up voltage is also shifted.

[11], [14] and [41] proposed the PCE optimising method by changing the bias voltage Vgs of the
transistor. In [11] and [14], the V45 bias voltage is increased/decreased by switching the gate of a
transistor from one node to another node that provides a different voltage bias. For this method,
the circuit implementation is relatively simple. However multiple stages of the rectifier are needed
in order to produce a wide PCE range since the number of nodes for switching is limited. As a result,
multiple coupling capacitors are used which consume a much larger area. In [41], the bias voltage
Ves is provided by the secondary tuneable DC voltage, however the system cannot start from cold

due to the requirement of the secondary DC voltage source.
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Figure 6.2 Simplified schematic diagram shows the concept of the proposed segmented rectifier.

88



Chapter 6

Figure 6.2 shows the concept of the proposed segmented rectifier. Multiple diodes with different
dimensions are selectable. As the reverse leakage current of each diode occurs at different input
voltage range, therefore, the wide range PCE can be achieved by switching to the ‘correct’ diode
according to the incoming input signal. Also, multiple stages or an external DC source are not

needed.

Figure 6.3 depicts the schematic diagram of the proposed two-stage segmented rectifier with three
switchable conditions. At cold-start, the rectifier is connected in the subthreshold mode where the
signal is flowing through the parallel capacitor Csw similarly to the previously proposed rectifier
shown in section 4.3.1.1. When the output rectified voltage is sufficient, the efficiency control unit
switches the mode of the rectifier according to the amplitude of the input signal. The proposed
circuit can operate in three modes which are (A) the subthreshold mode when switches SWA are
closed, (B) the subthreshold mode when switches SWB are closed and (C) the high voltage mode
when switches SWA and SWB are opened. The transistor width used in mode A (Myan) is larger than
the transistor width used in mode B (Mggn), hence the PCE of the rectifier mode A peaks at the lower
input voltage range compared with the PCE of the rectifier mode B. On the other hand, the PCE of
the rectifier mode C peaks at the higher input voltage range since the rectifier is configured in a
conventional voltage doubler/multiplier configuration, the same as the previous design. Note that
the mode C rectifier is also benefiting from having a wide width transistor Mpa as the maximum

output current is proportional to the transistor width.

o—e
Vin

Figure 6.3 The schematic of the proposed two-stage segmented rectifier.

89



Chapter 6

Figure 6.4 shows the simulation results of the segmented rectifier output voltage and PCE operating
in three different modes. The input frequency is 1MHz, and the circuit is loaded with a 250kQ
resistor. Moreover, a voltage limiter circuit is used to limit the rectifier output voltage not to exceed
1.8V. It can be seen that the start-up voltage of the rectifier at mode A is lower than its counterparts.
Furthermore, the efficiency of each mode peaks at different input voltage ranges at approximately
35%. The overall efficiency of the rectifier is above 25% when the rectifier input is between 250mV,
and 600mV. It is important to note that the decreased PCE of the rectifier in mode C when the

rectifier input voltage is above 500mV is due to the voltage limiter circuit.
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Figure 6.4 Output voltage (left) and PCE (right) versus input voltage of the segmented rectifier with

three different configurations with 1MHz input frequency and 250kQ load resistor.
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Figure 6.5 Sample-and-hold circuit.

The mode of the rectifier corresponding with the rectifier input signal is controlled by the maximum
efficiency tracking circuit which is implemented by a sample-and-hold and a digital control unit [11,
69, 70]. The sample-and-hold circuit, illustrated in Figure 6.5, is used to compare the output voltage
from the rectifier (Vi.t) at different modes while the decision is made by the control unit. In
addition, a hysteresis characteristic is added by switching the sampling capacitors C; and C;
according to the comparator output. A StrongARM latch comparator, powered by the rectifier

output Vi, is chosen since its power consumption is much less compared with the static
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comparator used in the previous design [71]. The schematic diagrams of the hysteresis sample-and-

hold circuit and the comparator are shown in Appendix H.1.

Figure 6.6 depicts the control unit state machine and the timing diagram of the segmented rectifier.
The signals ¢p1, ¢, and ¢hs are generated to control the sample-and-hold circuit while the signal sign
is the output logic from the sample-and-hold. Moreover, the up and down logic signals control the
switching mode of the rectifier. As three rectifier modes are possible in this design, the control unit
only requires eight clock cycles to complete the evaluation phase. When the evaluation phase is
ended, the clock signal ck that controls the digital control unit is held and the control unit returns
to the idle phase. The duty cycle of the evaluation phase is designed such that the period is much
shorter than the idle phase (1% of the idle phase period) to minimise the efficiency overhead. In
addition, the clock reference of the control unit, implemented from a saw-tooth generator, is
shown in Appendix H.2. Note that a 630mV supply voltage provided by a voltage regulator is used
to supply the VCO and the control unit. The control unit is enabled by the PMU when V. exceeds
the threshold voltage which is defined by the minimum supply voltage requirement of the voltage

regulator and the data demodulator. More details are provided in section 6.5.
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Figure 6.6 State machine of the control unit of the rectifier (left) and its timing diagram (right).

The timing diagram in Figure 6.6 shows an example of how the rectifier operates when the input

voltage is relatively low. Initially, the rectifier operates in mode A, starting from cold while the

91



Chapter 6

control unit is in the idle phase. When the output voltage V.. is sufficient to power the system, the
clock signal ck is generated and the control unit enters the evaluation phase. At t1, the rectifier is
switched to mode B which consequently decreases the rectifier output voltage. The sample-and-
hold circuit identifies that the output voltage of the rectifier in mode A is higher than mode B, hence
the control unit reverts the rectifier back to mode A at t2. Similarly, the control unit compares the
output of rectifier mode A with mode C during the period between t2 and t4. Eventually, the

rectifier is switched to mode A and the evaluation phase of the control unit is ended at t4.
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Figure 6.7 Transient response of the top-level segmented rectifier.

The top-level rectifier circuit is simulated to verify the control unit functionality. Figure 6.7 shows
the output waveform from the transient simulation result. Initially the rectifier is operating in mode
A and switches to mode B at 70us, as a result; the output voltage is increased. At 320ys, the rectifier
switches to mode C which causes the output voltage to decrease. The control unit detects that the
rectifier mode B is the optimum mode corresponding to the input voltage, hence the rectifier is
switched back to mode B at 450us and the control unit enters the idle mode. In addition, the
simulated power consumption of the sample-and-hold circuit including the reference clock
oscillator is 98nW at 1V rectifier output voltage. Note that the sample-and-hold circuit only
consumes power when the circuit enters the evaluation mode. Further, the efficiency tracking

digital control unit consumes only 4.8nW.
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6.3 High-Q QPSK Data Demodulator

The proposed demodulator presented in Chapter 4 can extract data from the QPSK modulator by
comparing the stable reference signal with the incoming QPSK signal. However if the PSK voltage
signal is boosted by a high-Q resonant LC circuit at the receiver input, the high-Q LC circuit could
potentially distort the PSK signal such that the PSK phase transition occurs slowly instead of
abruptly. As a result, the demodulator fails to produce the stable reference clock as the phase of

the clock follows the slowly drifting incoming PSK phase shift.

Figure 6.8 shows the simulated waveforms of a 1MHz QPSK signal (Vrx) applied to a resonant circuit
with two different Q-factors varied between Q=1 and Q=15. When the phase shifting occurs at t;,
it can be seen that the phase of the received voltage (Vzx) cannot change simultaneously. Vgx
gradually shifts the phase from 0 to 90-degree in approximately 7 cycles of the voltage when Q=15.
On the other hand, Vix for a low Q-factor (Q = 1) almost abruptly changes the phase when Vix is
phase shifted. In addition, the data rate of the PSK modulation is limited by the time that is needed
for the signal to complete the unit symbol phase transition. For example, the maximum achievable

data rate of a 1MHz QPSK signal in the resonant LC-circuit with Q=15 is approximately less than

1
7cycles

140kbps (DR < * TMHz). The equation used for calculating the number of cycle of the slow

phase transition due to the Q-factor will be shown later. Note that the data rate used for the target

application is only in a range between 1lkbps and 10kbps.

T T T T T

Figure 6.8 Waveforms of the QPSK signal applied to a high-Q resonant RLC circuit.

The settling time derived from the second-order system of the RLC resonant circuit can be used to
approximate the settling time of the phase shifted QPSK signal (ts). A comparison between the
simulation and the calculation results has been done to verify that the equation is accurate.
Equations ( 6.1 ) and ( 6.2 ) show the settling time of the RLC resonant LC circuit [72] that can be

used to estimate the QPSK phase shift settling time when T, is the period of the incoming input
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voltage and ¢, is the acceptable relative phase tolerance for accurate phase change detection. A
relative phase tolerance of 0.8 (20% deviated from the ideal phase, i.e., 72° phase shifted for a QPSK
signal) extracted from a conventional PSK demodulator simulation result is used in this section.
From the equation, it can be seen that the phase settling time ts is proportional to the Q-factor of

the LC-circuit.
In(l-¢,) _ 20In(1-4,) (6.1)

tS:— =

gwn a)n
N _fs/ (6.2)
N T :

Having a gradual phase changing at the received voltage is an issue since the proposed QPSK

demodulator presented in section 4.3.2 can only extract the data from near-ideal abrupt QPSK
phase shifting (tg = 0s). The previous proposed CDR-PLL-based QPSK demodulator generates a
constant reference clock where the phase of the clock is insensitive to the missing incoming pulses
of the sliced QPSK input signal. However, the distorted slow phase changes of the QPSK affected by
a high-Q LC-circuit, which can be considered an input jitter, are transferred to the reference clock
generated by the CDR-PLL. Hence, the reference clock using for extracting the data from the

incoming QPSK signal is no longer a fixed reference when the input carrier phase gradually shifts.

As the conventional Hogge PD used in the previous design shown in section 4.3.2 is not suitable for
such circumstances, a PD that is not sensitive to a gradual phase shifting QPSK is needed for a high-
Q inductive loosely coupled energy harvesting receiver. A blind oversampling phase detection CDR
may be a potential candidate for the high-Q receiver as the control loop blindly samples the input
signal without tracking the input phase [73, 74]. However, the control system requires a multi-
phase clock signal in order to perform the oversampling phase detection. As a result, either a much
faster or a multi-stage ring oscillator which consumes higher power consumption may be needed.
Moreover, the design of the data detection using multiple clock signals phases is likely to be
complex and power hungry as well. The input jitter reduction technique presented in [75] can
potentially be used to extract the slow phase change QPSK signal, however, the system requires

multiple PLL blocks which are likely to consume more power than a single CDR/PLL block.

Instead of using a high-frequency sampling rate to extract the QPSK signal used in a high-Q
resonator, we propose an alternative method. Considering Figure 6.9, the sliced QPSK signal (PLLin)
in the high-Q resonant circuit (i.e., Q=5) requires approximately 2 cycles to fully shift the phase. If
the QPSK signal is sub-sampled at the fourth rising edge of the signal, then the output result of the
sub-sampled signal is not affected by the gradual phase shifting. Hence, the sub-sampled signal can
be used as the input data of the previous proposed demodulator to recover the stable reference

clock.
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Figure 6.9 Waveforms show the concept of the high-Q QPSK demodulation.
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Figure 6.10 Proposed input sub-sampling high-Q QPSK data demodulator.

Figure 6.10 presents the system architecture of the proposed input sub-sampling high-Q QPSK data
demodulator. The system is developed from the previously proposed QPSK demodulator where the
sub-sampling block is added to extract the QPSK data from the high-Q resonant circuit. The sub-
sampling circuit was initially implemented from a frequency divider to produce the CDRin signal
where the sub-sampling dividing ratio (Nss) is selected from Ns calculated from the desired Q-factor
of the transmitter/receiver LC-antenna using ( 6.2 ). As the transition rate of the signal CDRin is
slow, the output signal of the Hogge PD is only updated when the signal CDRin is toggled, for
example, CDRin is toggled every four cycles of the input signal PLLin when Nss=4. The frequency
tracking of the control loop, when the sub-sampling Hogge PD is operating, is also slow as a
consequence. The control loop settling time when operating in the CDR mode can be reduced by
increasing the transition rate, thus a multiplexer is used to switch the input signal of the Hogge PD,
as can be seen in Figure 6.11. Initially, when the demodulator switches from the PLL mode to the
CDR mode, an N-bit clock counter CO in the sub-sampling block is reset and the multiplexer MUXO0

switches the output to the PLLin and thus the input dividing ratio is Nss=1. When N cycles of the
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PLLin are counted, the CDR control loop should be stable and the counter CO overflow signal (5Son)

selects the multiplexer output from PLLin to PLLss as a result.
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Figure 6.11 Proposed sub-sampling circuit and.

It is important to note that the sub-sampling dividing ratio can limit the data rate of the PSK
demodulator. The sub-sampling period must be shorter than the period of the 1-bit data to ensure
that the minimum bit period data is not overlooked by the slow sub-sampling rate (tss < tgq¢a)- AS
the data rate used in this project is intended to be less than 10kbps, the dividing ratio is more
flexible. In addition, the frequency dividing ratio used in this project is configurable manually (Nss=1,
4, 8, 16) for a more flexible Q-factor of the receiving LC-antenna. In practice, the receiver Q-factor
can be estimated and thus Nss can be chosen in an early stage of the circuit implementation without

the requirement of a selectable Nss of the sub-sampling circuit.

