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Abstract

The emerging internet of things (IoT) technology will connect many untethered

devices, e.g. sensors, RFIDs and wearable devices, to improve health lifestyle, au-

tomotive, smart buildings, etc. This thesis proposes one typical application of IoT:

RFID for blood temperature monitoring. Once the blood is donated and sealed in

a blood bag, it is required to be stored in a certain temperature range (+2∼+6◦C

for red cell component) before distribution. The proposed RFID tag is intended

to be attached on the blood bag and continuously monitor the environmental

temperature during transportation and storage. When a reader approaches, the

temperature data is read out and the tag is fully recharged wirelessly within 2

minutes. Once the blood is distributed, the tag can be reset and reused again.

Such a biomedical application has a strong aversion to toxic chemicals, so a

batteryless design is required for the RFID tag. A passive RFID tag, however,

cannot meet the longevity requirement for the monitoring system (at least 1 week).

The solution of this thesis is using a supercapacitor (supercap) instead of a bat-

tery as the power supply, which not only lacks toxic heavy metals, but also has

quicker charge time (∼1000x over batteries), larger operating temperature range

(-40∼+65◦C), and nearly infinite shelf life. Although nearly perfect for this RFID
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application, a supercap has its own disadvantages: lower energy density (∼30x

smaller than batteries) and unstable output voltage. To solve the quick charging

and long lasting requirements of the RFID system, and to overcome the intrinsic

disadvantages of supercaps, an overall power management solution is proposed in

this thesis.

A reconfigurable switched-capacitor DC-DC converter is proposed to convert

the unstable supercap’s voltage (3.5V∼0.5V) to a stable 1V output voltage effi-

ciently to power the subsequent circuits. With the help of the 6 conversion ratios

(3 step-ups, 3 step-downs), voltage protection techniques, and low power designs,

the converter can extract 98% of the stored energy from the supercap, and increase

initial energy by 96%.

Another switched-inductor buck & boost converter is designed to harvest the

ambient RF energy to charge the supercap quickly. Because of the variation of

the reader distance and incident wave angle, the input power level also has large

fluctuation (5µW∼5mW). The harvester handles this large power range by a power

estimator enhanced MPPT controller with an adaptive integration capacitor array.

Also, the contradiction between low power and high tracking speed is improved

by adaptive MPPT frequency.
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Chapter 1

Introduction

1.1 IoT and Energy Harvesting

The term Internet of Things (IoT) has recently become popular to emphasize the

vision of a global infrastructure of networked physical objects. Although there

are many ways to describe an IoT, we can define it as a worldwide network of

uniquely addressable interconnected objects, based on standard communication

protocols [4]. With the idea of everything being connected, new applications

can be envisioned in all areas, such as health monitoring (implantable medical

electronics), smart homes, logistics, industrial manufacturing, active RFID tags

and many more [3, 5, 6]. One vital characteristic of these applications in common

is that, they are all severely energy constrained, which places significant challenges

1
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on the power components and efficient power management solutions. The typical

power requirements of some current small IoT devices are shown in Fig. 1.1.
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mesh networks will be applied, in-

creasing the need for autonomous 

solutions. An essential  requirement 

for these networks is not only energy 

harvesting but the minimization of 

power consumption by means of en-

ergy and resource management at the 

WSN. A breakthrough in the minimi-

zation of power consumption would 

increase the autonomy of WSNs and 

accelerate their large-scale adoption 

and integration into existing and new 

applications and environments. Most 

of the work done so far has been 

limited to energy effi  ciency improve-

ments with respect to the separate 

components of the system. In most 

cases, a system-level approach has 

been lacking. The research on energy 

harvesting has been focused mainly 

on the generation of the energy rath-

er than on the development of an ef-

fi cient WSN system.

For general usage and interopera-

bility, it is important that a standard 

protocol be used for communicating 

with the WSNs. Emerging communica-

tion standards such as IEEE 802.15.4 

[1] are popular, and radio transceiv-

ers using this technology are becom-

ing available. Also, a number of stan-

dardized communication protocols 

built on top of IEEE 802.15.4, such as 

Zigbee [2] and LowPAN [3], are being 

used in WSNs. At the moment, there 

are several WSN platforms available, 

including Ambient smartpoints [4], 

Sensinode [5], and iMote [6]. These 

WSNs run on batteries, and for many 

applications lifetimes are very lim-

ited, as is the number of nodes pos-

sible in a network.

Standardization similar to that 

available for communication pro-

tocols is largely lacking for most 

energy-harvesting solutions. The 

International Society of Automation 

(ISA) [7], an organization developing 

standards for automation, is look-

ing into formulating standards for 

energy harvesting. In building auto-

mation, the EnOcean Alliance off ers 

a basis for standardization [8].

Current WSN Applications
In this section we discuss current 

WSN applications in several areas 

and provide examples of leading de-

velopment enterprises.

Health and Lifestyle
It is anticipated that people will soon 

be able to carry a personal body area 

network (BAN) with them that will 

provide users with information and 

various reporting capabilities for 

 medical, lifestyle, assisted living, 

sports, or entertainment purposes. 

Recent years have seen the multi-

plication of body sensor network 

platforms, and one can today fi nd a 

number of wireless sensor nodes for 

the monitoring of various biological 

and physiological signals [9]. These 

sensor nodes diff er by form factor, 

autonomy, their inherent building 

blocks (i.e., microcontroller, radio, 

sensors, and so on), and portability. 

But they all face the same techno-

logical challenges: autonomy, func-

tionality, intelligence, miniaturiza-

tion, and manufacturing cost [10].

Among others, Shimmer Research 

has developed a wearable, miniatur-

ized sensor platform for real-time 

kinematic motion and physiological 

sensing. It relies on standard wire-

less communication technologies 

and off ers a large storage capacity 

that facilitates wearable wireless 

sensing in both connected and dis-

connected modes [11]. Quasar has 

developed a wireless sensor plat-

form for monitoring physiological 

and cognitive states. The advantage 

of its platform comes from a propri-

etary noninvasive biosensor tech-

nology, enabling dry measurement 

of biopotential signals [12]. Recent-

ly, Toumaz introduced Sensium, an 

ultra-low-power sensor interface 

and transceiver platform opening 

up new applications in health care 

and lifestyle management [13].

The last few years have also seen 

early market adopters of body sen-

sor network technology. In the area 

of entertainment, Emotive has intro-

duced a wireless headset acting as a 

personal interface for human com-

puter interactions [14]. Neurosky 

has developed a similar concept for 

wireless monitoring of brain waves, 

enabling brain-computer interfaces 

[15]. The Nintendo Wii is another ex-

ample of the use of wireless sensors 

for gaming applications. In the area 

of sports and lifestyle, Polar brought 

body sensor networks to amateur and 

professional athletes with its polar 

belt technology. In collaboration with 

Adidas, it has enhanced the function-

ality of its system by coupling heart 

rate with a real-time measurement of 

activity, realizing the fi rst example 

of a true wireless network of sensors 

for health and fi tness tracking [16]. 

With Nike+, Nike and Apple have in-

troduced a similar concept for track-

ing users’ runs, thereby creating an 

entire community of runners [17]. 

Our group has reported the de-

velopment of a wireless electrocar-

diograph (ECG) patch for ambulatory 

monitoring of cardiac activity that re-

lies on a proprietary ultra-low-power 

biopotential readout front end [18]. 

The system, illustrated in Figure 2, 

measures the electrical activity of the 

heart, processes the signal to extract 

relevant features, and transmits the 

data wirelessly to a local  receiver such 

as a PC or portable data logger [19]. In 

another study, we showed that when 

1 W

5 Hours

50 mW

24 Hours

1 mW

10 Days

100 µW

5 Years

10 µW

5 Years

1 µW

5 Years

FIGURE 1: Typical power and lifetime requirements of small electronic products incorporat-
ing wireless sensor networks.Figure 1.1: Typical power and lifetime requirements of small electronic products

incorporating wireless sensor networks [3]

The need shared by most IoTs for long lifetimes and small form factors does not

match up well with the power density of available battery technology. This could

limit the use of IoTs due to the need for large batteries. Moreover, the devices may

be deployed in large numbers or in locations that are hard to reach, making battery

replacement extremely difficult [7]. Energy harvesting is a promising solution.

Different environmental energy sources, such as thermal, solar, vibration and RF,

can be harvested to charge an energy storage device – battery or supercapacitor

(supercap) – to prolong the IoT devices lifetime and even make them autonomous

[1]. Solar panel, piezoresistor or RF rectifier are usually used to convert the

aforementioned energy sources to electric energy.

One big challenge of energy harvesting is the severe fluctuation of the ambient
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energy. Table 1.1 shows that the harvested energy could have wide range of

variation depending on the conditions (indoor/outdoor, vibration strength, etc)

[1]. This variation brings difficulties to the energy harvesters design.