Moreover, the practical Q-factor of the secondary coil LC circuit is limited by the rectifier, as
mentioned in Chapter 4. As the calculated input resistance of the rectifier is between 10kQ and
100kQ), the practical Q-factor of the receiver antenna is likely to be less than 100 when loaded. It
has been shown in section 2.2.3 that the Q-factor of the receiving LC-antenna can be significantly
reduced if the antenna loading resistor (which is the rectifier input resistor) decreases. For example,
an unloaded LC-antenna with Q=333 (Lrx=53H, Crx=478pF and Rgx=1) is reduced to 27.55 if the LC-
antenna is loaded by a 10kQ loading resistor. Note that the Q-factor of the receiving LC-antenna is
initially high at cold-start since the rectifier has not drained a large input current (and hence the
loading resistance is large). However, the PSK demodulator is only activated when the rectifier
provides a sufficient supply voltage, hence the Q-factor is decreased when the PSK demodulator
begins its operation since the rectifier is draining current from the LC-antenna. In this project, the
calculated maximum achievable Q-factor of the proposed sub-sampling QPSK demodulator is

approximately 70 using equation ( 6.2 ).

The proposed demodulator is simulated by applying a QPSK modulated signal with the carrier
frequency of 1MHz and 100kbps data rate to the resonant LC circuit tested with different Q-factors.

The resonant inductance and capacitance are 53uH and 478pF respectively. Figure 6.12 shows the
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simulation result when the Q-factor of the LC tank is 33.33 and the sub-sampling dividing ratio is
16. It can be seen that the data can be extracted from the QPSK signal in the high-Q resonant circuit.
Moreover reference clock PLLref remains constant as can be seen from the zoomed waveform from
the simulation result shown in Figure 6.13. In addition, it can be observed that the phase of the
recovered retimed output of PLLin from the Hogge PD abruptly shifts 90 degrees as expected.
Further, the proposed demodulator power consumption from the simulation result is 612nW. Note
that the power consumption of the demodulator used in this chapter is slightly lower than the
power consumption of the previous demodulator shown in Chapter 4 since the internal circuit

blocks (i.e., amplifier, VCO) are further optimised to reduce the power consumption.
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Figure 6.12 Transient simulation of the sub-sampled high-Q QPSK demodulator when the dividing

ratio is 16 and the resonant Q-factor is 33.33.
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Figure 6.13 Zoomed waveform from the transient simulation of the sub-sampling high-Q QPSK

demodulator shown in Figure 6.12
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Figure 6.14 LC-tune circuit implemented from the binary weighting capacitor.

6.4 LC-tune

As stated earlier, the resonant frequency of the receiver LC-tank must be matched with the
incoming signal in order to maximise the received voltage Vkx, hence a binary weighting capacitor
system [76-78] is implemented to tune the receiver resonant frequency. Figure 6.14 presents the
top-level LC-tune circuit where the sample-and-hold is used to compare the output voltage of the
rectifier to detect the optimum output voltage, in a similar way to the segmented rectifier efficiency
tracking. An N-bit UP/DOWN counter is used to control the capacitor switches in order to
sequentially increase or decrease the capacitance of the LC-tank. Figure 6.15 shows the example of

the LC-tuning sequence. When the control unit detects that the output voltage is decreased after
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continuously rising, then the counter reverses the direction of the counting for one step (i.e., 0b110
to 0b101) and the evaluation phase is ended. The state machine of the LC-tune control unit can be

found in Appendix G.

LC-tuning
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Figure 6.15 Example of an LC-tuning sequence.

The number of capacitors determines the accuracy and the bandwidth of the resonant LC-tuning,
hence it is ideally preferable to maximise the N-bit capacitors to the highest possible number.
However, the capacitor uses more space if it is on-chip and more pins if it is off-chip. As the
operating frequency in this work is in the MF range, a 7-bit binary capacitor is chosen for this design.
The unit capacitor C and the maximum resonant frequency capacitance Cgx can be calculated from
equations ( 6.3 ), ( 6.4 ) and ( 6.5 ). The unit capacitance C must be chosen such that the tuning

resolution dw is less than the 3dB bandwidth of the high-Q resonant circuit.

1
D s = (6.3)
> /\/LRXCRX

1 (6.4)

\/LRX[CRX +cZzNj
1

a)O,min =

__ 1 1 1 6.5
4 @{m \/CRX+CJ (63)

The top-level LC-tune circuit is simulated to verify the functionality by applying a 1MHz sinusoidal
signal to the LC-tank. The inductance, capacitance and resistance of the LC-tank are 53uH, 350pF
and 100mQ respectively; the values inductance of resistance are defined based on the receiving LC-
antenna implementation for the field experiment shown in section 5.1. Furthermore, the unit
capacitance of the binary weighting is 10pF. Thus the minimum and maximum tuneable resonant
frequency of the LC-tune circuit are 543kHz and 1.17MHz respectively. Moreover the resolution of
the frequency tuning is 16.34kHz, as a result, the maximum Q-factor that the circuit can tolerate is
approximately 50. As the LC-tank is connected to the rectifier, the Q-factor in this test is varied
between 15 and 60 based on the calculation results using equation ( 2.23 ) by assuming the rectifier

input resistance is between 5kQ and 20kQ. Figure 6.16 shows the transient simulation result of the
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circuit. The rectifier is started from cold when the resonant frequency of the LC-circuit is
approximately 1.17MHz, and the LC-tune control system is enabled between 1.9ms and 3.8ms. It
can be seen that the amplitude of the rectifier input voltage Vkx and the output rectified DC voltage
Viect are increased from 300mV to 450mV and 0.64V to 1.5V respectively. Moreover, the average
power consumption of the LC-tune control circuit is 115nW during the evaluation phase. Note that
in the practical implementation, the receiving LC-antenna Q-factor can initially be as large as 100
to 150 at cold-start where the rectifier has not drained any input current. Thus, the operating
frequency of the energy harvesting system is swept across a certain range (i.e., 500kHz to 2MHz) to
ensure that the operating frequency is close to the resonant frequency of the receiving LC-antenna
and the received voltage is sufficient for the rectifier to start-up from cold, as explained earlier in

section 3.1, Figure 3.2.
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Figure 6.16 Transient simulation of the top-level LC-tune circuit when the input frequency is 1MHz.

6.5 Power Management Unit

The implementation of the PMU is similar to the previous PMU used in Chapter 4, however a digital
control unit and a high voltage level detector circuit are added, as depicted in Figure 6.17. The
proposed system architecture is comprised of three sub-systems which are the rectifier, the

demodulator and the LC-tune; a PMU is designed to control these sub-systems sequentially.
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Figure 6.18 Timing diagram and state machine of the PMU.

Figure 6.18 shows the timing diagram and the state machine of the digital control unit of the PMU.
The operation is described as follows. Initially, the rectifier is charging an output off-chip storage
capacitor/battery C; at node Vi, from cold-start. When the rectified output voltage reaches Vi,

the efficiency tracking of the rectifier is enabled at t;. At t,, the rectifier control loop enters the idle
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phase while the LC-control unit begins the evaluation phase. The LC-tune returns to the idle phase
when the operation is finished at t;, while the data demodulator and the DC-DC CP are enabled.
Between t; and t4, the DC converted output Vcp is increased which results in decreasing the output
rectified voltage Vi since the rectifier loading current is increased. The CP is disabled when the
voltage V... is below Vj,w to enable the rectifier to re-charge the output voltage back to a useable

level at ts.
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Figure 6.19 VCO for DC-DC CP circuit (top) and the transient simulation results (bottom).

The DC-DC CP used in this chapter is improved by adding a VCO shown in Figure 6.19 implemented
from a ring oscillator used as a clock signal for the CP. This is to improve the output voltage
performance, as shown in the simulation result when the 1MHz and 250mV,input rectifier voltage
is applied (Figure 6.19). When the rectifier output voltage V.. exceeds Viign at t=1.832ms, the CP
clock is enabled and the CP output voltage Vcr is charged. As V. is decreased due to the loading

current caused by the CP, the frequency of the CP VCO is reduced and hence the power
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consumption of the CP is reduced as a result. If the fixed CP clock frequency is used instead similarly
to the previous CP shown in Chapter 4, then the fixed clock CP power consumption may prevent
Ve from increasing due to the insufficient CP output current/power. In addition, the previous CP
output voltage is reduced when the input carrier operating frequency decreases while the CP circuit

presented in this chapter is not dependent on the incoming frequency.
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Figure 6.20 Reverse leakage current when CP is disabled.

Since the PMU disables the CP when the supply voltage from the rectifier is below the threshold
Viow, @ reverse current in the CP circuit is likely to occur, as can be seen in Figure 6.20. When the
clock signal CK is held to disable the CP, the voltage at the gate of the PMOS transistor Vx (or Vy) is
likely to be lower than the CP output voltage Voursuch that the gate-to-source voltage of the PMOS
transistor M, is larger than the transistor Vi.. Therefore, the PMOS transistor is still activated and
the reverse leakage current is drained from the CP output. The reverse current can be easily avoided
by connecting a diode in series with the output storage capacitor, however the output voltage at
the storage capacitor is lower than the CP output due to the diode forward voltage. In this project,
an off-chip low forward voltage Schottky diode is used to prevent the CP reverse current, which will
be shown in the measurement result. Note that the CP reverse leakage current issue is presented
exclusively in this chapter because more internal circuits (i.e., LC-tune, efficiency tracking unit, local
oscillator, etc.) are used in this receiver IC implementation which leads to greater internal circuits’
power consumption. Hence the PMU is likely to disable to the CP of the receiver IC presented in

this chapter more often compared with the CP from the previous IC implementation.

Figure 6.21 shows the 3V DC voltage level detector which is used to detect the output voltage level
of the DC-DC CP. The voltage V¢ is detected by using a switch-capacitor to sample the DC voltage
and the voltage dividing capacitor C1 and C2 to divide the CP output voltage. The divided voltage
V, is then compared with a reference voltage (Vs from a voltage reference circuit using a

StrongARM latch comparator, the same as the comparator used in the efficiency tracking control
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unit. In addition, the clock signal used for sampling the CP output voltage is generated by the
reference clock used in the efficiency tracking control unit. As the circuit only consumes current
when the clock signal ¢; is toggled, thus the power consumption from the simulation result is
approximately 10nW. Note that this circuit can only be used when a clock signal is available. Hence,
the clocked level detection circuit cannot be used as a low voltage level detection since the clock
signal is not available at cold-start. Alternatively, a clock signal frequency-divided from the input
carrier can be used for the clocked low voltage level detection. However, this method is not suitable
for the ultra-low power circuit since the rectifier output voltage is the only available supply voltage
for supplying the frequency divider circuit instead of the 600mV regulator voltage (the regulator is
enabled by the low voltage level detector). Thus, as a result, the power consumption of the
frequency divider circuit is likely to be larger than the previous low voltage level detection shown

in section 4.3.3.1.
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Figure 6.21 3V DC voltage level detector circuit (left) and the transient simulation results (right).

6.6 IC Floor Plan

The building blocks of the wireless energy harvesting receiver have been presented. Each circuit
block of the receiver has been simulated separately and summarised in Appendix H.3. Further, the
pad ring is designed to connect the internal nodes of the system to the IC pins similarly to the pad
ring shown in section 4.4, where the pins placement is arranged to minimise the unwanted parasitic

coupling capacitance between the metal traces. Figure 6.22 illustrates the pin diagram of the
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receiver IC, and the list of the pins’ functionality is shown in Appendix H.4. Figure 6.23 presents the
layout of the active area of the chip. The total area of the active area layout is 0.77x1.16mm?2. The

die micrograph of the receiver IC is shown in Figure 6.24.
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Figure 6.22 Pin diagram of the chip.
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Figure 6.23 Top-level layout. The layout size is 0.77x1.16mm?.
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Figure 6.24 Wireless energy harvesting receiver die micrograph.

6.7 Measurement Result

6.7.1 Measurement Setup

Figure 6.25 shows the measurement setup for the laboratory measurement of the energy
harvesting receiver IC presented in this chapter. For the rectifier and the DC-DC CP measurement
setups shown in Figure 6.25(a), selectable loads are connected at the rectifier and CP output nodes
for the output voltage measurement and a series resistor is connected between the signal
generator and the rectifier input for the rectifier input current measurement similarly to the
measurement setup shown in section 5.1. In addition, the microcontroller MCU2 is used to
configure the operation of the circuits in the IC, such as selecting the rectifier mode or disabling the
LC-tuning control unit. Figure 6.25(b) depicts the QPSK data demodulator and LC-tuning
measurement setups where the variable resistors Rgx are used to select the Q-factor of the LC-
circuit. A 1Q resistor coupled to ground at the PSK driver output is used to minimise the driver
output resistance since the output resistance of the driver circuit can affect the LC-circuit Q-factor.
Moreover the microcontroller MCU1 generates pseudo-random data for the QPSK modulation, and
the demodulated output data from the IC is compared with the input data to measure the bit-error-
rate (BER) of the PSK demodulator by the microcontroller MCU3. Figure 6.26 shows the photo of

the wireless energy harvest receiver IC test-board.
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(b) QPSK data demodulator and LC-tuning measurement setups
Figure 6.25 Simplified diagram of the laboratory measurement setup of the energy harvesting

receiver IC.

Similarly to the previous field measurement setup shown in Figure 5.1(b), the QPSK signal is
amplified by the transmitter antenna driver, which is implemented from the H-bridge class D power
amplifier using the TC4431 MOSFET power driver IC that can provide 1.5A maximum output current.
In this measurement setup, the 1x1m? large loop transmitter antenna is constructed to provide the
magnetic field to the ferrite rod receiver antenna, as shown in Figure 6.27. From the figure, it can
be seen that the diameter of the receiver antenna is 8mm which is much smaller than the side width
of the transmitter antenna. The 1x1m? transmitter antenna size in this measurement, which is
different from the size of the transmitter antenna shown in the previous measurement in Chapter
5, is chosen to verify that the measurement results are not restricted only in a single case antenna
size. Moreover, the magnetic field strength of the transmitter loop antenna has been measured
when the transmitter antenna is moved and rotated to ensure that the generated magnetic field is

not affected by environments. Table 6.1 shows the parameters of the large loop transmitter
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antenna and the ferrite rod receiver antenna. By using the ferrite rod, the effective area of the

receiver antenna is increased from 0.05x10m? to 103m?>.