Table 1.1: Performance of energy harvesters under different conditions [1]

Energy Harvester
Power Densities

Indoor conditions Outdoor Conditions

Solar panel 100µW/cm2 10mW/cm2

Wind turbine generator 35µW/cm2 3.5mW/cm2

Thermalelectric generator 100µW/cm2 3.5mW/cm2

Electromagnetic generator 4µW/cm3 800µW/cm3

This thesis introduces an important application of IoT – RFID. The proposed

RFID tag is intended to be attached on a blood bag for environmental temperature

monitoring. RF energy harvesting is deployed in the RFID tag to achieve wireless

charging.

1.2 Supercapacitor as Power Supply

For biomedical sensor applications specifically, the power source is one of the most

difficult elements. Traditionally, biomedical sensors are battery operated, which
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enables the circuit to be encapsulated, sealed and self-contained. However, the

limited shelf-life, slow charge time and toxicity makes them unattractive for vast

future deployment [8]. The recent development of supercapacitors (supercap) have

created new possibilities to supply power for biomedical devices, as a replacement

for batteries. Though supercapacitors have low energy density they are well suited

for our application: quick charge, nearly infinite shelf-life and the lack of toxic

heavy metals [9]. Comparison table between supercap and battery is shown in

Table 1.2.

Table 1.2: Typical parameter numbers of supercap v.s. Lithium-ion battery

Function Supercap Lithium-ion

Charge time (second) ∼5 ∼4000

Internal resistance (ESR) ∼0.01Ω ∼0.2Ω

Energy density (Wh/kg) ∼5 ∼150

Instantaneous power density (W/kg) ∼10000 ∼2000

Operating temperature -40∼+65◦C 0∼+40◦C

Bio compatibility No harsh chemicals Harsh chemicals

Shelf life (hours) ∼1000000 ∼500
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1.3 Blood Temperature Requirements

Whole blood and red cells must always be stored at a temperature between +2◦C

and +6◦C [2]. If not, its oxygen-carrying ability is greatly reduced. The following

table summarizes the essential storage conditions for whole blood and packed red

cells (red cell concentrates). This can be used as a guidance for the temperature

monitoring scenario.

Table 1.3: Storage and transport conditions for whole blood and red cells [2]

Condition Temperature range Storage time

Transport of pre-
+20∼+24◦C Less than 6 hours

processed blood

Storage of pre-processed
+2∼+6◦C Approx. 35 days

or processed blood

Transport of processed blood +2∼+10◦C Less than 24 hours

1.4 Organization

In this thesis, a RFID tag for blood temperature monitoring is introduced, with

a supercap used as a replacement of batteries. An overall power management

solution is proposed for the RFID tag. The rest of the thesis is organized as
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follows:

• Chapter 2 introduces the RFID architecture

• Chapter 3 proposes a reconfigurable switched-capacitor DC-DC converter

as a PMU for the discharge of the supercap

• Chapter 4 describes a switched-inductor buck-boost converter as a PMU for

RF energy harvesting to charge the supercap

• Chapter 5 makes conclusions for this thesis



Chapter 2

RFID Tag for Blood Temperature

Monitoring

Previous blood temperature monitoring systems use bar code as the temperature

indicator. But this approach does not have real time monitoring and memory

capability. In addition, a bar code requires close presence of the reader to read

each blood bag. An RFID solution is therefore preferred, as it can provide much

finer grained monitoring, with small size, low cost and flexibility, that can be

extended to other wireless sensing applications, such as chemical exposure sensing,

biological agent sensing, location information, vibration sensing, etc.

7
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2.1 RFID Architecture

The RFID system is shown in Fig. 2.1. After first charged and reset, the RFID

tag is attached to the blood bag unit, when donation location, date, donor ID,

etc., are recorded. The environmental temperature is measured and stored in the

tag’s memory periodically (every 10 minutes). After one week or so, the stored

information can be queried remotely and the tag can be recharged wirelessly by

a reader. When the blood is distributed, the tag can be recycled and reset again

for reuse.

7

Basic system concept

▪ RFID tag is attached to unit (it is charged by first reading)

▪ The donor location, donation date etc., are recorded onto the tag

▪ Storage temperature is checked periodically and stored

▪ Designed to be disposable (but can be re-used in an emergency)

~every 10 

minutes

Could be a 

week apart

Figure 2.1: The RFID system concept

The proposed RFID tag architecture is shown in Fig. 2.2. The RFID tag
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includes antenna, power management, communication, DSP, memory and sensor

blocks. This thesis focuses on the pink parts – power management of the RFID

tag, which includes an off-chip supercap and two PMUs: one for charging the

supercap, and one for discharging.

1

Proposed RF tag architecture

▪ Super-capacitor provides power comparable to batteries, but at 

a very low cost and without harmful chemicals

▪ Advanced power management for preserving capacitor charge & 

maintaining the required output voltage

Rectifier
Energy 

Harvester

Super 

Capacitor

Discharging 

PMU

Clock 

Generator

Temperature SensorMemory

Decoder

Backscattering 

Module

Matching

Network

Controller

Power Management

Antenna

Communications

Compute/Memory

Sensor

Figure 2.2: The proposed RFID tag architecture

2.2 RFID Energy Budget

The charge and discharge profile is shown in Fig. 2.3. The tag is designed to be

charged quickly (∼2 min) when presenting a reader and last for about 1 week. This

brings two major challenges for the power management circuit design: efficiently

harvesting the ambient RF energy and use the stored energy with extremely low

power.
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1

Charging & Monitoring Times

▪ Goal: charge for a short time -> monitor for a long time

▪ FCC limits power at different frequencies

▪ Example system @60GHz (7GHz bandwidth, 82dBm/51dBi)

• ~1m range

• Charge up rapidly using reader (< ¼ minute)

• Last 1 week -> max average monitoring power is 330nW

Charge time

~2 minute

Use for 1 week

Intermec

istockphoto

330nW system

A/D, sensor, clock, RF

Current

Figure 2.3: Charge and discharge profile of the RFID tag

To be able to continuously monitor the environment, the sensor node has

to be duty cycled, meaning that, the tag has two modes: sleep mode and active

mode. During the sleep mode, all the active circuits are turned off and the leakage

current of the supercapacitor is about 300nA. When the sensor is activated at the

end of each cycle, the temperature is measured and stored in the memory, with

average active current equal to 3.3µA. Then the tag starts another sleep and

active cycle - sleep for 10min, and active for 0.1s. This repeated pattern is shown

in Fig. 2.4, where the overall average current would be 300.5nA and is dominated

by the leakage current. The supercapacitor provides the 1V supply at an average

current of 300.5nA for 7 days resulting in a total energy dissipation of 0.18J. If

the supercap can be charged to 3.5V (details provided later), then the capacitance
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needed is reduced to 0.03F. The final capacitor value will need to be slight larger

to compensate for any inefficiency in the voltage conversion process.

Time

Current

IOFF

ION

ICHG

VIN

0.1s 10min

Discharge duration: over 1 week

IDischarge

ICharge

VSC

3.5V

0.5V

Active

Sleep

ION=3.3uA

IOFF=300nA

Figure 2.4: Overall charging, active and sleep timing diagram



Chapter 3

Supercap as Substitute of

Batteries

3.1 Introduction

As described in the last chapter, a supercap is used for power supply as the sub-

stitute of a battery. Supercaps has many advantages over battery and suitable for

low power biomedical applications. But unfortunately, supercaps do not maintain

a constant output voltage and requires a power management unit (PMU). A su-

percap is first and foremost a capacitor, whose voltage V is proportional to the

stored charge Q/C, such that the output voltage would decay as charge is pulled

12
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out. In addition, when the supercap voltage drops below the required lowest volt-

age (1V or lower for modern technologies), the circuit stops working, normally

described as the functional end point (FEP), leaving a significant percentage of

stored energy unused.

Linear regulators (LDO, Fig. 3.1a) are widely used as PMUs to provide a

stable voltage supply. It solves the unstable voltage problem for a supercap, with

an efficiency that is no larger than VOUT/VIN . The efficiency is very low at the

beginning when VIN is much larger than VOUT , but becomes better when supercap

voltage decreases closer to VOUT . Nevertheless, significant amount of energy is still

left on the storage device, since the LDO only works when VIN is greater than

VOUT , resulting in wasted residual energy given at a minimum by E = (CV 2
OUT )/2.

A potential solution for this problem was suggested in [10], were N supercaps can

be stacked in series, then the residual voltage will be reduced by N times and the

residual energy is reduced by a factor of N2. Unfortunately, supercapacitors are

physically large and stacking N such capacitors is highly cumbersome and makes

this solution area inefficient.

Switched-capacitor DC-DC converters are suitable for low power applications

and are easily integrated on-chip. For example, paper [11] describes a reconfig-

urable switched-capacitor DC-DC converter with a peak efficiency of 81%. This
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design attempts to solve the variable input voltage issue by using multiple step-

down ratios. However, the maximum input and maximum output voltage is lim-

ited. Additionally, it has the FEP issue, i.e., a lot of energy is left unused before

the system stops operating.

In this chapter, a multi-mode power transformer (MMPT, Fig. 3.1b) is pro-

posed. The efficiency is improved by tuning the conversion ratio (K) according to

the input voltage. The upper limit of the input voltage range for the MMPT is

expanded by new voltage protection techniques, and the lower limit is expanded

by applying both step-up and step-down conversion ratios [12].