FiNGE
o o o o 0

“¥ PLL/CDR buffer

Supply current
measurement_ circuits

Figure 6.27 Field experiments setup for inductive wireless energy harvesting system measurement.
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Table 6.1 Parameters of the large area loop transmitting antenna and the ferrite rod receiving

antenna used for the field measurement.

Large loop transmitting antenna Ferrite rod receiving antenna
Parameters Value Parameters Value
Operating frequency 500kHz Ferrite rod permeability 18
Width of the square loop Imx1lm Ferrite rod diameter 8mm
Vertical distance (z-axis) between 9.5cm Ferrite rod length 45mm
the TX coil and RX coil
TX number of turns 4 Ferrite rod effective area 103m?
Conductor skin depth 92um Radius of the conductor 0.11mm
AC resistance 0.46Q/m RX number of turns 24
TX Inductance 115pH Conductor skin depth 92um
TX Resonant capacitance 881pF RX Resistance 0.33Q
Measured Q-factor 7.7 RX Inductance 29uH
RX Resonant capacitance 3.5nF
Measured Q-factor 24
6.7.2 Laboratory Experiment Results
6.7.2.1 Segmented Rectifier Measurement Results

Figure 6.28 presents the output voltage and PCE measurement results of the automatic-mode-
configuration segmented rectifier of the receiver IC. The input voltage generated by the signal
generator with 1MHz frequency is applied for the rectifier measurement. It can be seen that the
minimum rectifier start-up voltage is approximately 200mV, and a 900mV DC output voltage is
generated when the rectifier input voltage is 250mV for the 220kQ load. Moreover, the PCE of the
rectifier peaks at 47% when the load is 220kQ and maintains above 25% over a wide input range
between 250mV,« and 700mV, for the 100kQ load. Note that the decrease of rectifier efficiency
when the input voltage exceeds 700mV is due to the voltage limiter that limits the rectifier output

voltage at 1.8V.

Figure 6.29 presents the PCE measurement results of the manual-mode-configuration segmented
rectifier of the receiver IC where the efficiency tracking control is disabled. It can be seen that the
rectifier efficiency of each mode peaks at different input voltage ranges similarly to the simulation

results shown in Figure 6.4.
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Figure 6.28 IC measurement of the segmented rectifier output voltage (left) and the PCE (right)

versus input voltage with different loading resistors when the rectifier efficiency

tracking unit is enabled.
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Figure 6.29 IC measurement of the segmented rectifier PCE versus input voltage with the 470kQ

(left) and 220kQ (right) loading resistors when the rectifier efficiency tracking is
disabled.

6.7.2.2 High-Q QPSK Data Demodulator Measurement Results

For the demodulator measurement, pseudo-random data at 1.94kbps, 5.47kbps, 15.6kbps and
26.4kbps data rate generated by the microcontroller MCU1 is QPSK modulated with the 1MHz
carrier signal. Figure 6.30 presents the BER measurement results of the high-Q QPSK data
demodulator with different LC-antenna Q-factors and sub-sampling dividing ratios. It can be seen
that the demodulator can extract the data with the data rate up to 26kbps and the Q-factor up to
25. The BER measurement results show that the BER is improved when the Q-factor is decreased,
for example the 10 BER is achieved when Q is 10 while the BER is 5x10* when Q is 25 at 15.6kbps.
Moreover, the BER of the same Q-factor can be reduced when the sub-sampling dividing ratio is
increased, for example the 5x10* BER at N=4 is decreased to 10® when the dividing ratio is

increased to N=8. Furthermore, the measured BER is improved when the input voltage of the carrier
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signal is increased. This is because the increase of the input voltage leads to the decrease of the LC-
antenna Q-factor since more current is drained at the input rectifier circuit which is connected to
the LC-antenna. Note that the demodulator BER when N=16 is worse than the BER when N=8. This
is because the PLL/CDR control unit is designed for the fixed sub-sampling dividing ratio, hence the
control loop internal noise source (i.e., noise from VCO) can cause an error when the dividing ratio
is increased. Figure 6.31 shows the simulation result of the QPSK demodulator with different sub-
sampling ratios when a noise source is deliberately injected into the control loop. It can be seen

that errors occur when the dividing ratio is higher.

Figure 6.32 presents the waveform measurement results of the high-Q QPSK demodulator when
the carrier frequency is 1MHz, the data rate is 15.6kbps, the Q-factor is 25 and the sub-sampling
dividing ratio is 8. The results show that the demodulator can extract data from the slow QPSK
signal when the demodulator is self-powered by the rectifier circuit and the demodulator power
consumption is 2.28uW at 630mV supply voltage. Note that an external supply voltage is used in

this measurement for the buffer circuits which are used only for experimental purpose.
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Figure 6.30 BER measurement of the high-Q QPSK data demodulator versus the input data rate
(left) and the input voltage of the receiving antenna (right) with different LC-antenna

Q-factors and sub-sampling dividing ratios.
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Figure 6.32 Waveform from the measurement of the high-Q QPSK data demodulator when the
input frequency is 1MHz, the input data rate is 15.6kbps, the antenna Q-factor is 25
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6.7.2.3 Power Management Unit Measurement Results

As mentioned previously, the reverse current is drained from the DC-DC CP when the circuit is
disabled, hence, a low leakage MMDL770T1 Schottky diode with the 0.3V forward voltage and the
9nA reverse leakage current is connected in series with the CP off-chip storage capacitor C2 to
prevent the reverse current. Figure 6.33 illustrates the output waveform of the rectifier and the CP
connecting with the diode when the operating frequency is 1MHz and the rectifier output capacitor
and CP output capacitor are 57uF. It can be seen that the DC-DC CP can charge a large capacitor

57uF from cold with 220mV, input voltage.
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Figure 6.33 Output waveform of the rectifier and the DC-DC CP with the diode from the IC
measurement when the input voltage is 220mV,, the operating frequency is 1MHz,

the rectifier output capacitor is 57uF and the CP output capacitor is 57uF.

Figure 6.34(a) presents the output current of the CP without the diode versus CP output voltage

with different input voltage levels between 230mV,x and 800mV,«. The current is derived from the
derivative of the CP output voltage waveform shown in Figure 6.34(b) using the equation ] = C%.

From the output current plot, it can be seen that the CP output can be modelled as a voltage source
with an equivalent resistor in series that is approximately at 2MQ at the input between 230mV
and 400mV« and 500kQ at the input voltage of 800mV,«. The output current results can be used to
estimate the charging time of the storage capacitor used in practical applications from a simple RC

model connecting with a voltage source.

It can be seen from Figure 6.34(b) that the CP output without the diode falls off rapidly, which
implies that the reverse current is larger than the CP output current. Figure 6.35(a) depicts the

reverse current of the CP during disable when the input voltage is between 230mVy« and 400mVy.
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Note that the CP reverse current plots are the same across the input voltage range between
230mV,« and 400mV,y, since the reverse current is not dependent on the input voltage. It can be
seen from the graph that the reverse current characteristic is the same as a MOS transistor drain
current versus gate-to-source voltage characteristic. As explained previously, the reverse current is
drained due to the PMOS transistor in the CP being always activated by the bias voltage at Vss when
the CP is disabled. The CP output duty cycle at the given input voltage is shown in Figure 6.35(b).
Since the CP reverse current is much larger than the forward current, the output of the CP without
the diode cannot reach 3V when input voltage is between 230mV, and 400mV since the duty

cycle is less than 90%.
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Figure 6.34 (a) Output current of the DC-DC CP without the diode versus CP output voltage with

different input voltage levels between 230mVpx and 800mVyk and (b) output waveform
of rectifier and CP when the input voltage is 220mVpk, the operating frequency is

1MHz, the rectifier output capacitor is 47uF and the CP output capacitor is 331nF.

From the duty cycle and CP forward voltage, the charging time of the storage capacitor can be
estimated. For example, as shown in Appendix D, if the external modules active current is 11mA
with 4ms active time then the 440uF storage capacitor is needed to ensure that the supply voltage
is maintained above 2.9V when the initial voltage is 3V. At the minimum charging current between
2.9V and 3V is 0.5pA at 230mVy« input voltage, the required charging time is approximately 88
seconds. And from the given duty cycle of 3.5%, the total period required to charge the storage
capacitor from 2.9V back to 3V is 42 minutes. Hence, the designer can estimate the receiver idle
period from the measurement results. Note that the idle current of the external modules and the
leakage current of the storage capacitor/battery must be negligible compared to the charging

current.
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Figure 6.35 (a) Reverse current of the CP during disabled versus CP output voltage when input
voltage is between 230mVy and 400mVyi and (b) the CP output duty cycle versus input

voltage.

Figure 6.36 shows the IC measurement of the DC-DC CP output voltage and the charging time of a
10uF storage capacitor. It can be seen that the DC-DC CP start-up voltage with the diode is at
230mV,k input voltage and can provide 3.18V DC output. Since the CP reverse current is much larger
than the CP forward current, it can be seen that the CP output without the diode is below 1V when
the input voltage is between 230mVp and 500mV,. This is because the duty cycle of the CP is below
90% when the input voltage is below 550mV,«. Moreover, the maximum time required for charging
an off-chip storage capacitor from cold up to 3V is approximately 2 minutes at 230mV input

voltage and the charging time less than 10 seconds when the input voltage is greater than 550mV,x.
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Figure 6.36 IC measurement of the DC-DC CP output voltage (left) and DC-DC CP charging time of

10uF capacitor (right) versus input voltage.

Figure 6.37 presents the waveform measurement of the magnetic loosely coupled wireless energy
harvesting receiver IC when the input frequency is 1MHz. It can be seen that the rectifier can start-
up from cold to charge the off-chip capacitor, and the rectifier efficiency tracking control unit is

enabled when the output rectifier voltage V..t reaches the minimum threshold at t=60ms. After the
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rectifier is configured to mode B where SWA is low and SWB is high at t=120ms, the LC-tuning
efficiency control is enabled sequentially. The results show that the input voltage at the antenna
(Vrx) is increasing during the time period between t=120ms and t=250ms when the LC-tuning
control is enabled. The LC-antenna resonant frequency is tuned from 1.57MHz to 1MHz. Note that
if the Q-factor is high, such that the incoming frequency is out of the band of the LC-antenna
resonant frequency, then the receiver IC cannot start to operate from cold. Hence the input
frequency sweeping protocol is needed, as explained in section 3.1. Moreover, the DC-DC converter

and the data demodulator are enabled after the efficiency control unit enters idle mode as can be

seen from the indication signals rect DONE and [cDONE at t=250ms.
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Figure 6.37 IC measurement of the energy harvesting receiver IC when the input frequency is 1MHz.

Signals SWA and SWB indicate the rectifier configuration mode while signals

rectDONE and IcDONE are the enable signals of the efficiency control unit.

6.7.3 Field Experiment Results

As shown in section 6.7.1, the 1x1m? large loop antenna provides a stable magnetic field which is

modulated with the QPSK data. The output QPSK data from the receiver IC is measured to verify

116



Chapter 6

that the data demodulator can demodulate the QPSK signal from the magnetic field source.
Moreover, the rectifier output voltage and the CP output voltage of the IC are measured to verify
that the receiver IC can harvest energy from the magnetic field provided by the transmitter

antenna.

Figure 6.38 shows the high-Q QPSK data demodulator measurement waveform of the receiver IC
at input data rate of 26.4kbps; the Q-factors of the transmitter and receiver antennae are 7.7 and
24 respectively and the demodulator sub-sampling dividing ratio is 8. It can be seen that the QPSK
data can be demodulated. Moreover, the receiver IC can provide the 0.85V rectifier output voltage

and 3.5V CP output voltage at 704mV input to supply the receiver circuits.
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Figure 6.38 Waveform from the field measurement of the high-Q QPSK data demodulator when the
input frequency is 500kHz, the input data rate is 26.4kbps, the TX antenna Q-factor is

7.7, the RX antenna Q-factor is 24 and the sub-sampling dividing ratio is 8.

Figure 6.39 presents the field measurement of the received voltage at the antenna Vzy, the rectifier
output voltage Vi and the DC-DC CP output voltage Vcr versus the magnetic field strength
generated by the 1x1m? transmitter large loop antenna. The transmitter magnetic field strength is

derived from the transmitter current using equation ( 2.11 ) shown in section 2.2.2.1. From the
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received voltage Vigx measurement plot when the receiver antenna is unloaded and loaded by the
receiver IC, it can be seen that Viy is linearly proportional to the magnetic field strength when the
receiver coil is unloaded as expected and saturated at 0.8V« when the receiver coil is loaded by the
IC. This is because the loading current at the receiver antenna, which is drained by the rectifier and
the DC-DC CP, is increased when Vkyx increases. In consequence, the loading current limits the
receiver Q-factor and the received voltage Vzx. Furthermore, it can be seen that the loaded received
voltage Vkx when the magnetic field strength is below 0.2A/m is slightly larger than the unloaded
Vex. This is because the LC-tune of the receiver IC tunes the receiver LC resonant frequency to match
the incoming frequency. In addition, the rectifier and DC-DC CP output voltage measurement
results show that the receiver IC can harvest the magnetic energy from the stable magnetic field

between 0.1A/m and 0.6A/m to provide 1V rectifier output and 4.25V CP output.
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Figure 6.39 Field measurement of the received voltage at the antenna Vi (left) and the harvested

output voltage from the rectifier and the DC-DC CP (right).

From the field measurement results, the minimum transmitter current required to start up the
receiver IC can be determined by comparison with the calculation results using equations shown in
section 2.2. Figure 6.40 shows the magnetic field strength of a single-turn square loop antenna (N7x
= 1) at the centre of the 1x1m? square loop antenna (x = 0m, y = 0m, and z = 9.5cm) versus the side
width of the square loop (2W) when the transmitter current is 100mA. Since the receiver IC requires
250mV,y« minimum received voltage to provide the 3V output for external modules, the required
minimum magnetic field is 0.07A/m. In comparison with the plot from Figure 6.40, the magnetic
field strength of the 10x10m? is 0.018A/m when the transmitter current is 100mA and can be
increased to 0.07A/m when the transmitter current is 388mA (calculated from equation ( 2.11)).
Hence, the minimum transmitter current required to start up the receiver IC is listed in Table 6.2.
Furthermore, the required transmitter current can be reduced by increasing the number of turns

of the transmitter loop antenna Nrx.
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Figure 6.40 Magnetic field strength of the single-turn (Nrx=1) square loop antenna with the 100mA

transmitter current versus side width of the square loop (2W).