LDO

CSUP CLOAD RLOAD

IIN IOUTVIN VOUT

𝑰𝑶𝑼𝑻 = 𝑰𝑰𝑵 

𝜼 =
𝑽𝑶𝑼𝑻
𝑽𝑰𝑵

(a)

𝑰𝑶𝑼𝑻 =
𝑰𝑰𝑵
𝑲

𝜼 =
𝑽𝑶𝑼𝑻
𝑲 ∙ 𝑽𝑰𝑵

CLOAD
RLOADCSUP

Power 

Transformer
IIN IOUT

1:K

VIN
VOUT

(b)

Figure 3.1: (a) LDO block diagram; (b) MMPT block diagram
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As is shown in Fig. 3.2, the proposed PMU is designed for supercaps, but

can also be extended to batteries. The discharge curve for batteries is not as

variable as for supercaps, but it also can drop significantly as the stored charge

decreases. Moreover, modern technologies typically have a rated supply voltage of

sub-1V, while lithium-ion batteries’ output voltage ranges from 2.8 to 4.2V [13],

making the integration of direct DC-DC converters difficult for digital dominant

modern technologies. The voltage protection technique introduced by this chapter

solves this problem by increasing the rated voltage of the 65nm process from 2.5V

to 3.5V. Additionally, because of the wide-range input voltage, this PMU can

potentially also be used for board-mounted point-of-load applications [14].

+
-

VSC

t

VBAT

t

VSC VBAT

Proposed 
PMU L

o
a
d

0.5-3.5V 1V

Wide input 
voltage 

range supply

Steady 
output 
voltage

Figure 3.2: PMU to handle different type of supply
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3.2 Efficiency Requirements

As described above, the MMPT is designed for a supercap powered RFID tag.

Our goal for the MMPT described in this chapter is to have a higher efficiency

and leave less residual energy in comparison to an LDO based design. We attempt

to make this comparison by analytically considering the active time for the two

designs. As shown in Fig. 3.3, the LDO will discharge the supercap linearly, since

IIN = IOUT . For simplicity we can assume that the FEP for an LDO is VOUT (1V

in this case, but actually FEP is at least one overdrive voltage higher than VOUT ),

the maximum active usage time for the LDO is TLDO given by (3.1), where CSUP

is the supercap capacitance, VSC0 is the supercap initial voltage, IQ is the average

quiescent current, VOUT and IOUT are the output load voltage and current.

TLDO =
CSUP (VSC0 − VOUT )

IQ + IOUT
(3.1)

Calculating the total time for MMPT is a little more complex, since it has multiple

ratios. If we assume the average efficiency of the MMPT is η, the discharging time

can be calculated by dividing the total energy with the output power (3.2).

TMMPT =
ηCSUPV

2
SC0

2VOUT IOUT
(3.2)

Further, let us assume that at a minimum average efficiency ηmin, the total du-

ration for the MMPT design falls to the same value as the LDO design, and its
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value can be derived as shown in equation (3.3).

ηmin =
2VOUT (VSC0 − VOUT )

V 2
SC0

(3.3)

For any η > ηmin, TMMPT > TLDO. In this design, VOUT = 1V and VSC0 = 3.5V ,

so ηmin = 41%. This provides us a lower bound for the converter efficiency that

we are trying to design, i.e., if the PMU efficiency is better than 41% then we

have an advantage. We show the improved active time for the proposed design in

Fig. 3.3, where we nearly double it.
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Sleep

)
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(FEP)

V
OUT

LDO
MMPT

Figure 3.3: Supercap voltage discharge profile using LDO or MMPT

Another mechanism to understand the improvement is to visually see the dis-

tribution of useful energy, series loss and residual energy (also lost) as shown in

Fig. 3.4. As can be seen, the series loss energy for the LDO design is 51% while

that for the MMPT design is only 24%. Additionally, the residual (lost) energy

for the MPPT design is about 1/10th the value for the LDO design due to the
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lower FEP voltage. This is the reason that the value of TMPPT is nearly twice

that of TLDO.

1

MMPT has potential to nearly double operational time

Energy Usage comparison

LDO MMPT

75.29%

23.82%

Useful energy

Series loss

Residual energy

0.89%

40.82%

51.02%

Useful energy

Series loss

Residual energy

8.16%

Figure 3.4: Energy usage comparison of LDO & MMPT

3.3 MMPT System Architecture

3.3.1 Basic DC-DC Converter Module

In theory, a converter with just two capacitors can generate more than six conver-

sion ratios (three step-down: 1/2, 2/3, 1; three step-up: 3/2, 2, 3), by connecting

the two capacitors in series or in parallel in the two phases [15]. So the starting

basis for our converter module starts with this basic topology: 2 capacitors and

11 switches as shown in Fig. 3.5. However, this simple topology has some issues

when used as is.
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VOUTVIN

Figure 3.5: Basic multi-mode switched-capacitor converter module

3.3.2 Converter Core

The first problem that arises in the design of Fig. 3.5 is that the input voltage

can be as high as 3.5V. To tolerate this high voltage, a single transistor is not

sufficient even for I/O devices. One way to solve this problem is by stacking

transistors (as in [13, 16]): by stacking one I/O 2.5V transistor and one core 1V

transistor, and driving them separately, the branch can sustain a voltage as high

as 3.5V. But if every switch is implemented by stacked (cascoded) transistors, the

efficiency will drop significantly. Additionally, they are redundant when the input

is low. A similar tradeoff also occurs for the choice between I/O devices and core

devices: we want to use core devices for higher efficiency but we also want to use

I/O devices for thier capability of handling higher input voltages.
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In this chapter we resolve these conflicting issues by using separate converters

for the different voltage ranges. Specifically, Instead of using a single converter

as shown in Fig. 3.5, we separate the design into three converters that operate

in the different ranges. When the input is larger than 2.5V, voltage protection is

required, so the first converter (Conv1) is a buck converter with a conversion ratio

of 1/2 and with voltage protection technique (details provided in later sections).

The second converter (Conv2) works when input is in the range of 1V to 2.5V

with a conversion ratio of 2/3 and 1, and it is implemented with I/O devices.

For input voltages that are below 1V, a boost converter is used (Conv3). Conv3

is implemented with core devices and can be reconfigured to conversion ratios of

3/2, 2 and 3. Fig. 3.6 shows the converter core that combines the three converters

and their operating modes.
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tection; Conv3: boost converter)
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The supercapacitor will be charged up to 3.5V and used as a power supply.

During the process of normal usage, the supercap will discharge and the three

converters described above will be turned on one by one depending on the voltage

level. Fig. 3.7 shows this discharge curve and operating regions for the different

converters.

3.5

0.5

1

2

t1 t2 t3

Conv1: buck converter w/ protection

Conv2: buck converter 

w/o protection

Conv3: boost 

converter

Time

VIN(V)

Figure 3.7: Supercap discharge voltage & converter operating regions

3.3.3 Overall System Architecture

A block diagram for the overall system is shown in Fig. 3.8. A voltage detector

detects the input voltage range and decides to turn on the appropriate converter

with the correct ratio. A VIN/VDD selector is used to isolate the lower voltage

converter cores from the high input voltage, and also select the right input to feed

to appropriate converter (additional details are provided in later sections).
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Figure 3.8: Overall system block diagram

Since the switched-capacitor converter core can only provide discrete conver-

sion ratios, the converter output requires additional voltage regulation to provide

a constant 1V output. Here a frequency modulation method is used: applying a

comparator and a reference voltage, the converter is turned on and off depending
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on the difference of VREF and a fraction (1/3) of VOUT , and thus effectively the fre-

quency of the input clock is modulated and VOUT is clamped to 3×VREF . Instead

of using resistor ladder, a switched-capacitor voltage divider is used to improve

power and area efficiency. As the modulated clock signal is toggled between 0V

and 1V, level shifters are required to correctly drive the higher voltage domain

converters (1∼2.5V, 2.5∼3.5V).

3.4 Voltage Protection

3.4.1 Voltage Protection of 1/2 Buck Converter

A buck converter with a conversion ratio of 1/2 is easy to implement as in [15].

Since this converter works at the beginning of a fully charged supercap (3.5V),

it must sustain the highest input voltage. The conventional solution is to stack

or cascode two or more transistors and drive them separately. However, a more

thorough analysis suggests that just one I/O transistor for each switch is adequate.

If the transistors (switches) are driven by the clock signals shown in Fig. 3.9a, none

of them will see the full 3.5V across any junction in either clock phase (Fig. 3.9b),

even though the input voltage may exceed the transistor’s rated voltage.
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Figure 3.9: Voltage protection for Conv1 (buck converter K=1/2)

3.4.2 VIN/VDD Selector

All three converters have a separate VDDs (used to set the PMOS body or for the

local drivers’ supply) and separate VINs. However, they are in different voltage

domains. This causes some difficulty when we attempt to combine the charge

from the three converters. In particular:

• VIN can be larger than 2.5V (the breakdown voltage of the I/O transistors),

so it cannot be fed directly to the converters;



26

• Either VIN or VOUT can be larger. The larger one of the two should be

selected to drive the switch gate voltage as its VDD;

• Even when a converter is off, the VDD still needs to be provided so that we

can ensure that the switches are completely off.

We can solve all three issues by having a VIN/VDD selector in between the different

voltage domains, as shown in Fig. 3.10. The selector is basically two PMOS devices

connected together at the drain node.
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Figure 3.10: VIN/VDD selectors

The appropriate signal can be selected via a digital control signal. The result-

ing VDD and VIN voltages for the different regions are shown in Fig. 3.11. Note
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that the body of the PMOS device should always be tied to the highest voltage, so

some are connected to drain, some to the source, while others may be connected

to appropriate control nodes. Likewise the digital control signals may need to be

level shifted (next section) to generate the appropriate voltages for the different

voltage domains.
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Figure 3.11: VIN and VDD for each converter in the different regions

3.4.3 Level Shifter

Due the multiple voltage domains used in this MMPT, the design of the level

shifter is very critical. There are potentially two supplies, VIN and VOUT , that

can be used in any one of converters. VOUT is 1V and constant, so it is a good

power supply for the boost converter with the core devices and other basic digital

circuits, such as the mode selector and the oscillator. We call this LVDD. On the
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other hand, VIN , keeps changing and can at the beginning be higher than 2.5V

and can also be lower than 1V as it approaches FEP. In general we will be using

VIN as our supply at the start, and anytime it is higher than VOUT . We will call

this HVDD. We now have to judiciously decide on the control and switch driving

signals.

Since the original clock signal is in the range of 0 to VOUT (or LVDD), we also

need a clock signal in the range of 0 to VIN (or HVDD), and VOUT to VIN (or

LVDD to HVDD), to drive the two buck converters. Similarly, the original digital

signals (mode selection signal, enable signal, reset signal, etc) are also generated

in the range of 0 to LVDD, so solutions are required to bring these signals to

the higher voltage ranges. The clock signals toggle regularly, while digital signals

changes sporadically. This characteristic enforces different level shifter design for

clocks and digital signals.

The level shifter for the clock signal is shown in Fig. 3.12. The original clock

signal is AC coupled to a higher voltage domain (between LVDD and HVDD).

Transistor M1 and M2 are used to avoid short circuit current since the voltage at

node A only has a swing of 1V and node B is 2.5V. The resistor between node A

and B is used for setting the DC operating point. The two switches inserted are

used to prevent short circuit current when the clock signal is disabled. The higher

path (HCLK out) and the lower path (LCLK out) are implemented with different
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type of transistors and have different voltage domains. This, unfortunately, means

that the logic delays for the two paths may not match and driving signal can

potentially overlap. We can solve this problem by: a) increasing the delay of the

lower path to compensate for any delay mismatch, b) increasing the dead time of

the non-overlapping clock generator so as to tolerate higher variation. The level

shifter proposed here, has some limitations in that it cannot operate at very slow

clock speeds, as resistor provides a path to discharge the coupling capacitor and

potentially causing a short circuit.

1

Voltage Protection: High Voltage Clock

Proposed AC coupled level shifter for HV clock

CLK_in LCLK_out

HCLK_out

LVDD LVDD LVDD

LVDD
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HVDD
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LVDD LVDD

L10x L10x L10x

EN

EN

Reduce 

short 

currentTurn off 

completely

Compensate mismatch

I/O device

Core device

M1 M2

A B

Figure 3.12: Clock level shifter circuit

The digital signal level shifter works for steady state conditions. A conven-

tional digital level shifter is shown in Fig. 3.13a, but cannot tolerate voltages
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above 2.5V. The proposed level shifter is a modified version of [17], and is shown in

Fig. 3.13b. It can provide both full scale output (between 0 and HVDD, OUT full)

and high voltage domain output (between LVDD and HVDD, OUT high).

HVDD HVDD

LVDD LVDD

LVDD

LVDD

LVDD

IN

OUT_high

OUT_full

HVDDHVDD

IN

OUT
LVDD

(a) Conventional level

shifter

2

HVDD HVDD

LVDD LVDD

LVDD

LVDD

LVDD

IN

OUT_high
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Voltage Protection: Level Shifter

Full scale level shifter for control circuit

• Also need voltage protection

• Used in Mode selector & control loop

HVDDHVDD

IN

OUT
LVDD

Conventional Level-Shifter Proposed Level-Shifter

(b) Over-voltage level shifter

Figure 3.13: Digital level shifter circuit

3.4.4 Mode Selector

The mode selector in this design is implemented using a flash ADC as is shown in

Fig. 3.14a. This architecture is straightforward and easy to design. By adjusting

the resistance value, the decision voltage points can be set. One thing that needs

to be noticed is that all the comparators are in the low voltage domain and use

core devices. When the input voltage decreases from high to low, the internal
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node from VRL1 to VRL5 also drops, as shown in Fig. 3.14b. Three of them

(VRL3/4/5) exceed the 1V limit, meaning that the three comparators need to be

protected from the high voltage.
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Figure 3.14: (a) Input voltage range detector (flash ADC); (b) Internal node

voltages as VIN decreases

3.4.5 Comparators

As described above, three of the comparators need to be protected from the high

input voltage. Notably, the voltage stress should not exceed 2.5V, so a single I/O

transistor will solve the problem. As shown in Fig. 3.15a, the negative input is

isolated from VRL3/4/5 by an I/O transistor. Only when the previous comparator
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is triggered, the current comparator can be turned on and connected to a fraction

of input. This trigger technique not only protects the comparator from the high

voltage stress, but also saves power, with the help of the power saving gate and one

additional transistor at the output that is used to pull the output to ground when

it is turned off. To further save power, the comparator is implemented as a clocked

strong-arm comparator that only consumes dynamic power (Fig. 3.15b [18]).
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Figure 3.15: (a) Voltage protection and power saving for comparator; (b) Strong-

arm comparator
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3.5 Efficiency Analysis

The proposed DC-DC converter is designed for RFID applications, where the

average load current is as low as 3.3µA. The efficiency becomes very important

to ensure longer operating time for the RFID tag. The different loss mechanisms

and efficiency limitations will be analyzed in this section. The loss mechanisms in

a switched-capacitor DC-DC converter is mainly from four sources: a) conduction

loss; b) switch gate loss; c) bottom/top plate loss; and d) control overhead.

3.5.1 Conduction Loss

Conduction loss is the most significant loss mechanism. It is caused by the energy

loss that occurs during the charge redistribution between capacitors. The power

efficiency (considering no other losses) of a switched-capacitor DC-DC converter

is given by (3.4).

η =
POUT
PIN

=
VOUT
VMAX

=
VOUT
K · VIN

(3.4)

here K is the conversion ratio. So as VIN decreases, the efficiency increases for

a fixed conversion ratio, as depicted in Fig. 3.16. We can choose the transition

points according to this figure and make sure that the converter always operates

at the highest efficiency.
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Figure 3.16: Switched-capacitor DC-DC converter efficiency for the different con-

version ratios (only conduction loss)

3.5.2 Switching Loss

Switching loss is caused by the clock signal periodically charging and discharging

the parasitic capacitors associated with the switches. These capacitors include the

gate capacitor of switches, drivers and non-overlap clock generator. The switching

loss is proportional to switching frequency and total capacitance that is switched

during each clock period.

3.5.3 Bottom/Top Plate Loss

All the MIM-caps have bottom plate and top plate parasitics. In 65nm CMOS

technology used for this design as an example, the top plate is negligibly small
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and bottom plate is about 1% of the MIM-cap value. In [19], the impact of such

bottom/top plate parasitic is derived in detail. We will use these models directly

to calculate their impact.

3.5.4 Control Overhead

All the control circuit such as resistor ladders, comparators, finite state machines,

etc, would consume power as a quiescent current or leakage or other switching

losses. Since this design is for a low power application (3.3µW), any leakage

would be critical and the control circuits are preferred to be as simple as possible.

3.5.5 Efficiency Calculation

We will include all the losses listed above to calculate the expected efficiency

based on the model. Let us take K=3/2 for example, the model circuit is shown

in Fig. 3.17. This model includes the switching loss and control loss as a load

resistance of 1/(Cctl3 + Csw3)fsw, connected to the output, and the bottom plate

loss as a load resistor (1.5βCbucketfsw) connected to the input, where β is the

bottom plate factor (1.3% in this case), Cctl3 is the effective parasitic capacitance of

the control circuit, Csw3 is the total parasitic capacitance of switches/drivers/non-

overlap clock generator, Cbucket is the bucket/flying capacitance and fsw is the

switching frequency. The subscript has a number of 3 meaning that this is the
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control circuit or switching circuit of Conv3 - the boost converter with core devices.

The ROUT for this model is 1/2Cbucketfsw at K=3/2.
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Figure 3.17: Model for efficiency calculation (K=3/2)

We can now calculate the IIN , IOUT , ILOAD and substitute them with VIN and

VOUT , and express efficiency η as function of VIN and VOUT .