Table 6.2 Required minimum transmitter current to start up the receiver.

Side width of

the square loop

Magnetic field strength (A/H)

Required minimum transmitter current

at 100mA TX current At Nx=1 At Nrx=2 | At Nx=3 | At Nx=4
im 0.18 39mA 19mA 13mA 9.7mA
10m 0.018 390mA 190mA 130mA 97mA
100m 0.0018 3.9A 1.9A 1.3A 97mA
200m 0.0009 7.8A 3.9A 2.6A 1.9A

The required transmitter current can be reduced by the transmitter loop number of turns N,

however, the inductance of the square loop antenna is increased by a factor of Ntx* which leads to

the reduction of the resonance capacitance. Table 6.3 shows the required resonance capacitor at

the given large loop size and number of turns. It can be seen that the required transmitter current

can be reduced to 97mA for the 100x100m? transmitter loop antenna if the number of turns is 4,

however the resonance capacitor at 500kHz operating frequency is reduced to 2.6pF, which can be

smaller than the parasitic capacitor from the transmitter driver or the circuit board. Hence, the

designer may need to choose a fewer number of turns of the loop antenna and a lower operating

frequency to ensure that the required resonance capacitor is larger than the parasitic capacitor.
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Table 6.3 Transmitter square loop antenna parameters.

Number of turns Side width of the Square loop Resonance Resonance
square loop inductance capacitance at capacitance at 1MHz
500kHz operating operating frequency
frequency

1 im 7.2pH 14.1nF 3.52nF
10m 90uH 1.13nF 281pF

100m 1.1mH 93pF 23pF

200m 2.3mH 44pF 11pF

2 im 29uH 3.5nF 880pF
10m 360pH 281pF 70pF

100m 4.4mH 23pF 5.8pF

200m 9.2mH 11pF 2.7pF

3 im 65uH 1.6nH 391pF
10m 810pH 125pF 31pF

100m 9.8mH 10pF 2.6pF

200m 21mH 4.9pF 1.2pF

4 im 65uH 1.6nF 391pF
10m 3.2mH 31pF 7.8pF
100m 39mH 2.6pF 0.65pF

200m 83mH 1.2pF 0.3pF

Note that the required transmitter current is derived from the measurement results when the

ferrite rod antenna with the number of turns of 24 is used as a receiver antenna, as shown in the

parameters listed in Table 6.1. The required transmitter current can be further reduced by

improving the receiver, such as by increasing the size of the ferrite rod or reducing the rectifier and

DC-DC CP start-up voltages.

In addition, the magnetic field is measured when the ferrite rod receiver antenna is perfectly

aligned with the transmitter loop antenna. The angular misalignment between the transmitter and

receiver coils can reduce the received voltage Vzx. In practical applications, the designer may use
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three receiver antennas with different orientations (e.g., 60° coil angle different between each coil)
for magnetic field energy harvesting to minimise the effect of the misalignment of the antenna

coils.

Table 6.4 compares the power density of the existing energy harvesting methods summarised by
[2] with the power density of the proposed MF magnetic loosely coupled wireless energy harvesting
system from the measurement results shown in this section where the parameters used for the
measurement are as listed in Table 6.1. It can be seen the magnetic coupling wireless energy
harvesting method can provide more power density than the radio frequency energy harvesting
method. Although the energy harvesting sources from the ambient light, thermoelectric and
vibrational microgenerators can provide more power density than the proposed method, such
methods are dependent on the environment and may require an additional power hungry receiver
module to enable the system synchronisation. In addition, the power density of the proposed
system can be increased by increasing the transmitter current or the transmitter loop antenna
number of turns, as mentioned earlier. Note that the power density from the proposed system
shown in the table is not the total harvested energy since the power consumption from the

subsystems is not taken into account.

Table 6.4 Comparison of energy harvesting method from [2] with the proposed MF magnetic loosely

coupled energy harvesting system.

Energy Source Power Density

Ambient light 100mW/cm? (directed toward bright sun)

100puW/cm? (illuminated office)

Thermoelectric 60puW/cm?

Vibrational 4puW/cm? (human motion-Hz)

microgenerators
800uW/cm3 (machines-kHz)

Ambient radio frequency < 1pW/cm? (VHF and UHF band)

from cellular base station

Proposed system* 38uW/cm?(at 0.5 A/m magnetic field strength)

*Parameters (i.e., TX loop size, current) from the specifications shown in Table 6.1.
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6.8 Summary

The second prototype receiver IC for the magnetic loosely coupled energy harvesting system is
further developed and verified in this chapter to solve the remaining issues from chapter 5. The
proposed segmented rectifier incorporated with the efficiency tracking control unit is designed to
provide an output DC voltage with high efficiency over the wide input voltage range. In addition,
the efficiency control unit is also used for tuning the resonant frequency of the receiver antenna LC
circuit to match the incoming frequency. As a result, the harvested energy of the receiver IC is
automatically optimised by the control unit. Moreover, the proposed high-Q QPSK data
demodulator can extract data from the carrier with the slow phase transition due to high-Q LC
resonant circuit. The laboratory measurement results of the QPSK demodulator show that the
moderate BER data extraction is achieved at high-Q with ultra-low power consumption.
Furthermore, the field experiment of the MF magnetic coupled energy harvesting system has been
presented. The receiver IC can demodulate the QPSK data under the field experiment setup. In
addition, the laboratory and field experiment results show that the energy harvesting performance
of the second prototype receiver IC has been improved and can be used for self-powered wireless

sensor network applications.
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Chapter 7: CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

This thesis has presented the design and implementation of a magnetic loosely coupled energy
harvesting receiver for wireless sensor network applications starting from the system
requirements, the system level development, the analogue IC architecture design and the IC

verification.

In wireless sensor network applications, the magnetic loosely coupled energy harvesting method
allows multiple receiver nodes to be wirelessly self-powered from the magnetic field energy
harvesting source. As a result, the need for the battery replacement of each receiver node is
avoided. The magnetic field energy harvesting source is independent to its environments while the
available energy from other existing harvesting sources, such as a light source, is varied depending
on its environments. A medium frequency operation is suitable for the magnetic energy harvesting
system used for the wireless sensor network applications. This is because the harvested energy
operating at the medium frequency does not suffer from losses due to a long-distance operation
(path loss) and the parasitic losses that are visible at higher frequencies. Moreover, since the size
of an antenna is proportional to the wavelength of the operating signal (to achieve the optimum
results), hence the size of the transmitter antenna for the medium frequency operation can be
much larger than the transmitter antenna size for the high frequency operation. Note that the
receiver antenna size can be much smaller than the transmitter antenna size since a ferrite rod
antenna is used to increase the effective area to maximise the received magnetic flux generated
from the source. In addition, the magnetic energy source can also be modulated with data to enable
the system synchronisation between the source and several receivers, removing the need for an
accurate power-hungry real-time clock. By allowing the transmitter to communicate to the receiver
node using the modulation scheme, an active/sleep command signal can also be transmitted along
with the timing information to the receiver which leads to the reduction of the receiver’s average

power consumption.

The transmitted magnetic field can be amplified by increasing the transmitter current and the
number of turns of the transmitter loop. However, the transmitter loop inductance is increased by
a factor of the square of the number of turns which leads to the requirement of a very low resonant
capacitor, such that the capacitor might be unavailable in practice. At the receiver side, a ferrite rod
antenna is more preferable as a receiver antenna than a circular loop antenna due to the

improvement of the effective area from the ferrite material. Both transmitter and receiver
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antennas rely on using a high-Q resonant circuit to improve the transmitter current and the
received voltage, hence a resonant frequency tuning circuit is implemented to ensure that the
resonant frequency of the antenna matches the source frequency. An efficiency tracking control
unit is used to periodically tune the receiver resonant frequency during an evaluation phase. After
the receiver frequency is matched, the control unit enters the idle phase to reduce the power

consumption.

A frequency tuning protocol at the initialisation phase is needed to ensure that the high-Q
narrowband receiver can start up from cold since the resonant frequency of the receiver might be
much different from the source frequency. At cold-start, where there is no available storage energy
at the receiver, the LC-tuning circuit cannot operate since it requires a supply voltage source. The
transmitter may need to slowly sweep the input frequency to allow the receiver to harvest the
energy. After the receiver is woken up from cold, the LC-tuning circuit can then be enabled to tune
the resonant frequency to boost the received voltage. Note that the designer has the freedom to
choose the desired system protocol since the prototype IC is not restricted to the given example

system protocol.

Besides the improvement of the transmitter magnetic field strength and the receiver induced
voltage for extending the wireless sensor network operating distance, the network coverage area
can be further increased by reducing the receiver input start-up voltage (or increasing the receiver
sensitivity). The subthreshold voltage rectifier, used for converting the incoming magnetic energy
to a DC voltage, has a start-up voltage below the transistor threshold voltage (Vi) which can
improve the input sensitivity of the receiver node. Moreover, the segmented rectifier architecture
allows the rectifier to tune the efficiency according to the input by changing the transistor
dimensions. Therefore, the segmented rectifier can provide high efficiency over a wide input
voltage range, which is very beneficial since the harvested voltage at the receiver antenna is varied
across the operating distance. Furthermore, the rectifier efficiency control unit is only enabled

briefly and enters the idle period to save the power, the same as the LC-tuning control unit.

Furthermore, the DC-DC charge pump (CP) is used to convert the DC voltage from the rectifier
output to a larger DC voltage that can supply external modules of the receiver such as a sensor
module or a microcontroller. The harvested power from the DC-DC converter may be low (typically
a few pW), but the harvested energy can still sufficiently supply external modules if the active duty
cycle of the external module is much lower compared with its inactive duty cycle. However, the
harvested energy at the receiver antenna may be very low such that the CP must be disabled briefly
to allow the rectifier to re-charge the storage capacitor/battery to a sufficient level. As a

consequence, the reverse current is drained by the disabled CP which decreases the DC-DC output
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voltage. This can be fixed easily by adding a diode connecting between the CP output and the

storage capacitor/battery, but such a solution adds more cost.

The QPSK data demodulator is used for the system synchronisation as the QPSK signal strength and
the operating frequency are fixed, hence the harvested energy can be stable. However, since the
high-Q resonant circuit is used to increase the received voltage, the phase transition of the received
QPSK signal is slow due to the narrow-bandwidth high-Q LC characteristic. The input sub-sampling
QPSK demodulator is designed to extract data from the slow phase QPSK signal. As a result, the
slow phase shift QPSK data demodulation is achieved at moderate bit-error-rate (BER) performance
with a low data rate for a high-Q factor LC-circuits. Note that a low data rate between 100bps and
10kbps is sufficient for the system synchronisation of the wireless sensor network applications. In
addition, the proposed data demodulator presented in this project only consumes a few uW power
which leaves enough harvested energy for further use. However, the BER achieved by the
demodulator is poor when the Q-factor is increasing. This is because the chosen sub-sampling
dividing ratio is insufficient to under-sample the high-Q slow phase transition QPSK signal. The sub-
sampling QPSK demodulator design offers an ultra-low power solution with moderate BER
performance which is enough for this application. However, if high performance is to be expected,

then a more power-hungry demodulator circuit may be needed.

The system level studies and simulations allow us to identify the requirements of the system
including the specifications of the receiver building blocks. Besides the rectifier and data
demodulator, several basic cells were developed for this project with the improvement of the
circuit power efficiency to ensure that the receiver circuit can operate at ultra-low power. While
the first IC prototype can perform energy harvesting at a low start-up voltage and QPSK data
demodulation from a very low Q-factor circuit, however, a few short comings are still visible. The
switch-over subthreshold rectifier still suffers from an efficiency drop at a certain input voltage
range. Moreover, the QPSK demodulator from the first prototype fails to extract data from the slow
phase shift QPSK signal in a high-Q circuit. Furthermore, the LC-tuning circuit has not been
implemented in the first design. Therefore, the second IC prototype is developed to resolve the

remaining issues.

The IC evaluation of the wireless energy harvesting receiver conducted in laboratory and field
experiments demonstrates the feasibility of the magnetic coupled wireless energy harvesting
system for wireless sensor network applications. The receiver system is suitable for integration in a
standard CMOS technology without the requirement of additional masks in the fabrication process

which reduces overall costs. The external modules (i.e., a radio transmitter, a sensor module and a
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microcontroller) can be further integrated into the receiver IC to reduce cost and reduce the circuit

power consumption to improve the receiver sensitivity.

7.2 Future Work

The project has so far addressed all the system requirements of the wireless sensor network
applications, but there are many areas of continuing work that can be further developed. This

section describes the potential aspects that can be considered.

In practical applications, the coverage area of the wireless sensor network can be as large as
200x200m? which leads to the need for a large transmitter current for generating the minimum
required magnetic field strength. Instead of increasing the transmitter current or the number of
turns of the transmitter loop antenna, the large loop transmitter can be divided into several smaller
loop coils to provide the magnetic field energy harvesting source. For example, the 200x200m?
transmitter loop coil can be divided into four transmitter loop coils with the sizes of 50x50m?2. Hence
the magnetic field strength of the smaller loop can be larger compared with the larger loop at the
same transmitter current level, and the field strength can be further improved by increasing the
number of turns of the transmitter loop since the required resonant capacitor may still be feasible.
However, the magnetic signal from one of the smaller loop coils is likely to couple with other
adjacent loop coils which can cause signal interference. This issue may be resolved simply by
choosing a different carrier frequency for each loop coil. Since the transmitter and receiver
antennas in this application employ a high-Q LC circuit to maximise the harvested energy, the signal
interference from the inductive coupling may be less impactful if each loop operates at a different
carrier. The system level of the multiple transmitter antennas must be studied, and the data

communication and protocol for system synchronisation may need to be further developed.