IOUT =
KVIN − VOUT

ROUT

=
3VIN/2 − VOUT
1/2Cbuckertfsw

= (3VIN − 2VOUT )Cbucketfsw (3.5)

Using KCL:

ILOAD = IOUT − VOUT (Cctl3 + Csw3) fsw

=

[
3VIN −

(
2 +

Cctl3 + Csw3
Cbucket

)
VOUT

]
Cbucketfsw (3.6)

IIN =
2

3
VINβCbucketfsw +KIOUT =

[(
2

3
β + 4.5

)
VIN − 3VOUT

]
Cbucketfsw (3.7)

The overall efficiency can now be expressed as:

η =
VOUT ILOAD
VINIIN

=
VOUT

[
3VIN −

(
2 + Cctl3+Csw3

Cbucket

)
VOUT

]
VIN

[(
2
3
β + 4.5

)
VIN − 3VOUT

] (3.8)
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In comparison to equation (3.4), which only considers conduction losses, this effi-

ciency equation is a lot more complex as many more non-ideal factors are consid-

ered. Substituting all the parameters in (3.8) with design values (Table 3.1), and

then plotting and comparing (3.4) and (3.8) in Fig. 3.18, we can find out that after

considering all the non-ideal factors, the efficiency is much lower. This is partic-

ularly true as Vout approaches Vmax for each of the different converter topologies.

Unlike high power applications (1∼1000mA, [20, 14, 21, 22]), where the efficiency

can approach 90%, low power applications are hard to maintain high efficiency

since any small leakage/overhead/parasitic has significant impact ([23, 24]).
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Figure 3.18: Efficiency comparison using (3.4) & (3.8)
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Table 3.1: Design parameters for efficiency model (Cbucket: capacitance of

bucket capacitor; Cctl1/2/3: parasitic capacitance of control circuit for Conv1/2/3;

Csw1/2/3: parasitic capacitance of switches and driving circuit for Conv1/2/3; fsw:

switching frequency; β: ratio of bottom plate parasitic capacitance)

Parameter Value Parameter Value

VIN(V) 3.5∼0.5 VOUT (V) 1.0

Cbucket(pF) 5.2 Cctl1/2/3(fF) 70.4

Csw1/2/3(fF) 46.3/204.9/56.8 fsw(MHz) 2.0

β 1.3% – –

All the efficiency equations at the different conversion ratios are listed in Ta-

ble 3.2. They will be plotted and compared with measurements in next section.

What is noteworthy is that, there is an exponential factor in the efficiency equa-

tion for Conv1. The reason is that the leakage of the level shifter is exponential

to VIN , which is also the reason for its relatively lower efficiency.



40

Table 3.2: Efficiency model for all six modes

K Efficiency

Conv1 1/2
VOUT

(
2VIN−β+4+Cctl1

Cbucket
VOUT

)
VIN

[(
1+

Csw1
Cbucket

)
VIN−

(
2+

Csw1
Cbucket

)
VOUT+

6×10−14 exp(5.4VIN )

fswCbucket

]

Conv2

2/3
VOUT

[
3VIN−

(
2
3
β+4.5+

Cctl2
Cbucket

)
VOUT

]
VIN

(
2+

Csw2
Cbucket

VIN−3VOUT

)

1
VOUT

[
2VIN−

(
2+

Cctl2
Cbucket

)
VOUT

]
VIN

[(
2+

Csw2
Cbucket

)
VIN−2VOUT

]

3/2
VOUT

[
3VIN−

(
2+

Cctl3+Csw3
Cbucket

)
VOUT

]
VIN [( 2

3
β+4.5)VIN−3VOUT ]

Conv3 2
VOUT

[
4VIN−

(
2+

Cctl3+Csw3
Cbucket

)
VOUT

]
VIN [(2β+8)VIN−4VOUT ]

3
VOUT

[
1.5VIN−

(
0.5+

Cctl3+Csw3
Cbucket

)
VOUT

]
VIN [(3β+4.5)VIN−1.5VOUT ]

3.6 Measurement Results

The test setup is shown in Fig. 3.19. The on chip variable load resistor ranges

from 150 to 1000KΩ. A dummy load resistor is placed in parallel with the MMPT

load to measure the real load current. When an input voltage of 3.5V to 0.5V

is applied to the MMPT, VOUT is fixed to 1V. The measured efficiency is plotted

in Fig. 3.20 (blue), together with the calculated model in Section IV (red). The
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comparison shows that measured efficiency follows the model equations trend,

but has lower values, especially for Conv1. The reason for this discrepancy is that

there are still other effects that are not considered by the model. For example the

leakage of the ESD, substrate loss, transient short circuit, etc.
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Arbitrary waveform generator
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Agilent DSO81204B
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1 2 3 4

DUT
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VOUT
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VREF

Load Dummy
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KEITHLEY 2401

SourceMeter

VDD_LoadTest

Figure 3.19: MMPT test setup
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In separate tests the level shifter in Fig. 3.13b has proven to be very leaky when

the input voltage is high and causes the majority of the efficiency drop. This can

be improved if a better level shifter is designed. A peak efficiency of 70.4% is

measured at VIN=0.8V. Fig. 3.21 shows the measured efficiency v.s. conversion

ratio together with results from some other publications. It can be seen that,

other switched-capacitor DC-DC converters are either buck or boost only. This

chapter has an enlarged conversion ratio range that is more suitable for supercaps,

where the input voltage variation can be large.
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Figure 3.21: Measured efficiency vs conversion ratio

The transient response is shown in Fig. 3.22. The highest ripple voltage is

81.25mV, which happens when load current is low because of lower effective fre-

quency. When load current increases from 3.3µA to 6µA, VOUT drops by 87.5mV.

The transient response time is about 30µs to an step change in the load.

34

Transient response (I)

ILOAD=1μA ILOAD=3μA

VTrigger

VIN=1.19V
VRipple=81.25mV

(a) ILOAD from 1µA to 3µA 35

Transient Response (II)

ILOAD=3μA ILOAD=6μA

VTrigger

VIN=0.95V
VDrop=87.5mVtSettle≈30μs

(b) ILOAD from 3µA to 6µA

Figure 3.22: Transient response of MMPT

As mentioned previously, it is significanlty more challenging to improve the
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efficiency for low power applications. Fig. 3.23 shows the trend that, the higher

the load current, the more efficient the design can be. The main reason is that

higher load current allows more control overhead and results in more complicated

and sophisticated control circuits. [20] in this figure has a much higher efficiency

than the trend line. Reason is that it uses ferroelectric capacitors as the bucket

capacitor, which has much less bottom plate parasitic than regular MIM-cap. Our

work is about 12% above the trend line.
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Figure 3.23: Efficiency comparison with other published designs

Table 3.3 compares this work with other published results. This works achieves

the highest input voltage range with good efficiency, combining both up and down

conversion and voltage protection techniques. The voltage protection techniques

allow us to nearly double the energy stored on the supercapacitor. Fig. 3.24
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depicts the input voltage range as an FOM under different load currents. The chip

operates at 2MHz clock frequency and occupies an area of 0.48mm2 (micrograph

of the die is shown in Fig. 3.25, the size of tank capacitor is also indicated).

Table 3.3: Measurement result summary and comparison with prior art

Ref
Tech

Active Switching Input Output
Load

Peak
Step

(nm)
Area Freq. Voltage Voltage

Current
Efficiency

Up/Down
(mm2) (MHz) (V) (V) (%)

[10] 180 1.82 1.5 1.25∼2.5 1 0∼160µA 56 Down

[11] 32 0.38 ∼400 2 0.4∼1.2 1A 81 Down

[14] 180 11.55 – 1.5∼12 1.5 0∼1A 92 Down

[20] 130 0.37 ∼8.2 1.5 0.4∼1.1 20µA∼1mA 93 Down

[21] 90 0.25 50 1.2∼2 0.7 8mA 81 Down

[22] 45 0.16 30 1.8 0.8∼1 8mA 69 Down

[23] 130 0.26 2 2.5∼3.6 0.444 5nA∼560nA 56 Down

This

Work
65 0.48 2.0 0.5∼3.5 1 3.3µA 70.4 Up&Down
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3.7 Conclusions

This chapter proposes a wide input range, fixed output voltage multi-mode power

transformer based on switched-capacitor DC-DC converters, for low power, su-

percapacitor powered RFID applications. With voltage protection technique, the

converter increases the highest tolerable input voltage from 2.5V to 3.5V, raising

the storage energy by 96%. This design also combines three converters, obtaining

six conversion ratios (3 step-ups and 3 step-downs). The functional end point

(FEP) is reduced from from 1V to 0.5V reducing the amount of energy that is left

on supercap unused. As a result, it nearly doubles the usage time, by increasing

the useful energy from 40.8% to 75.3%. The chip fabricated in TSMC’s 65nm GP

CMOS technology, operates at 2.0MHz and occupies an area of 0.48mm2. The new

design can extract 98% of the stored energy from an 80mF supercap, which lasts

for 8.5 days between charging with the measured efficiency and an average load

current of 300.5nA (3.3µA for active mode and 300nA for sleep mode). Although

the proposed MMPT is designed specifically for RFIDs and supercapacitors, the

converter is also suitable for other energy starved applications and other power

sources. Because the output voltage of some battery power sources also changes

significantly, this converter can be used to stabilize the output voltage. Addition-

ally, for batteries that have a voltage that is higher than what can be tolerated by
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modern CMOS technology, the proposed voltage protection techniques are also

good candidate to solve integration difficulty of the PMU and DSP/baseband

circuits.



Chapter 4

RF Energy Harvesting for

Supercapacitor

4.1 Introduction

IoT has wide range of applications, as mentioned in previous chapters. However,

the devices may be deployed in large numbers or in locations that are hard to

reach, making battery replacement extremely difficult [7]. Different environmen-

tal energy sources, such as thermal, solar, vibration and RF, can be harvested

to charge an energy storage device – battery or supercapacitor (supercap) – to

prolong the IoT devices lifetime and even make them autonomous [1]. Solar panel,

piezoresistor or RF rectifier are usually used to convert the aforementioned energy

49
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sources to electric energy a DC voltage. No matter what the energy source and

what the harvester type are, a subsequent PMU (or harvester) is indispensable

to charge the storage device efficiently. This chapter proposes an inductive buck

& boost DC-DC converter for RF rectifiers to harvest RF energy and charge a

supercap for RFID applications.

The ambient energy intensity can have a very wide variety range (µW∼W),

due to the variation of irradiance level, vibration strength, incident angle, etc.

To achieve the maximum output power, the converter’s control parameters (duty

cycle, switching frequency, pulse width, etc) has to be adjusted to the highest

overall efficiency point along with the fluctuation of the ambient energy. This point

is called maximum power point (MPP) and the algorithm to track MPP is known

as maximum power point tracking (MPPT), which is conventionally implemented

with a voltage meter, a current meter, ADC and DSP [25], very power hungry.

Reference [26] introduces a teqnique called Q-modulation, that puts a switch in

paralell with the load resistance to modulate the load and obtain a higher overall

efficiency. However, this approach has extra loss in the paralell switch, which is

not preferred. One widely used integrated MPPT algorithm is fractional open

circuit voltage method (FOCV), which is simple to implement and suitable for

low power applications [27, 28, 29]. But the assumption of MPP occurs where the

output voltage is a fraction (usually 1/2) of open circuit voltage only holds true
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if the harvester is a linear system. For example, a diode based RF wave rectifier

and photovoltaic harvester are not linear [30]. The perturb and observe (P&O)

method or ’hill climbing’, is more promising for an energy harvesting system with

nonlinear impedance sources [31]. Reference [30] proposed a low power time-based

power monitor with a P&O algorithm. However, the time-based approximation

is only valid for high conversion ratios. Reference [32] achieved a more precise

P&O MPPT implementation with pulse integration (PI-MPPT). This approach

is able to track well over a small power range (∼20x) as it relies on a single

capacitor to store the MPP information, which can either be made sensitive or

is easily saturated. Reference [33] combines FOCV and P&O to achieve a higher

power range, which unfortunately complicates the system design. This chapter

proposes a low power, adaptive current-integration (CI-MPPT) implementation

that expands the MPPT range to ∼1000x.

The proposed RFID tag [12] is intended to be attached on a blood bag for

temperature monitoring, during transportation or storage. When an RFID reader

approaches the tag, the RF signal is transmitted to the tag and rectified to a low

DC voltage. The proposed harvester up converts this small voltage to a higher

value to charge up the supercap. The goal is to charge an 80mF supercap to 3.5V

within 2 minutes, so the harvester needs to handle a maximum input power level

of at least ∼5mW. And to ensure operation in all scenarios the harvester also
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should be able to extract extreme lower as well (e.g. ∼5µW).

Other than the high power range requirement, the supercap is designed to be

charged to a higher voltage (3.5V) to increase the stored energy. Same as the

reason described in last chapter, voltage protection techniques are introduced to

extend the output voltage of the DC-DC converter to 3.5V. This chapter focuses

on the DC-DC converter (or harvester) within the RFID tag.

4.2 Converter System Architecture

As is shown in Fig. 4.1, when an RFID reader approaches the RFID tag, an

RF (AC) signal is transmitted to the tag through the antenna and rectified to

a DC voltage to charge to a supercap. Due to the variation of reader distance

and angle, the incident power fluctuates from 5µW to 5mW. Fig. 2.2 shows the

RFID tag architecture, in which the proposed charging energy harvester (DC-DC

converter) is in between of the AC-DC rectifier and the storage device (supercap).

The rectified DC voltage, ranging from 0.7V to 1.2V, is fed to the converter, and

up-converted to 3.5V and charged to the supercap. Then, once the supercap is

fully charged, the converter will be disconnected from it and ready to supply the

other circuitry of the RFID tag (temperature sensor, memory, DSP, etc).
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Figure 4.1: RFID system concept

4.2.1 Power Train

The block diagram of the proposed harvester is shown in Fig. 4.2. The power train

includes both a buck and a boost converter, with an off-chip 200µH inductor. The

buck converter switches, on the left side of the inductor, are implemented by core

devices. While the boost converter switches, on the right side, are both stacked by

one core device and one I/O device, to handle the high stress when charging the

output node (further reason will be discussed in later sections). Previous designs

have suggested that a single boost converter is enough for charging a supercap

[34]. However, as is shown in Fig. 4.3, when output voltage is 0V initially and is

charged by a single boost converter, the voltage across the inductor is kept same

for the two phases. Then the current of the inductor will keep increasing, until

the power switches are saturated, regardless of the PWM signal. The converter

then becomes uncontrollable and may operate at the point that is far away from

the target MPP. A voltage detector at the output decide either buck or boost
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converter should be used during the charging process.
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4.2.2 Control Loop

There are two loops in the system: one for pulse width modulation (PWM),

one for discrete conduction mode (DCM). Both using current mode control, the

output current is sensed and fed to the two control loop. Unlike other designs

that insert a resistor in the power train [33], this design uses the PMOS power

switch as the sensing resistor. Then the differential voltage is divided down by

two resistor ladders by a factor of kRL. So the differential voltage of Vfrac1 and

Vfrac2 is proportional to load current IL:

∆Vfrac = RonkRLIL (4.1)

where Ron is the on resistance of the power switch. The resistor ladders ratio

kRL are both tunable, which will be further explained in the voltage protection

section.

During φ1, one power switch is turned on (PMOS for buck converter, NMOS

for boost converter). The current-integration MPPT controller generates a control

voltage VCTL, whose algorithm will be described in detail later. The relaxation

oscillator generates both the clock for the converter and a ramp signal for the

PWM control. By comparing the ramp signal with VCTL, the pulse width is

modulated: D = VCTLVref , where D is the duty cycle, and Vref is the up-bound

reference voltage for the ramp signal. This PWM signal is fed to level shifters and
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switch buffers to drive the four power switches. One important situation is that,

at the beginning, VCTL is zero, and so is the duty cycle. The pulse width is then

0, meaning no switch is turned on, so that the control loop fail to work. To avoid

this situation, the PWM scheme has a lowest pulse width, 5ns, to ensure a soft

startup, but at the cost of lower efficiency at extreme low input power.

After a short dead time, the other power switch is turned on (NMOS for buck

converter, PMOS for boost converter) during φ2. When IL drops to 0, ∆Vfrac

also transits from positive to negative. The zero current sensor then turns all the

power switches off to ensure DCM.

4.2.3 Charge Pump and Level Shifters

Worthy to be notice that the switches for the buck converter operate in the range

of 0∼1.2V, but for the boost converter, the switches see VOUT , which can be

0∼3.5V. To turn on the PMOS for the boost converter, the gate voltage should

be at least VOUT − Vth,p. This could be a negative voltage when VOUT is 0 at the

beginning. In that case, a charge pump is required. The charge pump generates

a voltage of VOUT − VIN , and the level shifters can shift the clock signal toggling

between 0 and VIN , to the level between VOUT − VIN and VOUT . Circuit details

will be described later.
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4.3 Voltage protection

Since the energy stored in a supercap is proportional to V 2
SC , it is preferred to

increase the fully charge voltage to increase capacity. However the rated volt-

age for 65nm I/O devices is only 2.5V. If we can increase the number to 3.5V,

the stored energy would increase nearly by 100% (3.52/2.52=1.96). Most previ-

ous designs resorted to either BCD technology or HV-CMOS to solve the high

stress [32, 35]. But these technologies are more expensive and less integrateable

than standard CMOS. This chapter proposes voltage protection techniques for

TSMC 65nm CMOS. Without a separate harvester chip, this design can be inte-

grated with other RFID blocks, and handle the 3.5V high voltage stress.