The receiver antenna coil induces maximum voltage when there is no angular misalignment
between the transmitter coil and the receiver coil, however the misalignment of the coils may occur
in practice. As mentioned earlier in Chapter 6, two or more coils with different angular orientations
can be used to receive the magnetic energy to ensure that the transmitter and receiver coils are
perfectly aligned. However, the receiver circuits (i.e., the voltage rectifier, the LC-tuning circuit) for
each coil with different angular orientation are needed to tune the resonant frequency and convert
the harvested energy to a usable power source. This leads to the requirement of more components
such as an array capacitor or a receiver IC. Further research can be explored which only uses a single

receiver IC that can switch between the input antenna coils.

As stated in the beginning, the standard CMOS process is chosen in this project due to its cheaper

cost, however the rectifier circuit can be further improved to enhance the receiver input sensitivity
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by selecting a more expensive CMOS process. Since the rectifier input sensitivity is dependent on
the transistor Vi, which is technology dependent, near-zero-Vi, transistors can be used to reduce
the rectifier start-up voltage. However, it is important to note that the rectifier implemented from
near-zero-Vi, transistors suffers from a reverse leakage current which is more serious than the
proposed subthreshold rectifier due to its lower Vih. The proposed segmental rectifier concept can

be incorporated with the near-zero-Vi, rectifier to improve the rectifier efficiency.

Several basic circuits implemented in the power management unit in this project consume ultra-
low power but sacrifice the accuracy of the reference signal and have less PVT tolerance than the
state-of-the-art power management unit. Such results are acceptable for the system requirements
in this project. However, if the receiver system is fully integrated with the sensor interface, the
transmitter radio module and the microcontroller into a single chip, then a high precision power

management unit that operates at ultra-low power is needed.

It has been shown that the BER of the proposed high-Q QPSK demodulator is worst when the Q-
factor of the system is increased, the demodulator can be further developed by improving the sub-
sampling circuit. From the waveform measurement results of the QPSK signal demodulation, it can
be seen that the amplitude of the signal drops shortly during the input signal phase transition. An
envelope detection may be used instead of a clock recovered PSK demodulation technique to

extract the data. However, the signal voltage drop only occurs in a high-Q resonant circuit.

The DC-DC CP used in this project requires a diode to prevent the output reverse current drain when
the CP is disabled. However, the output voltage of the CP with the diode suffers from the forward
voltage which can lower the receiver start-up voltage. Further research can be undertaken to
prevent the CP output reverse current without using an additional diode. An on-chip power switch
may be used to prevent the CP reverse current drain, however, the leakage from the power switch

and the biasing circuit must be minimised.

The system synchronisation protocol of the wireless energy harvest shown in this thesis can be
further developed to maintain the reliable communication sharing, cooperative processing
between sensor nodes, improve the energy efficiency of the sensor nodes and reduce the
synchronisation time of the network. Since the choice of protocol is not restricted by the proposed

receiver design, a further study of the synchronisation protocol can help improve the system.
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Appendix A  Resonant circuit and power transfer

efficiency of the inductive loosely coupled system

Figure 7.1 shows the circuit model of the inductive coupled wireless power transfer from section

2.2.4, the output voltage V, and the power transfer efficiency of the circuit are derived as follows.

R, G R, M, R;
V RN

F——"W\ Wy 0
+ 1 Y +

. I > 2 I
| V JE He e
o 5

Primary coil Secondary coil

Figure 7.1 The circuit model of the inductive coupled wireless power transfer.

From the circuit depicted in figure 7.1, the Q-factor Q, corresponding with the inductor L, and the

Q-factor Qg corresponding to the capacitor C, of the secondary coil are

_ oly (7.1)
0, R,
Or = 0y CoR; (72)

where ayis the resonant frequency which is given by

1

w, = . (7.3)
' VLG,
From equation (7.1 ) and ( 7.2 ), the product of the equation is
R
0,0, =—L. (7.4)
L=R R2
The current I, at the secondary coil is
I, = _M, (7.5)
RL

If the system is operated at resonant frequency @ = wy, the equation can be substituted by Q-factor

from equation (7.2) as

12:_V2(1+jQR)' (7.6)
RL
By substituting the current from equation (7.6 ) in (2.2) from section 2.2, the voltage at the
secondary coil is
V,=— Vz(l}“;JQR).R2 - V2(1;JQR)-ja)OL2 + jo,M 1, , (7.7)
L L
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1+ 1+
V2(1+ﬂ-R2+ RJQR -ja)OL2]:ja)OM1211, (7.8)

L L
V{H%-RZ(HMD = joyM 1, (7.9)
RL R2
substituting with equation ( 7.1)
1+ 1+
V2[1+( 1103 JQL)sza)OMlzll, (7.10)
0,0k
1+ /9, + .
Vz[—](QL On )J = joyMy1,, (7.11)
0,0k
L= JooM 1,0, Or ) (7.12)
1+ ](QL + QR)
the magnitude of the voltage is
|V2| _ oM, 1,0,0; (7.13)

\/1+(QL +QR)2 ’

since the Q-factor of the circuit is usually large where (Q; + Qz)? > 1, hence

|V2|E%'WOM12A = M ,1,0 - (7.14)
It is important to note that Q from equation ( 7.14 ) represents the Q-factor the secondary coil
where
0= (7.15)
O, + 0O
0=-hGR (7.16)
L, +C,R, R,

The power transfer efficiency of the circuit is given by

v}
B R, (7.17)

e en)

where P, is the power delivered to the load, V; is the voltage source and R; is the losses resistance

77:

PaeS

at the source. Furthermore, the load voltage V; in equation ( 7.14 ) can be substituted with ( 7.17)

if the system is operated at the resonant frequency as

S (718)

T
(Rx + Rl )

Since the system is operated at the resonant frequency, the impedance of capacitor C; and inductor

L; cancels each other out. Hence the current is

Vs - Us (7.19)

" Rs+R;  Rrx

I
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By substituting the voltage in equation ( 7.18 ) with ( 7.19 ), the PTE is

— (wOMlzllQI;X)ZRTX. ( 720 )
RLVS

The simplifier PTE equation can be derived by substituting the coupling coefficient M = k,/L L,

and Qrx = wOLl/ which yield
(wokJEIlQRX) Rrx _ (wol1) (@ol2) 122
RLVZ - (RTX ) ( Ry )k Qi (7.21)
L

n = Qrx (wo 2) k*Qfx- (7.22)

By substituting one of the Qax with equation ( 7.4 ) and ( 7.15), the PTE is

QLQr Q1 _ k2

N =k*QrxQrx =2 0.+0n 0008 k“QrxQrx =~ % +Q (7.23)

Since the loading resistance tends to be much higher than the resistance of the secondary inductor,
hence the Q-factor Q, is much larger than Q. This is because the load resistance in this system is
the input resistance of the rectifier as discussed in chapter 4, which has the typical value between

10kQ and 100kQ, while the resistance of the secondary inductor is practically less than 100Q.

Hence, —%— ~ 1 and
QL+QRr

1N = k2QrxQrx- (7.24)
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Appendix B Derivation of the magnetic field of the

square/rectangular loop

The expression of the magnetic field generated by the square loop shown in equation ( 2.11 ) can
be derived as follows [15, 23]. Consider the model of a square loop antenna depicted in figure 7.2,
if the overall length of the square loop is relatively small compared with the wavelength of the input
signal, the square loop can be considered as four identical small dipoles. Thus, each dipole can be

separately analysed. From the Biot-Savart law, the magnetic field generated from the dipole CD is

Hep =22 [0 2, (7.25)
where the vectors are given by
l=(-W-t,W,0), (7.26)
dl =-w(,0,0), (7.27)
r=x+W-t,y—W,z). (7.28)
Thus, the cross product of the vector is
dixr=(0,W-z,-W(y —W)). (7.29)
Substituting the product of the vectors into equation ( 7.25 ) yields
Hep = ;T_;{ f—ll [(x+m‘ﬁg4_-g(—yv;)v!4)-;]3/2 dt. (7.30)

Equation ( 7.30) can be mathematically substituted in order to simplify the equation for integrating.
By substituting t' = W - t and dt’ = W - dt, the equation is simplified to

H — IT_XJ‘W zy—(y-W)z
€D = 4 J-w [+t 24 (y-w)2+22]3/2

dt'. (7.31)

Since the square loop is symmetrical, it can be observed from figure 7.2 that the magnetic field in
X and Y directions cancel each other out. In consequence, the equation of the magnetic field of the

dipole can be reduced to

H _ IT_XJ‘W -(y-wW)z
D ™ am J-W [+t 2+ (y-W)2+22]3/2

dt'. (7.32)
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Figure 7.2 Model of a square loop antenna.

Equation ( 7.32 ) represents the integral equation of the magnetic field generated by the dipole CD.

The integration can further be simplified to

w dA
H= f—W—[(X+A)2+k2]3/2' (7.33)
After the magnetic field of a single dipole is modified to equation ( 7.33 ), the integration is
demonstrated as follows. Firstly, the equation is substituted by B = A — X and dB = dA which

results

w-x  dB
H = f—W+XW' (7.34)

Note that the limits are modified as well. Secondly, the formula is further replaced by C = B/k and

dc = dB/k as

1 X e

Thirdly, the substitution of the trigonometric forms C = tan D and dC = (1/COS2 D) dD returns

1 tan~ 12X

H= ﬁf n_l_,,ll,’}x cosD dD. (7.36)

ta

Fourthly, the simplified integral equation ( 7.36 ) can be easily integrated to

H= k_12 [sin (tan_1 (?)) + sin (tan_1 (?))] (7.37)

Adopting the Pythagorean identity formula

. tanh
sinh = \/ﬁ, ( 7.38 )

therefore equation ( 7.37 ) is simplified to
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1 wx wtx
e K J1+(W‘X)2 J L w2 | (7.39)
' k2 k2
1 w-X W+X
Bl ﬁ \/(W—X)Z-HCZ \/(W+X)2+k2:|' ( 7.40 )

By comparing equation ( 7.32 ) and ( 7.40 ), the result of the magnetic field due to dipole CD is

expressed by

_Irx  -G-w) W+x w-Xx
Heo = Gowess [[remr e +J(W—x)2+(y—W)2+22]' (741)

The remain three dipoles are similarly computed, therefore the final equation of the magnetic field
is expressed as
I ~(y-w) x+Ww -x+W
Hz(x,y,z)=ﬂ~ . +
4z {(yW)erzz [\/(x+W)2+(y—W)2+zz \/( x+ WY +(y- }
(x+w) y+w —y+W
2 2 2 2 2 +
(x+W) +z J&+Wﬁ4{y+W)+z J&+Wﬁ (~y+w)

(y+mw) { W N X+ W }
WY +22 (Jex+w P e+ P22 J@+W) +(y+ W)

+

+

-y+W N y+w J

_(x—W)2+z2'[J(x_w)u(_yw)uzz ey +Gwy
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Appendix C Derivation of the input impedance of the

voltage multiplier rectifier

Figure 7.3(a) illustrates the voltage multiplier rectifier circuit. The derivation of the input impedance
of the circuit is shown as follows. The equivalent circuit of the rectifier is depicted in figure 7.3(b);
the capacitor Cpr is the summation of the MOS capacitance and the parasitic capacitance.
Moreover, the resistance of the diode-connected is computed from the dividing of the voltage
across the diode Vx and the current of the diode [19]. In this chapter, we only analyse the input
impedance of the rectifier (Figure 7.3(c)) as the LC-antenna circuit is mainly affected by the rectifier

input impedance. Moreover, the output behaviour of the rectifier has been discussed in section 3.2.

e

C. [ V
o Iy b ooy orff—— T
Vin V= R

= - L =2 =®

1 1 | = = L

Cpar—— M, -1 Cpar Rt Low R : C,
|

C1L IL : IL

- = _ = | = = _ _______ I —

(a) (b)
W Wy

X

14 v, x ?/

IN R IN IN
- N2 i
Cpar J__ § — RX,series CIN—L RX,series
N1
() T (d) - (e)

Figure 7.3 Impedance transformation of the voltage multiplier rectifier.

From [19], the diode current can be approximate by the fundamental frequency of the current. The

fundamental component computed from the Fourier series is given by [19]

Lo = ; [ 1,(t)cos(wr)dr = % [ 1,(e)e =21, (7.43)
Thus, the diode resistance is
V C v
R, =% = c I (7.44)
[fund Cc + Cpar 2[L

Since the diode-connected NMOS devices are identical, the node X resistance is the paralleling

resistance

R, =2 (7.45)
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Moreover, the parallel capacitor and resistor shown in figure 7.3(c) can be transformed to series

capacitor and resistor as illustrated in figure 7.3(d). The values of the series lump components are

Cpar,series = Cpar , (7.46)
RX

RX,series = Q_2 . (7.47)
X

Qx is the quality factor of the parallel capacitor and resistor at node X which can be expressed as

QX = zﬁRchar ) (7.48)

where f is the operating frequency of the circuit. Furthermore, the series capacitors C. and Cpar,series
are added to

CCC ar
series = - . ( 7.49 )
o Co+ CW

Finally, the series capacitor and resistor can be transformed to parallel input impedance as shown
in figure 7.3(e). The input impedance can be expressed as

CCC ar
C'IN = Cveriev =2 ’ ( 7.50 )
- C.+C,,

Cc +C ar V
R[N = QIZNRX,series = Tp ﬁ ’ ( 7.51 )
L

.
where Qu is

O = 1 (7.52)
w 2 73(‘ RX ,series Cseﬁes . .

Equation ( 7.50) and ( 7.51) are the input impedance of the single stage voltage multiplier rectifier.

As discussed in section 3.2.2, the output voltage can be increased by a factor of N by increasing the
stages of the rectifier to N stages. The input impedance components of the N-stages voltage

multiplier rectifier is therefore divided/multiplied by a factor of N as given by

_ C.+C,, Vi

, 7.53
w NC, 41, ( )
C{JC ar
Cy=N—"-"2"—. (7.54)
CL’ + Cpar
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Appendix D  Calculation of the output power delivery

requirement

The output power produced by the energy harvesting unit discussed in chapter 4 is intended to be
delivered typically to three off-chip modules which are (1) a sensor module, (2) a transmitter
module and (3) a microcontroller. Typical examples of application system modules are shown in
Table 7.1. Note that the calculations in this section only valid for these particular modules. Other
applications would have different demands on the sensor, transmitter and microcontroller.

Table 7.1 Part numbers of the example modules.

Module Part number

Sensor node SHT25, Humidity and Temperature Sensor IC [79]

Transmitter MICRF112, QwikRadio UHF ASK/FSK Transmitter [80]

Microcontroller | PIC12F1612, 8-Pin 8-Bit Flash Microcontroller [81]

Table 7.2 Power consumption of the modules.

Module Current Voltage Power Active time Energy
supply supply | consumption (per hour) consumption (per
hour)
Sensor node 350pA 3V 1.05mw 130.2ms 136.71W
Transmitter 10.5mA 3V 31.5mW 4dms 126
Microcontroller 365uA 3V 1.095mW 200ms 219 (Active)
(Active) (Active) 356.4 (Idle)
11nA (Idle) 99nW (ldle)
Sensor : thr :
node ¢ | | 0000 ;
TX A '
Micro- § ¢ 13 5 §
controller_: | | . :

Figure 7.4 Example timing diagram of the external modules operation.

The microcontroller module is used for controlling the activation time slot of the sensor module
and the transmitter module. As the sensor module and the transmitter module are only activated
in a certain period, the total power consumption is effectively reduced. Table 7.2 shows the power

consumption of each module, the active time of the modules is determined from the datasheet of
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the module. It can be seen that the power consumption of the microcontroller module shown in
the table is separated into active mode and idle mode since the microcontroller is activated only
when it collects data from the sensor module and transmits the acquired data via the transmitter

module. Figure 7.4 illustrates the example timing diagram of the external modules operation.

From table 7.2, the total energy consumption per hour is

Total energy per hour = 136.71 ) +1264 + 2194 + 356.41) = 838.11 1.

The total power consumption of the external modules is

833.11J
pP=E/ =221 _02314uW .
] 3600s H

Therefore, the average power consumption of the external modules is 0.23uW while the peak

power consumption is approximately 34mW.

In addition, the buffer capacitor can be calculated using equation ( 4.1 ) shown in section 0 as

i(z) 11.33mA

= - =113.3uF,
dv(t) [3.31/—2.91/) 3.3
dt 4ms

when the peak current is 11.33mA, the out voltage is decreased from 3.3V to 2.9V and the active
period is 4ms. Note that an external voltage regulator is not needed if the external modules can

tolerate such a supply voltage range.

140



Appendix E Wireless Energy Harvesting Receiver IC

Simulation Results and IC Floor Plan

In this chapter, the simulation results of the prototype wireless energy harvesting receiver from
chapter 4 are shown. Note that the terms worst-case power and speed are referred to the process
parameters of the active devices (MOS transistors). The worst-case power means that the current
flowing in the MOS channel is very large which leads to a large power consumption. On the other
hand, the worst-case speed means that the MOS current is very low which leads to a slow circuit

time response.

E.1 Rectifier Switch-over Detection Comparator

0.38

036

034 Non-inverting input voltage [V)l |

0.32
l -

0.5 1
Output voltage (V)l

Supply current [nA)l
60 1

40 - -

20 1 1 ,l 1 1

1.65 1.7 1.75 1.8 1.85 1.9
Time (ms)

Figure 7.5 Transient response of the comparator for the rectifier. (Corresponding to Figure 4.11)
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Figure 7.6 (Left) DC response of the comparator for the rectifier when the input voltage Vi,. is swept
from 0 to 400mV when V.. is 250mV and the supply voltage is 400mV, and (Right) the process
voltage and temperature (PVT) corners DC response of the comparator when the reference voltage

is 300mV and the supply voltage is 1V. (WP=Worst-case power, WS=Worst-case speed)

(Corresponding to Figure 4.11)
E.2 Voltage-controlled Oscillator used in the Data Demodulator

150—I req_t <

=
rd
L

—
e
=1

~
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o

frequency (MHZz)
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Zood oo
GO0
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200
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W i)
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0 5.0 10.0 15.0 20.0 25.0 30.0

tirme (us)
Figure 7.7 Transient response of the VCO when the supply voltage is 600mV. Top: Frequency
generated from the VCO. Bottom: Input voltage control frequency of the VCO.

(Corresponding to Figure 4.20)
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Table 7.3 Output frequency range of the VCO (before being divided by four) with different supply

voltage.

Supply voltage Maximum frequency | Minimum frequency KVCO
400mV 2.44MHz 354kHz 8.08MHz/V
500mV 7.62MHz 435kHz 21.8MHz/V
600mV 14.2MHz 240kHz 33.5MHz/V
700mV 21.1MHz 720kHz 42MHz/V
800mV 28MHz 561kHz 48MHz/V

Table 7.4 Corner simulation of the VCO when the supply voltage is 600mV.

Condition Maximum frequency | Minimum frequency

Nominal Temp. =-20°C 10.6MHz 504kHz
Temp. =27°C 14.2MHz 240kHz

Temp. =80°C 19.3MHz 782kHz

Worst-case: Speed Temp. =-20°C 7.66MHz 270kHz
Temp. =27°C 10.5MHz 211kHz

Temp. =80°C 14.6MHz 640kHz

Worst-case: Power Temp. =-20°C 14.3MHz 159kHz
Temp. =27°C 18.7MHz 531kHz

Temp. =80°C 24.9MHz 870kHz
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E.3 Data Demodulator Input Amplifier

20.0

100

5.0

W {ciB)
o

=50

-10.0

-15.0

-20.0 ] I (R £ 53 1 ] R 3 2 S 5 o 5 5
10° 108 107 108
freq (Hz)

Figure 7.8 Frequency response of the inverting amplifier when the supply voltage is 600mV.

(Corresponding to Figure 4.26)
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Figure 7.9 Transient response of the inverting amplifier when the supply voltage is 600mV.

(Corresponding to Figure 4.26)
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Table 7.5 Corner simulation of the inverting amplifier when the supply voltage is 600 mV.

(Minimum gain required is 3.6dB for 250mV, input voltage)

Condition Gain at 1 MHz Power consumption

Nominal Temp. =-20°C -4.912dB 133nW
Temp. =0°C 3.337dB 141nW

Temp. =27°C 11.28dB 153nW

Temp. = 80°C 21.65dB 193nW

Worst-case: Speed Temp. =-20°C -17.13dB 115nW
Temp. =0°C -8.266dB 122nW

Temp. =27°C 2.867dB 132nW

Temp. =80°C 16.19dB 160nW

Worst-case: Power Temp. =-20°C 5.281dB 155nW
Temp. =0°C 11.37dB 164nW

Temp. =27°C 17.7dB 181nW

Temp. = 80°C 24.73dB 247nW

E.4 Voltage Level Detection used in the PMU

Vv
P —
Vigr | L_ |
Vi Viow
Vb2
l Vhigh

Irer: @ Irer:
1

gref_ ready

(Voltage level detection from Figure 4.31.)
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Figure 7.10 DC response of the level detection. Top: Current consumption, Bottom: Output voltage.
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Figure 7.11 Transient response of the level detection.
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Table 7.6 Corner simulation of the level detection.

Condition Viow Vhign

Nominal Temp. =-20°C 770mV 915mV
Temp. =0°C 755mV 910mV

Temp. =27°C 730mV 905mV

Temp. = 80°C 690mV 910mV

Worst-case: Speed Temp. =-20°C 825mV 970mV
Temp. =0°C 805mV 965mV

Temp. =27°C 780mV 955mV

Temp. = 80°C 735mV 950mV

Worst-case: Power Temp. =-20°C 740mV 855mV
Temp. =0°C 720mV 880mV

Temp. =27°C 700mV 875mV

Temp. = 80°C 675mV 900mV

E.5 Voltage Reference used in the PMU

Supply independent voltage-
vV, .o, pply 74 g
- Start-up circuit current reference

o e ﬁ |
My, Mpsti HME ——o VreF

V4 Ve

nref_ready Current reference for

I analogue circuit
| | Vg M M, M,; building blocks

M3 | M,
4{ M, ns 1, REF R I

High-Vy, NMOS

(Voltage reference circuit from Figure 4.32.)
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Figure 7.12 DC response of the voltage reference when the supply voltage is swept from 0 to 1.8V.
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Figure 7.13 Transient response of the voltage reference when the supply voltage is risen from

ground up to 500mV.
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Figure 7.14 PSRR of the voltage reference.
Table 7.7 Corner simulation of the voltage reference.
Condition vref atVDD = 0.9V iref atVDD = 0.9V
Nominal Temp. =-20°C 268 mV 17.58 nA
Temp. =0°C 253 mV 19.21 nA
Temp. =27°C 232 mV 21.5nA
Temp. = 80°C 189 mv 26.48 nA
Worst-case: Speed Temp. =-20°C 296 mV 15.7 nA
Temp. =0°C 280 mV 17.17 nA
Temp. =27°C 259 mv 19.24 nA
Temp. = 80°C 214 mV 23.65nA
Worst-case: Power Temp. =-20°C 250 mV 20.26 nA
Temp. =0°C 235 mV 22.15nA
Temp. =27°C 214 mV 24.83 nA
Temp. =80°C 172 mV 30.59 nA
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E.6 Voltage Regulator used in the PMU

TP

—o
I

e i [EL
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(Voltage regulator circuit figure from Figure 4.33.)
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Figure 7.15 AC response of the voltage regulator at the light load condition when the supply voltage

is 900mV.
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Figure 7.16 Transient response of the voltage regulator when supply voltage is increased from 0V

to 900mV.
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Figure 7.17 PSRR of the voltage regulator.
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Table 7.8 Corner simulation of the voltage regulator when the supply voltage is 0.9V.

Condition Output voltage Phase margin

Nominal Temp. =-20°C 696 mV 66.79 deg.
Temp.=0°C 657 mV 67 deg.

Temp. =27°C 603 mV 67.25 deg.

Temp. =80°C 491 mV 67.55 deg.

Worst-case: Speed Temp. =-20°C 767 mV 67.72 deg.

Temp.=0°C 727 mV 67.93 deg.

Temp. =27°C 672 mV 68.17 deg.

Temp. =80°C 557 mV 68.52 deg.

Worst-case: Power Temp. =-20°C 648 mV 65.75 deg.

Temp. =0°C 610 mV 65.97 deg.

Temp. =27°C 557 mV 66.22 deg.

Temp. =80°C 448 mV 66.43 deg.

E.7 DC-DC Charge Pump

Table 7.9 Corner simulation of the CP when the load is 5MQ and the supply voltage is 0.9V.

Condition Output voltage

Nominal Temp. =-20°C 3.303V
Temp. =0°C 3.293V

Temp. =27°C 3.253V

Worst-case: Speed Temp. =80°C 3.332V
Temp. =-20°C 3321V

Temp. =0°C 3.265V

Worst-case: Power Temp. =27°C 3.263V
Temp. =80°C 3.248V

Temp. =-20°C 3.179V
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E.8 Low and High Voltage Limiter Circuits used in PMU

In this section, the PVT corners simulation results of both low and high voltage limiter circuits are

shown. A DC current source is applied to a 100kQ resistor in parallel with the limiter circuit.

Table 7.10 Corner simulation of the low voltage limiter.

Condition Limited voltage Current of the limiter
whenVpp =1V

Nominal Temp. =-20°C 1.804 V 7.63 nA
Temp. =0°C 1.717V 16.3 nA

Temp. =27°C 1.59V 38.9nA

Temp. = 80°C 1.308 V 175 nA

Worst-case: Speed Temp. =-20°C 1.947V 3.11nA
Temp. =0°C 1.859V 7.19nA

Temp. =27°C 1732V 19.1 nA

Temp. =80°C 1451V 91.6 nA

Worst-case: Power Temp. =-20°C 1.701V 15.5nA
Temp. =0°C 1.615V 30.6 nA

Temp. =27°C 149V 67.1 nA

Temp. =80°C 1.209V 307 nA
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Table 7.11 Corner simulation of the high voltage limiter.

Condition

Limited voltage

Current of the limiter

whenVpp, =3V

Nominal Temp. =-20°C 4.883V 5.44 nA
Temp. =0°C 4782V 13 nA

Temp. =27°C 4.478V 34.1nA

Temp. =80°C 4316V 126 nA

Worst-case: Speed Temp. =-20°C 4.478V 1.72nA

Temp. =0°C 4378V 4.56 nA

Temp. =27°C 4233V 14.1nA

Temp. =80°C 3913V 71.8 nA

Worst-case: Power Temp. =-20°C 5.205V 33.9nA

Temp. =0°C 5.108 V 62.2 nA

Temp. =27°C 4.966 V 117 nA

Temp. =80°C 4.654V 271 nA
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E.9 Simulated Power Consumption of the Prototype Energy Harvesting

and Data Demodulator IC

Table 7.12 shows the average power consumption of the circuit building blocks of the data
demodulator powered by a 600mV supply voltage in the nominal condition when the incoming
frequency is 1MHz. It can be seen that the major power consumption is from the VCO. This is mainly
because the VCO runs at four times the input frequency while most of the circuits run at lower
frequency. The estimated total power consumption of the data demodulator system is

approximately 0.8uW.

Table 7.12 Power consumption of the circuit building blocks tested at nominal condition where the

power supply is 600mV.