4.3.1 Power Switches

As is mentioned above, the power switches need to be protected from the high

voltage. So both the PMOS and the NMOS are implemented by stacking one

core device and one I/O device. The body of each PMOS power switch is kept

connected to the highest voltage node through two PMOS helpers. As is shown

in Fig. 4.4, CLKNU toggles between 0 and VIN (1V for example), and CLKPU

between VOUT − VIN (2.5V in this case) and VOUT (3.5V). For each clock phase,

the internal nodes voltage are denoted in Fig. 4.4. It can be found that all core
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devices only see VGS or VGD less than 1V, and those of I/O devices are less than

2.5V.
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Figure 4.4: Voltage protection for boost converter

4.3.2 Resistor Ladder

Eq. (4.1) shows that, Ron and kRL, are preferred to be large so that the sensitivity

for load current is also higher. Ron depends on the transistor size, which is already

fixed. So we can only increase kRL. However, when VOUT is close to fully charged

(∼3.5V), to make sure Vfrac1/2 to be less than 1V (required by subsequent cir-

cuits), a low kRL (<2/7) is needed. To solve this contradiction, the resistor ladder
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is designed to be tunable: when VOUT is low, kRL is set higher (1/2) for higher

sensitivity; when VOUT is high, kRL is set lower (2/7) for voltage protection. The

implementation of the resistor ladder is shown in Fig. 4.5, where resistors are ac-

tually not resistors, but reverse biased diodes. This can reduce area and quiescent

current, especially at high voltages. Additional bypass MOS caps are added to

reduce frequency dependence caused by parasitic.
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4.3.3 Zero Current Sensing Comparator

Because of the fact that VOUT has a wide range and the tunable kRL design,

Vfrac1/2 varies from 0 to 1V. So the zero current sensing comparator has to be

rail-to-rail. The comparator is shown in Fig. 4.6. To prevent it from constant
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power consumption, the comparator is duty cycled, as shown in Fig. 4.7. Worthy

of pointing out that, the delay cell in the pulse generator is different from conven-

tional inverter chain delay or RC delay. It is a newly designed low power delay

cell, which consumes 5x lower power than a simple inverter chain based delay.

VIN- VIN+

VOUT

VIN- VIN+

VOUT

Figure 4.6: Rail-to-rail zero current sensing comparator
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If kRL is a fixed number (has to be 2/7 for voltage protection), the effective

transconductance of the comparator gm,eff = kRL×(gm,p + gm,n). As is shown in

the blue line of Fig. 4.8, during the process of charging, VOUT increases from 0

to 3.5V, and gm,eff increases first and then decreases. As described above, kRL is

set higher when VOUT is low to improve sensitivity (gm,eff ). The red line shows

the gm,eff for kRL=1/2. The overall gm,eff is shifted from red to blue during the

charging process, and is improved with the tunable kRL design.
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Figure 4.8: Effective gm of the rail-to-rail comparator during charging process
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4.3.4 MPPT OTA

Similar to the zero current sensing comparator, the OTA (input stage) in the

MPPT controller also requires linear rail-to-rail operation. Same with [36], the

implementation is shown in Fig. 4.9.

VIN+ VIN-

VBP VBP

VBNVBN

VINT

Figure 4.9: rail-to-rail linear GmC integrator OTA

4.3.5 Charge Pump

Subsection 4.3.1 mentions that the power train requires a voltage level of VOUT −

VIN . So a charge pump is designed to generate that voltage efficiently (Fig. 4.10).

Different from traditional charge pump, this design generates four non-overlapping
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clock phases, which significantly reduces short circuit current (%? simulation).

Two NMOS helpers are added to prevent body diode conduction leakage. The

NMOS are implemented by deep N-well devices.

A B

C D
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CLK VOUT

VOUT-VIN

VOUT
A
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C

D

Figure 4.10: Low power negative voltage charge pump

4.4 Current-Integration Based MPPT Controller

Wide range of power range is a key factor for the MPPT controller. To make sure

the harvester can handle an input power as low as 5µW, the MPPT controller itself

must consumes less power. This is a fairly difficult task, since there are several

indispensable analog blocks in the controller, even though they are duty cycled. A

common practice for saving power, is to run the MPPT controller at a frequency

that is much lower than the switching frequency of the power train [7]. The
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MPPT frequency is then usually set by the lowest power and significantly reduces

the tracking speed. This chapter proposes an enhanced MPPT controller that

has a built-in power estimator to adaptively tune the MPPT frequency. A lower

MPPT frequency is set to save power for low power inputs, while a higher MPPT

frequency is set to accelerate the tracking speed at high power inputs. Fig.4.11

shows a system level simulation of a fixed frequency based MPPT harvester (blue

line) and our proposed adaptive MPPT harvester (red line). In this figure, there

is a step change in input power from 10µW to 3mW at 1000µS. The new adaptive

algorithm rapidly increases the MPPT frequency, resulting in an 8x increase in

tracking speed and 35% additional energy being accumulated during the charging

transient.
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Figure 4.11: Transient MPPT efficiency for fixed v.s. adaptive MPPT
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4.4.1 Current-Integration MPPT

Conventional MPPTs measure both the voltage and current, and use their pro-

duction (power) as the optimization target [32]. However, for charging a supercap,

because of its large value, the output voltage does not change much during one

cycle (max of 1mV at 5mW input power). So the voltage is relatively constant

for a certain time frame and only the current needs to be measured and opti-

mized. Another way to understand this is that, to charge a capacitor, only the

charge that is delivered to the supercap in one cycle is of merit regardless of the

voltage. The MPPT module is shown in Fig. 4.12. A gm-C integrator (described

in last section) converts the fractional voltage from the resistor ladder (Vfrac1/2)

to a current and integrates it onto two capacitors (CA & CB) alternately. Some

conventional designs integrate on one capacitor and flip it after perturbation [37].

But this approach has intrinsic offset, since the integrator sees different voltages

before and after the perturbation. Two capacitor approach can easily solve this

problem, at the cost of some extra area.
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Figure 4.12: Proposed analog MPPT controller & state graph

If the load current is IL(t), and the charge delivered to the supercap in one

cycle is Qtot, the integrated voltage on CA/B after one cycle is:

VcapA/B =
RonkRLgm
CA/B

∫ T

0

IL(t)dt =
RonkRLgm
CA/B

Qtot (4.2)

Since only the voltage difference between CA and CB is critical, any variation

of Ron, kRL and gm are common mode and can be ignored.

VcapA represents the power before perturbation (Qtot(n − 1)) and VcapB rep-

resents that after perturbation (Qtot(n)). If Qtot(n − 1) < Qtot(n), meaning the

extracted power is improved after the previous perturbation, the perturbation di-

rection is correct. The state machine then will decide the perturbation direction

in next cycle (pull-up or pull-down VCTL by the charge pump), according to the
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observed information.

4.4.2 Adaptive Capacitor Array

Another insight from eq. (4.2) is that, when the capacitance of CA/B is large, the

integrated voltage becomes too small to be detected. On the other hand, if the

capacitance is too small, VcapA/B can increase rapidly and easily saturate the OTA,

especially when incident power is high. To solve this problem, a capacitor array

is used instead of a single capacitor, as is shown in Fig. 4.13. Only the smallest

capacitor is connected at the beginning, and every time the voltage reaches Vth,

an additional capacitor is added and the voltage drops to half of the previous

value. Fig. 4.13 also shows the integrated voltage waveform and the switch signal

Q1∼3. To be aware that each time a switch is turned on and one more capacitor

is added, there is charge injection introduced by the switch. Although can be

mitigated by implementing both NMOS and PMOS, the effect cannot be ignored

and may cause an offset between VcapA and VcapB. Further solutions are describe

later.
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Figure 4.13: Capacitor array for large power range and power estimation

4.4.3 Power Estimator and Adaptive MPPT Frequency

Adaptive MPPT frequency can solve the contradiction between tracking speed

and sensitivity. As is shown in Fig. 4.12, there is a power estimator to adapt both

the capacitor tank value and the MPPT frequency. However, the power estimator

is not really a separate module, but reusing the existing capacitor array. When

the incident power reaches a certain level, the integrated voltage will increase

and turn on one or more switches. As a benefit, the input power level can be
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estimated easily by finding how many switches are turned on. As is shown in

Table of Fig. 4.13, the switch control bits Q1∼3 indicate the input power range,

and thus, the MPPT clock frequency can be selected through a MUX (Fig. 4.12).

At low powers (Q=000), the MPPT controller is operated at low speeds (∼15KHz)

to save power, at the cost of tracking speed. While at high power (Q=111), the

MPPT controllers speed is boosted to ∼125KHz through a MUX, to speed up

tracking by ∼8x. There are four possible frequency steps (15.63, 31.25, 62.5 and

125kHz).

4.4.4 MPPT Timing

Fig. 4.14 shows critical signals for the MPPT scheme for low incident power

(Q=000) in one cycle. There are 5 phases in each MPPT cycle: power-estimation,

pre-power-measurement, perturbation, post-power-measurement and observation.

Φ1 is the power estimation phase and the current is integrated on CA. Since input

power is low, no switches are turned on and CA is retained at its smallest value.

So the blue waveform of VcapA does not have the saw-tooth shape as was shown

in Fig.4.13. Φ2 is the pre-power-measurement phase. However, since no switches

are turned on in Φ1, Φ2 has no difference with Φ1, and is skipped in this case.

A perturbation occurs at Φ3, when VCTL is pulled-up or pulled-down a little (up

in this case). Because of the increase of VCTL, the converter duty cycle increases
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proportionally. More current is extracted from the source, so VIN drops gradu-

ally. After VIN becomes stable, the load current (output power) is measured and

integrated again onto CB, in Φ4, with the same Q from Φ1 (000 in this case).