Circuit Power consumption Circuit Power consumption
Amplifier 152.8nW VCO 369nW
PFD 38.1nW Charge pump 57.8nW
Hogge PD 60.31nW Locked detection 48.2nW
Divide by four 44.26nW Data detection 16.3nW

Table 7.13 summarises the power consumption of the PMU circuit building blocks tested at nominal
condition where the power supply is 900mV for low voltage circuit at 3V for the limiter for high
voltage. It can be seen that most of the circuits only consume few hundreds nW. On the other hand,
the power consumption of the CP DC-DC charge pump from is as large as 4uW. However, the CP is
only enabled in a certain period to reduce the average power consumption of the system. In
addition, the total power consumption of the blocks in PMU excluding the CP is 691.37nW when
the supply voltage is 900mV. Assuming the harvested power is 2uW, approximately 1.2uW is left

for the data demodulator and the CP DC-DC charge pump.
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Table 7.13 Power consumption of the circuit building blocks tested at nominal condition where the

power supply (output from rectifier) is 900mV.

Circuit Current Power Circuit
Comparator 43nA 38.7nW CP - 4uWw
Level detection 120nA | 108.54nW Limiter 38.86nA | 34.97nW

Voltage reference | 141nA | 126.9nW | Limiter for high voltage | 34.12nA | 102.36nW

(Tested at Vpp = 3V)

Voltage regulator | 311nA | 279.9nW
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E.10 IC Floor Plan of the Prototype Energy Harvesting and Data

Demodulator IC

MF Energy
tfin O— 1 Harvesting 210 vbusp
Receiver
vdummy Q—— 2 21 ——Q AGND
vd0 O— 3 20 ——O AGND
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
: v § &= =3 5 3 T &8 & = 5 s -
£ ¥ 8 &8 ° = & s ° 5 & § 3 B8
~ S = §
§ =
(IC pin diagram from Figure 4.38)
Table 7.14 Pin list of the IC.
Pin name Type Description Pin name Type Description
VDD18TEST Power 1V supply for digital testing vbuffl Output Regulator output
buffers
VDDPLL Power 600 mV supply for control unit vbuff2 Output DC-DC converter output
VDD18 Power Supply for ESD protection blocks dataout Output Output data from the control unit
AGND Power Global ground ckout Output Clock signal from the VCO
rfin Input RF input signal from the antenna refout Output Reference clock from the control
unit
rectout Output Rectifier output vcoin Output Input voltage of the VCO
vd0 Output Reference voltage from the main locked Output Output from the locked detection
rectifier
vdummy Output Reference voltage from the digitalin Output Output from the amplifier in the
dummy rectifier control unit
nsw Output Comparator output for controlling ckenin Input Control signal to enable the VCO
the rectifier
vref Output Reference voltage dataout180 | Output | Alternative output from the control
unit
ckenout Output Output from level detection
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Appendix FControl Loop Design of the Data Demodulator

A block diagram of a conventional second-order PLL [59] shown in Figure 7.18 is used to design the
proposed demodulator system shown in section 4.3.2 since the system initially operates in the PLL-
mode when the input frequency is not yet locked. The frequency response of the system can be

expressed as

I,,K
%(RCPCCPS +1)
H(s)= 2 ) (7.55)
o2+ Ler Kvco p o ter Kvco
2 M 22C, M

when I is the PLL charge pump current, Rcp and Ccr are the LPF resistance and capacitance
respectively, Kvco is the VCO gain defined by the ratio of the output frequency difference by input
voltage difference and M is the dividing ratio of the frequency divider. Moreover the natural

frequency, the damping factor and the loop bandwidth of the system are given by equations ( 7.56 ),

o = Iep Kyco

" \2C, M

R IcpCcpK

¢= %\I CPZZZMVCO’ (7.57)
+

02 :[(%2 1)+ +1) +1}a)f, (7.58)

(7.57 )and ( 7.58 ) respectively.

(7.56)

PFD CP/LPF vVCO
G(s) » Kyco O WouT
S
-M [*

Figure 7.18 Block diagram of the demodulator shown in the frequency domain.
The design procedure can be described as follows:
1) Select the loop bandwidth w.s45 to be one-tenth or less of the input frequency.
2) Obtain the Kyco from the design of the VCO.
3) Select a desired PLL charge pump current.

4) Calculate the PLL charge pump LPF from the equations by selecting the desired damping

factorg .

The desired loop bandwidth of the system is selected and the parameters shown in the equations

are calculated in order to design the data demodulator system.
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Appendix G

LC-tune Control Unit State Machine

v 000
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! 001
up
oh2 010

1 011 | 100
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down

Figure 7.19 State machine of the LC-tune control unit. (Corresponding with Figure 6.14)
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(LC-tune circuit from Figure 6.14.)
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Appendix H Schematic Diagrams and IC Floor Plan

Corresponding with Chapter 6

H.1 Sample-and-hold Circuit

Figure 7.20 shows the hysteresis sample-and-hold circuit where the comparator is implemented
from the StrongARM latch comparator depicted in Figure 7.21. The hysteresis characteristic is
added by changing the sampling capacitance of each comparator input according to the output

result of the comparator.

ph] \<—phA
lCz I I C,
Vi 0—\ + :
sign
. _
to—==0

Figure 7.20 Sample-and-hold circuit. (Corresponding to Figure 6.5)

Mi

Figure 7.21 StrongARM comparator circuit. (Corresponding to Figure 6.5 and Figure 7.20)
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H.2 RC Oscillator for control unit

Figure 7.22 illustrates the VCO for control unit implemented from a simple saw-tooth wave

generator. The operating frequency is configurable by changing the reference current. As the

system requires a very low operating frequency (typically at 100Hz), a divide by N is used to

minimise the size of the capacitor used in this circuit.

Voo

VDD

Amplifier
/Inverter

<+ Irer

I

Ve

e

reset

Div by

Divby 4 —p

Figure 7.22 VCO for the control unit. (Corresponding to section 6.2 and 6.4)

H.3

Demodulator Corresponding to Chapter 6

Simulated Power Consumption of the Energy Harvesting and Data

Figure 7.15 shows the simulated average power consumption of the circuit building blocks of the

data demodulator powered by 600mV supply voltage in nominal condition when the incoming

frequency is 1MHz. The estimated total power consumption of the data demodulator system is

approximately 600nW.

Table 7.15 Power consumption of the circuit building blocks tested at nominal condition where the

power supply is 600mV.

Circuit Power consumption Circuit Power consumption
Amplifier 173nW VCO 151nW
PFD 41nW Charge pump 58nW
Hogge PD 73nW Locked detection 50nW
Divide by four 44nW Data detection 15nW

Figure 7.16 summarises the power consumption of the PMU circuit building blocks and the

efficiency control unit tested at nominal condition where the power supply is 900mV for low voltage
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circuit at 3V for the limiter for high voltage. The total power consumption of the blocks in PMU

excluding the CP is 824nW when the supply voltage is 900mV.

Table 7.16 Power consumption of the circuit building blocks tested at nominal condition where the

power supply (output from rectifier) is 900mV.

Circuit Current | Power Circuit Current | Power
Low level 69nA 62nW Efficiency control unit | 167nA 150nW
detection
3V level detection 11nA 10nW Cp - 4uw
Voltage reference | 141nA 127nW Limiter 39nA 35nW

Voltage regulator | 311nA | 280nW | Limiter for high voltage | 34nA 102nW

(Tested at Vpp = 3V)

H.4 ICFloor Plan of the Energy Harvesting and Data Demodulator

Corresponding to Chapter 6

3
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(IC pin diagram from Figure 6.22)

Table 7.17 Pin list of the IC.

Pin name Type Description Pin name Type Description
vdd18test Power 1V supply for digital testing dvddpll Power Supply for data demodulator
buffers
vdd18esd Power Supply for ESD protection blocks Vdivtune Input Demodulator Nss configuration input
vrect Output Rectifier output vcoin Output VCO input control voltage
Vss Power Global ground refq Output Demodulator reference clock
Vep Output DC-DC CP output lock Output Lock detection output
ouT3V Output Output from 3V level detection dout Output Demodulator output data
noutlow Output Output from low voltage level doutq Output
detection
nouthigh Output douti Output
vref Output Reference voltage Ictunedone | Output LC-tune enable signal
vddreg2 Power Supply for secondary regulator rectdone Output Rectifier configuration signal
vreg Output Regulator output rectA Output
vreg2 Output Regulator output rectB Output
debugdata Input Debug pins for digital control unit vrectin Input RF input signal from the antenna
configuration
debugload Input ckfast Output Efficiency tracker clock
debugck Input S0-S6 1/0 LC-tune control signals
debugnreset Input cap0-capb 1/0 Capacitors for LC-tuning

163







Bibliography

Bibliography

[1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

S. Chalasani and J. M. Conrad, "A survey of energy harvesting sources for embedded
systems," Proceedings leee Southeastcon 2008, Vols 1 and 2, pp. 442-447, 2008.

J. A. Paradiso and T. Starner, "Energy scavenging for mobile and wireless electronics," leee
Pervasive Computing, vol. 4, pp. 18-27, Jan-Mar 2005.

H. K. Cha, W. T. Park, and M. Je, "A CMOS Rectifier With a Cross-Coupled Latched
Comparator for Wireless Power Transfer in Biomedical Applications," leee Transactions on
Circuits and Systems li-Express Briefs, vol. 59, pp. 409-413, Jul 2012.

K. Finkenzeller, RFID handbook : radio-frequency identification fundamentals and
applications. Chichester ; New York: Wiley, 1999.

K. Kotani and T. Ito, "High efficiency CMOS rectifier circuit with self-Vth-cancellation and
power regulation functions for UHF RFIDs," 2007 leee Asian Solid-State Circuits Conference,
Proceedings of Technical Papers, pp. 119-122, 2007.

M. Sawan, H. Yamu, and J. Coulombe, "Wireless smart implants dedicated to multichannel
monitoring and microstimulation," Circuits and Systems Magazine, IEEE, vol. 5, pp. 21-39,
2005.

K. S. Nikita and Institute of Electrical and Electronics Engineers., Handbook of biomedical
telemetry. Hoboken, New Jersey: Wiley : IEEE Press, 2014.

I. Mathews, P. J. King, F. Stafford, and R. Frizzell, "Performance of 111&#x2013;V Solar Cells
as Indoor Light Energy Harvesters," IEEE Journal of Photovoltaics, vol. 6, pp. 230-235, 2016.

C. Sravanthi and J. M. Conrad, "A survey of energy harvesting sources for embedded
systems," in IEEE SoutheastCon 2008, 2008, pp. 442-447.

C. Merz, G. Kupris, and M. Niedernhuber, "Design and optimization of a radio frequency
energy harvesting system for energizing low power devices," in 2014 International
Conference on Applied Electronics, 2014, pp. 209-212.

L. L. Xia, J. Cheng, N. E. Glover, and P. Chiang, "0.56 V,-20 dBm RF-Powered, Multi-Node
Wireless Body Area Network System-on-a-Chip With Harvesting-Efficiency Tracking Loop,"
leee Journal of Solid-State Circuits, vol. 49, pp. 1345-1355, Jun 2014.

H. Reinisch, S. Gruber, H. Unterassinger, M. Wiessflecker, G. Hofer, W. Pribyl, et al., "An
Electro-Magnetic Energy Harvesting System With 190 nW Idle Mode Power Consumption
for a BAW Based Wireless Sensor Node," leee Journal of Solid-State Circuits, vol. 46, pp.
1728-1741, Jul 2011.

S. Mandal and R. Sarpeshkar, "Low-power CMOS rectifier design for RFID applications," leee
Transactions on Circuits and Systems I-Regular Papers, vol. 54, pp. 1177-1188, Jun 2007.

G. Papotto, F. Carrara, and G. Palmisano, "A 90-nm CMOS Threshold-Compensated RF
Energy Harvester," leee Journal of Solid-State Circuits, vol. 46, pp. 1985-1997, Sep 2011.

165



Bibliography

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

K. Fotopoulou and B. W. Flynn, "Wireless Power Transfer in Loosely Coupled Links: Coil
Misalignment Model," leee Transactions on Magnetics, vol. 47, pp. 416-430, Feb 2011.

G. Vandevoorde and R. Puers, "Wireless energy transfer for stand-alone systems: a
comparison between low and high power applicability," Sensors and Actuators a-Physical,
vol. 92, pp. 305-311, Aug 1 2001.

J.Yi, W. H. Ki, and C. Y. Tsui, "Analysis and design strategy of UHF micro-power CMOS
rectifiers for micro-sensor and RFID applications," leee Transactions on Circuits and Systems
I-Regular Papers, vol. 54, pp. 153-166, Jan 2007.

A. Ashry, K. Sharaf, and M. Ibrahim, "A Simple and Accurate Model for RFID Rectifier," leece
Systems Journal, vol. 2, pp. 520-524, Dec 2008.

R. E. Barnett, J. Liu, and S. Lazar, "A RF to DC Voltage Conversion Model for Multi-Stage
Rectifiers in UHF RFID Transponders," leee Journal of Solid-State Circuits, vol. 44, pp. 354-
370, Feb 2009.

T. H. Lee, The design of CMOS radio-frequency integrated circuits, 2nd ed. Cambridge, UK ;
New York: Cambridge University Press, 2004.

OFcom. United Kingdom Frequency Allocation Table [Online]. Available:
https://www.ofcom.org.uk/ data/assets/pdf file/0016/103309/uk-fat-2017.pdf

N. Narayana Rao, Elements of engineering electromagnetics, 6th ed. Upper Saddle River,
N.J.: Pearson Prentice Hall, 2004.

M. Zargham and P. G. Gulak, "Maximum Achievable Efficiency in Near-Field Coupled Power-
Transfer Systems," leee Transactions on Biomedical Circuits and Systems, vol. 6, pp. 228-
245, Jun 2012.