By comparing the voltages on the two capacitors, namely during the observation

phase (Φ5), the direction of the VCTL perturbation for the next cycle is deter-

mined. Fig. 4.15 shows the critical signals for high incident power (Q=111). Now

all three switches are turned on and the blue waveform of VcapA has the saw-tooth

shape as in Φ1. Charge injection of theses switches may cause an offset in the

final voltage, so CA is reset and integrated again in Φ2, with Q and capacitance

inherited from Φ1. Its counterpart in Fig. 4.14 is skipped. Φ3 to Φ5 are similar

to those in Fig. 4.14. As shown in the state transition chart of Fig. 4.13, current

direction of perturbation (up or down) depends on two things: previous state and

observation result (VCMP ). If VCMP=0, Qtot(n) > Qtot(n − 1), then the previous

perturbation direction is correct, so it will be retained (down->down or up->up).

While, if VCMP=1, the perturbation direction will be flipped (down->up or up-

>down). Thus, VCTL is maintained around the optimum point, i.e. the MPP. The

state machine, shown in Fig. 4.12, executes the described MPPT logic.
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Figure 4.15: Critical signals at high power (Q=111, fMPPT ∼125KHz)

4.5 Measurement Results

The design was fabricated in TSMCs 65nm GP process.The die photo is shown

in Fig. 4.16. The test setup is shown in Fig. 4.17. There is a 1.2V Zener diode

connected to VIN and a 3.5V Zener diode connected to VOUT , in order to prevent
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VIN or VOUT exceeds the rated range. If, for some reason, VIN is over 1.2V or

VOUT is over 3.5V, the extra power would be dumped to ground through the

Zener diodes. The overall efficiency would drop but at least the circuit is ensured

to operate functionally. A TPS3808 (TI supervisor) is used to reset the whole

circuit if detecting a sudden drop of VIN . Working as a power on reset (POS)

block, the TI supervisor can be designed and integrated on chip. But the design

routine is skipped by using commercial available chips.
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Figure 4.17: Testing setup

The power source is modeled by a 2V voltage source (VS) and a trimmer as

source resistance (RS). By changing the trimmer resistance, the available power is

changed (Pav = VS/4RS) and the proposed harvester can be tested under different

conditions. The input impedance of the harvester varies during the charging tran-

sient, such that the input voltage seen by the harvester varies between 0.6V∼1.2V.

Fig. 4.18 shows the measured conversion efficiency and MPPT efficiency versus

VOUT at Pav=220µW, while Fig. 4.19 shows them versus Pav at VOUT=2V.
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Figure 4.19: Efficiency v.s. Pav @VOUT=2V

Table 4.1 compares this design with prior art. As discussed earlier, it is difficult

to simultaneously accommodate a large power range with fast response, e.g. [32]

has the fastest track time but has the lowest power range. As was shown in

Fig. 4.11, an MPPT controller that may have high steady state efficiency but

has a slow track time could significantly reduce overall efficiency during charging

transients. So we have defined an FOM that considers the ratio of max and min
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power and the inverse of the response time. FOM = Pav,max/(Pav,minTtrack). This

design has the highest FOM, as is shown in Fig. 4.20, and the largest output

voltage in standard CMOS while maintaining high efficiency.

Table 4.1: Measurement result summary and comparison with prior art

Ref Tech
Input Output Input Track

Architecture
MPPT Peak

Voltage Voltage Power Time Algorithm Efficiency

[27]
0.35µm

1∼7V 1∼8V
33µW∼

20ms
Buck-Boost One Cycle

80%
BCD 10mW PFM FOCV

[32]
0.35µm

7∼43V 15V
0.4∼

350µs
Buck, PI,

94.2%
HV 21.1W PFM Global Search

[33] 0.35µm 0.5∼2.4V 3.5V
650µW

2.9ms
Boost, AZ-PI,

92.6%
∼1W PWM SRE-FOCV

[34] 0.25µm 0.5∼2V 0∼5V
5µW∼

–
Boost,

P&O 87%
10mW PSM

[35]
0.25µm

5∼60V 2∼5V
25µW∼

800ms
Buck,

VS-P&O 88.9%
BCD 1.6mW PFM

This 5µW∼ Buck-Boost,

Work
65nm 0.6∼1.2V 0∼3.5V

5mW
584µs

PWM
CI, P&O 91%
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Figure 4.20: FOM = Pav,max/(Pav,minTtrack) (log scaled)

The relaxation oscillator operates at 1MHz and is fed to the power train

switches. While the MPPT frequency is adapted beteen 15∼125KHz. The chip

occupies an active area of 0.15mm2.

4.6 Conclusions

This chapter describes an inductive buck-boost DC-DC converter for energy har-

vesting. This harvester is used on an RFID for blood temperature monitoring,

up-converting the rectified RF signal to charge a supercap as the power supply.

A built-in power estimator adapts the MPPT frequency and sampling capacitors

with the input power level. This improves the input power range to 1000x, re-

duces the track time by 8x and improves transient efficiency. Voltage protection

techniques extend the maximum output voltage to 3.5V (in a 65nm CMOS GP

process), resulting in a 100% increase in the stored energy. The circuit has a peak
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conversion efficiency of 91%, and an peak MPPT efficiency of 98.7%. The pro-

posed harvester is designed for RFID tags RF energy harvesting. But the concept

can be extended to other energy harvesting systems (solar panel, piezoresistor)

and other technology nodes.



Chapter 5

Conclusion

In this thesis, power management techniques are introduced for a supercap based

RFID tag for blood temperature monitoring system. The RFID tag is intended

to be attached on a blood bag. When a reader approaches, it is charged and reset

within 2 minutes at the blood donation time, and ready to be distributed. During

the process of transportation and storage, the RFID tag continuously monitors

the blood bag’s temperature for at least one week. When the reader approaches

again, the tag can be recharged, and the temperature data can be read out to

make sure the blood product is always kept in the temperature requirements.

The power management is critical to ensure the quick charge (∼2 min), and long

last monitoring (∼1 week). So two power management units are proposed in this

thesis – one for charging, the other for discharging the RFID tag’s energy storage

78
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device.

Supercaps are near ideal for low power biomedical applications as supplement

or substitute for batteries, as its quick charge, nearly infinite shelf-life, and the

lack of toxic heavy metals. But it also has some intrinsic disadvantages: lower

energy density and unstable voltage.

To solve the first problem, the supercap can be charged with a higher voltage

(3.5V in this thesis), as the stored energy in a capacitor is CV 2/2. However, the

high voltage exceeds the RFID tag’s chip fabrication process’s rated voltage limit

(2.5V for TSMC 65nm GP). In order not to lose the integrity of the PMUs with

other circuitry, voltage protection techniques are introduced to extend the voltage

tolerance. As a result, the stored energy is doubled, the chip is more compact and

the manufacturing cost is reduced as no extra chip or high voltage processes are

required. These techniques are also useful for other applications, such as the PMU

for lithium-ion powered (2.8∼4.2V) modern technology SoCs (sub-1V).

The continuously decreasing voltage for the supercap is converted to steady

1V by a discharge PMU to power other circuitry. The proposed discharge PMU

implemented by a reconfigurable switched-capacitor DC-DC converter. By com-

bining both buck and boost converters, the discharge PMU can realize fairly flat

efficiency profile and low residual energy, resulting an increase of useful energy

from 40.8% to 75.3% compared with an LDO.
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Similar to all other energy harvesting applications, the proposed RFID tag

needs to harvest the RF energy that has large range of power variation (5µW∼5mW).

To achieve the large power range, a new MPPT controller is proposed. The MPPT

has adaptive MPPT frequency (15.6KHz∼125KHz) and adaptive integration ca-

pacitor array (200fF∼1600fF). Not only solving the power range problem, the

adaptive MPPT design also solves the contradiction between low power and high

speed requirements of the controller, achieving a highest FOM compared with

previous publications (considering both tracking time and power range). Both

of the adjustment are realized by a built-in power estimator, that reuses existing

circuits to achieve low power and simple architecture. This technique can also be

extended to other energy harvesting systems (thermal, vibration, solar, etc).

5.1 Research Contributions

• Introduced an overall power management solution for supercap based RFID

applications

• A reconfigurable switched-capacitor DC-DC converter is proposed to convert

the unstable supercap voltage to a stable 1V voltage

• Increased voltage tolerance of TSMC 65nm GP process from 2.5V to 3.5V,

resulting in a 96% improvement of stored energy
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• Extracted 98% of energy from a supercap

• Doubled the usage time of a supercap

• A switched-inductor buck & boost DC-DC converter is proposed to harvest

RF energy to charge the supercap quickly

• Improved MPPT controller by built-in power estimator enhancement

• Solved contradiction between low power and high speed requirements for

MPPT controller, by adaptive MPPT frequency

• Achieved wide input power range by adaptive capacitor array, instead of a

single capacitor

• Techniques are all scalable and extendable to other processes and other low

power IoT applications.
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