W. V. Dmitriev, "The influence of ground stratification upon near field of magnetic dipole,"
in Geoscience and Remote Sensing, 1997. IGARSS '97. Remote Sensing - A Scientific Vision
for Sustainable Development., 1997 IEEE International, 1997, pp. 1480-1482 vol.4.

S. V. Boriskina, A. I. Nosich, and A. Altintas, "Effect of the imperfect flat Earth on the
vertically polarized radiation of a cylindrical reflector antenna," IEEE Transactions on
Antennas and Propagation, vol. 48, pp. 285-292, 2000.

A. Yu, S. Chaouch-Bouraoui, and M. Dimian, "Analysis of Earth effects on transmitting and
receiving antennas characteristics with applications in subsurface object detection
systems," in SOUTHEASTCON 2014, IEEE, 2014, pp. 1-3.

C. A. Balanis, Antenna theory : analysis and design, 3rd ed. Hoboken, NJ: John Wiley, 2005.

R. Poole, "Ferrite Rod Antennas for HF?," BBC R&D White Paper, British Broadcasting
Corporation, WHP, vol. 91, 2004.

H. Laurent and C. A. Carvalho, "Ferrite antennas for AM broadcast receivers," Broadcast
and Television Receivers, IRE Transactions on, pp. 50-59, 1962.

J. L. Volakis, Antenna engineering handbook, 4th ed. New York: McGraw-Hill, 2007.

Y. Lee, B. Giridhar, Z. Foo, D. Sylvester, and D. Blaauw, "A 660pW multi-stage temperature-
compensated timer for ultra-low-power wireless sensor node synchronization," in Solid-
State Circuits Conference Digest of Technical Papers (ISSCC), 2011 IEEE International, 2011,
pp. 46-48.

166


https://www.ofcom.org.uk/__data/assets/pdf_file/0016/103309/uk-fat-2017.pdf

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Bibliography

S. Jeong, I. Lee, D. Blaauw, and D. Sylvester, "A 5.8 nW CMOS wake-up timer for ultra-low-
power wireless applications," IEEE Journal of Solid-State Circuits, vol. 50, pp. 1754-1763,
2015.

J. F. Dickson, "On-Chip High-Voltage Generation in Mnos Integrated-Circuits Using an
Improved Voltage Multiplier Technique," leee Journal of Solid-State Circuits, vol. 11, pp.
374-378, 1976.

J. Charthad, N. Dolatsha, A. Rekhi, and A. Arbabian, "System-Level Analysis of Far-Field
Radio Frequency Power Delivery for mm-Sized Sensor Nodes," IEEE Transactions on Circuits
and Systems I: Regular Papers, vol. 63, pp. 300-311, 2016.

P. T. Theilmann, C. D. Presti, D. J. Kelly, and P. M. Asbeck, "A uW Complementary Bridge
Rectifier With Near Zero Turn-on Voltage in SOS CMOS for Wireless Power Supplies," leee
Transactions on Circuits and Systems I-Regular Papers, vol. 59, pp. 2111-2124, Sep 2012.

0. Seunghyun and D. D. Wentzloff, "A -32dBm sensitivity RF power harvester in 130nm
CMOS," in Radio Frequency Integrated Circuits Symposium (RFIC), 2012 IEEE, 2012, pp. 483-
486.

T. Umeda, H. Yoshida, S. Sekine, Y. Fujita, T. Suzuki, and S. Otaka, "A 950-MHz rectifier
circuit for sensor network tags with 10-m distance," leee Journal of Solid-State Circuits, vol.
41, pp. 35-41, Jan 2006.

J. F. Dickson, "Voltage multiplier employing clock gated transistor chain," ed: Google
Patents, 1980.

A. Facen and A. Boni, "A CMOS analog frontend for a passive UHF RFID tag," ISLPED '06:
Proceedings of the 2006 International Symposium on Low Power Electronics and Design, pp.
280-285, 2006.

K. Kotani, A. Sasaki, and T. Ito, "High-Efficiency Differential-Drive CMOS Rectifier for UHF
RFIDs," leee Journal of Solid-State Circuits, vol. 44, pp. 3011-3018, Nov 2009.

Y. S. Luo and S. I. Liu, "A Voltage Multiplier With Adaptive Threshold Voltage
Compensation," IEEE Journal of Solid-State Circuits, vol. 52, pp. 2208-2214, 2017.

H. Nakamoto, D. Yamazaki, T. Yamamoto, H. Kurata, S. Yamada, K. Mukaida, et al., "A
passive UHF RF identification CMOS tag IC using ferroelectric RAM in-0.35-mu m
technology," leee Journal of Solid-State Circuits, vol. 42, pp. 101-110, Jan 2007.

K. Kotani, "Highly efficient CMOS rectifier assisted by symmetric and voltage-boost PV-cell
structures for synergistic ambient energy harvesting," in Proceedings of the IEEE 2013
Custom Integrated Circuits Conference, 2013, pp. 1-4.

T. T. Nguyen, T. Feng, P. Hafliger, and S. Chakrabartty, "Hybrid CMOS Rectifier Based on
Synergistic RF-Piezoelectric Energy Scavenging," leee Transactions on Circuits and Systems
I-Regular Papers, vol. 61, pp. 3330-3338, Dec 2014.

S. Cheng, Y. Jin, Y. Rao, and D. P. Arnold, "An Active Voltage Doubling AC/DC Converter for
Low-Voltage Energy Harvesting Applications," leee Transactions on Power Electronics, vol.
26, pp. 2258-2265, Aug 2011.

ams. 0.18um High-Voltage CMOS process [Online]. Available: http://ams.com/eng

J. Feigin, "Practical Costas loop design," RF design, pp. 20-36, 2002.

167


http://ams.com/eng

Bibliography

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

C. Kuanfu, Z. Yang, H. Linh, J. Weiland, M. Humayun, and L. Wentai, "An Integrated 256-
Channel Epiretinal Prosthesis," Solid-State Circuits, IEEE Journal of, vol. 45, pp. 1946-1956,
2010.

Z.Y.Luo andS. Sonkusale, "A novel low power BPSK demodulator," 2007 leee International
Symposium on Circuits and Systems, Vols 1-11, pp. 3856-3859, 2007.

B. Wang, H. H. Liu, M. J. Zhao, and B. Li, "A Novel Low-Power High-Date-Rate BPSK
Demodulator," 2011 International Conference of Electron Devices and Solid-State Circuits
(Edssc), 2011.

S. A. S. Mohamed and Y. Manoli, "A Novel Fully Integrated Low-Power CMOS BPSK
Demodulator for Medical Implantable Receivers," 2014 leee International Symposium on
Circuits and Systems (Iscas), pp. 1098-1101, 2014.

J. P. Costas, "Synchronous Communications," Communications Systems, IRE Transactions
on, vol. 5, pp. 99-105, 1957.

L. Zhijun and S. Mohamad, "An 8 Mbps data rate transmission by inductive link dedicated
to implantable devices," in 2008 IEEE International Symposium on Circuits and Systems,
2008, pp. 3057-3060.

W.Z.Chen, T.Y.Lu, W.W.Ou, S.T. Chou, and S. Y. Yang, "A 2.4 GHz Reference-Less Receiver
for 1 Mbps QPSK Demodulation," IEEE Transactions on Circuits and Systems I: Regular
Papers, vol. 59, pp. 505-514, 2012.

L. Wang, C. Wu, L. Zhang, L. Feng, J. Li, A. Chang, et al., "An ADPLL based PSK Receiver for
VHBR 13.56 MHz Contactless Smartcards and NFC Applications," IEEE Transactions on
Circuits and Systems Il: Express Briefs, pp. 1-1, 2017.

P. E. Allen and D. R. Holberg, CMOS analog circuit design, 3rd ed. New York ; Oxford: Oxford
University Press, USA, 2012.

B. Razavi, Design of analog CMOS integrated circuits. Boston, MA: McGraw-Hill, 2001.

B. Razavi, Design of integrated circuits for optical communications. Boston: McGraw-Hill,
2003.

B. Razavi, RF microelectronics, 2nd ed. Upper Saddle River, NJ: Prentice Hall, 2012.

W. Rhee, "Design of high-performance CMOS charge pumps in phase-locked loops," Iscas
'99: Proceedings of the 1999 leee International Symposium on Circuits and Systems, Vol 2,
pp. 545-548, 1999.

C. Klapf, A. Missoni, W. Pribyl, G. Holweg, and G. Hofer, "Analyses and design of low power
clock generators for RFID TAGs," Prime: 2008 Phd Research in Microelectronics and
Electronics, Proceedings, pp. 181-184, 2008.

V. Melikyan, A. Hovsepyan, M. Ishkhanyan, and T. Hakobyan, "Digital lock detector for PLL,"
in Design & Test Symposium (EWDTS), 2008 East-West, 2008, pp. 141-142.

L. Magnelli, F. Crupi, P. Corsonello, C. Pace, and G. lannaccone, "A 2.6 nW, 0.45 V
Temperature-Compensated Subthreshold CMOS Voltage Reference," leee Journal of Solid-
State Circuits, vol. 46, pp. 465-474, Feb 2011.

A. P. Patel and G. A. Rincdn-Mora, "High power-supply-rejection (PSR) current-mode low-
dropout (LDO) regulator," IEEE Transactions on Circuits and Systems Il: Express Briefs, vol.
57, pp. 868-873, 2010.

168



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

Bibliography

T. Coulot, E. Lauga-Larroze, J.-M. Fournier, M. Alamir, and F. Hasbani, "Stability analysis and
design procedure of multiloop linear LDO regulators via state matrix decomposition," IEEE
Transactions on Power Electronics, vol. 28, pp. 5352-5363, 2013.

G. Palumbo and D. Pappalardo, "Charge Pump Circuits: An Overview on Design Strategies
and Topologies," leee Circuits and Systems Magazine, vol. 10, pp. 31-45, 2010.

F. Maloberti, Analog design for CMOS VLS| systems. Boston: Kluwer Academic, 2001.

T.-P. Hung, J. Rode, L. E. Larson, and P. M. Asbeck, "Design of H-bridge class-D power
amplifiers for digital pulse modulation transmitters," IEEE Transactions on Microwave
Theory and Techniques, vol. 55, pp. 2845-2855, 2007.

Z. Zeng, X. Li, A. Bermak, C.-Y. Tsui, and W.-H. Ki, "A WLAN 2.4-GHz RF energy harvesting
system with reconfigurable rectifier for wireless sensor network," in Circuits and Systems
(ISCAS), 2016 IEEE International Symposium on, 2016, pp. 2362-2365.

K. Rawy, F. K. George, D. Maurath, and T. T. Kim, "A time-based self-adaptive energy-
harvesting MPPT with 5.1-uW power consumption and a wide tracking range of 10-pA to
1-mA," in European Solid-State Circuits Conference, ESSCIRC Conference 2016: 42nd, 2016,
pp. 503-506.

B. Razavi, "The StrongARM latch [a circuit for all seasons]," IEEE Solid-State Circuits
Magazine, vol. 7, pp. 12-17, 2015.

R. C. Dorf and R. H. Bishop, Modern control systems: Pearson, 2011.

M. v. lerssel, A. Sheikholeslami, H. Tamura, and W. W. Walker, "A 3.2 Gb/s CDR Using Semi-
Blind Oversampling to Achieve High Jitter Tolerance," IEEE Journal of Solid-State Circuits,
vol. 42, pp. 2224-2234, 2007.

W. Redman-White, M. Bugbee, S. Dobbs, X. Wu, R. Balmford, J. Nuttgens, et al., "A Robust
High Speed Serial PHY Architecture With Feed-Forward Correction Clock and Data
Recovery," IEEE Journal of Solid-State Circuits, vol. 44, pp. 1914-1926, 2009.

K. Niitsu, N. Harigai, D. Hirabayashi, D. Oki, M. Sakurai, O. Kobayashi, et al., "Design of a
clock jitter reduction circuit using gated phase blending between self-delayed clock edges,"
in 2013 18th Asia and South Pacific Design Automation Conference (ASP-DAC), 2013, pp.
103-104.

P. Sjoblom and H. Sjoland, "An adaptive impedance tuning CMOS circuit for ISM 2.4-GHz
band," IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 52, pp. 1115-1124,
2005.

S. Kousai, K. Onizuka, S. Hu, H. Wang, and A. Hajimiri, "A new wave of CMOS power amplifier
innovations: Fusing digital and analog techniques with large signal RF operations,"” in
Custom Integrated Circuits Conference (CICC), 2014 IEEE Proceedings of the, 2014, pp. 1-8.

C. Lu, A. Ba, Y.-H. Liu, X. Wang, C. Bachmann, and K. Philips, "17.4 A sub-mW antenna-
impedance detection using electrical balance for single-step on-chip tunable matching in
wearable/implantable applications," in Solid-State Circuits Conference (ISSCC), 2017 IEEE
International, 2017, pp. 298-299.

SHT25. Humidity and Temperature Sensor [Online]. Available:
http://www.sensirion.com/fileadmin/user upload/customers/sensirion/Dokumente/Hum
idity/Sensirion Humidity SHT25 Datasheet V3.pdf

169


http://www.sensirion.com/fileadmin/user_upload/customers/sensirion/Dokumente/Humidity/Sensirion_Humidity_SHT25_Datasheet_V3.pdf
http://www.sensirion.com/fileadmin/user_upload/customers/sensirion/Dokumente/Humidity/Sensirion_Humidity_SHT25_Datasheet_V3.pdf

Bibliography

[80] MICRF112. 300MHz to 450MHz, +10dBm, 1.8V to 3.6V, ASK/FSK Transmitter with
Shutdown [Online]. Available: http://www.micrel.com/ PDF/MICRF112.pdf

[81] PIC12F1612. 8-Pin, 8-Bit Flash Microcontroller [Online]. Available:
http://ww1l.microchip.com/downloads/en/DeviceDoc/40001737A.pdf

170


http://www.micrel.com/_PDF/MICRF112.pdf
http://ww1.microchip.com/downloads/en/DeviceDoc/40001737A.pdf

