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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

v



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 (5pW~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 10T 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



2

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.

1W 50 mW 1 mW 100 uW 10 uW 1 uWw
5 Hours 24 Hours 10 Days 5 Years 5 Years 5 Years

Figure 1.1: Typical power and lifetime requirements of small electronic products

incorporating wireless sensor networks [3]

The need shared by most [0Ts 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]

Power Densities

Energy Harvester
Indoor conditions | Outdoor Conditions
Solar panel 1004W /cm? 10mW /cm?
Wind turbine generator 35uW /cm? 3.5mW /cm?
Thermalelectric generator 1004W /cm? 3.5mW /cm?
Electromagnetic generator 4pW /cm? 800 W /cm?

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) ~0.01Q ~0.2Q
Energy density (Wh/kg) ~b ~150
Instantaneous power density (W /kg) ~10000 ~2000
Operating temperature -40~+465°C 0~+40°C

Bio compatibility No harsh chemicals | Harsh chemicals

Shelf life (hours) ~1000000 ~500




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~+424°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



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.



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.

2. Record Data

~every 10
minutes
5. Ready for Next Use Charge 4. Query & Recharge
Depleted
e/ ( =
// “ﬁ (‘ = 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.

N

o e | pctr o] £ L] S Lol o
D Antenna
, [ | Power Management
Decoder | -{ Controller | Gggf:tor D Communications
| I:] Compute/Memory
' ! : [ Isensor
Bacﬁ;:[ﬁiring ] Memory [«— Temperature 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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Current

Intermec

Use for 1 week

330nW system
Charge time A/D, sensor, clock, RF
~2 minute

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 3.3uA. 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 0.18]. 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.

Current — IDischarge VIN
A e A
leve] arge —1 [3.5v
—————————————— _ i VSC
I - I
I ~—__ I
| . . =~ |
I Discharge duration: over T'week I
| (€ = >
~ ~_ I S ~_ I
s vIRaWiaw! 0.1s 10min N VIa W
| fole—— N |
ION | |—| |—| \\ |
/ Active lon=3.3UA \ /I
\
1 ]
I Sleep lorr=300nA 0.5v
OFF ORI ) O K IR
—
Time

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 @)/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 Voyr/Viy. The efficiency is very low at the
beginning when V7 is much larger than Vpy7, but becomes better when supercap
voltage decreases closer to Voyr. Nevertheless, significant amount of energy is still
left on the storage device, since the LDO only works when V;y is greater than
Vour, resulting in wasted residual energy given at a minimum by E = (CV3;1)/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].

Iin lout
V|N —> VOUT

—>
LDO
| Ioyr = Iy

CSUP

ICLOAD Rioap VOUT
17 =
Vin

Power
V M, Transformer |04u;r Vourt _ Iy
IN J_ J_ Ioyr = '
CSUP-- g/é TCLOAD RLOAD VOUT
n=——
L 1:K 1 K-V

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].

0.5-3.5V Proposed 1v
Wide input PMU — Steady
voltage S output
range suppl/ g| voltage
V. V,
VSC SC VBAT BAT
L] |4 *
=T
t = Lt =

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
Iy = Ioyr. For simplicity we can assume that the FEP for an LDO is Voyr (1V
in this case, but actually FEP is at least one overdrive voltage higher than Voyr),
the maximum active usage time for the LDO is T7,po given by (3.1), where Csyp
is the supercap capacitance, Vsco is the supercap initial voltage, I is the average

quiescent current, Voyr and Ipyr are the output load voltage and current.

Csup (Vsco — Vour)
I+ Iour

TrLpo = (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 77, the discharging time

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

1CsupVirg

3.2
2Vourlour (3:2)

TMMPT =

Further, let us assume that at a minimum average efficiency 7,,,,, 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).

__ 2Vour (Vsco — Vour)
Nmin = V2
sco

(3.3)

For any 7 > 1, Tvnvipr > Trpo. In this design, Voyr = 1V and Vgeg = 3.5V,
SO Tmin = 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.

3F "L - - -LDO
. ——MMPT
S 2 I \x
z hS

= N ~ VOUT

1 1 1

1
0 . :TII_DO(FEP) . :TMMPT(FEIP)
0 100 200 300 400

TTotaI (Hr, TTotaI :TActive+TSIeep)

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 Ty;ppr is nearly twice

that of TLDO .

MMPT

= Useful energy = Series loss = Residual energy

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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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 1/0O 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 (Convl) 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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Figure 3.6: Multi-mode switched-capacitor power transformer modes (Convl:

buck converter w/ voltage protection; Conv2: buck converter w/o voltage pro-

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.
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22— — — = w/o protection

1 - — — — _ Conv3: boost

o5k — — — — _:_ - converter
' | Y .
tl t2 t3 Time

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/Vpp 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
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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 Vzgr and a fraction (1/3) of Voyr, and thus effectively the fre-

quency of the input clock is modulated and Vpyr is clamped to 3 X Vrgp. 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 Convl (buck converter K=1/2)

3.4.2 Vin/Vpp Selector

All three converters have a separate Vpps (used to set the PMOS body or for the
local drivers’ supply) and separate V;ys. However, they are in different voltage
domains. This causes some difficulty when we attempt to combine the charge

from the three converters. In particular:

e V7n can be larger than 2.5V (the breakdown voltage of the I/O transistors),

so it cannot be fed directly to the converters;
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e Either Viy or Voyr can be larger. The larger one of the two should be

selected to drive the switch gate voltage as its Vpp;

e Even when a converter is off, the Vpp 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 V;y/Vpp 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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The appropriate signal can be selected via a digital control signal. The result-

ing Vpp and Vy 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: V;y and Vpp 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, Viy and Vopyr, that
can be used in any one of converters. Voyr 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, V;y, 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 Voyr. 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 Voyr (or LVDD), we also
need a clock signal in the range of 0 to Vi (or HVDD), and Voyr to Viy (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.
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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

Eﬂc cﬂli SHE

HVDD HVDD 0 ———-
[|C c|] OUT _high
LVDD
LVvDD :I }314 LVDD
OUT full
ouT - —
LvDD ;Ef:
IN JEp—
| = | o
(a) Conventional level (b) Over-voltage level shifter
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 Vjy 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 /0

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 3.3uA. 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; ¢) 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).

n = Povr _ Vour _ Vour (3.4)
Piv - Vaax K- Vin |

here K is the conversion ratio. So as V;y 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 (3.3uW), 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/(Ceys + Csw3) fsw, connected to the output, and the bottom plate
loss as a load resistor (1.58Chycket fsw) connected to the input, where [ is the
bottom plate factor (1.3% in this case), Ceys3 is the effective parasitic capacitance of
the control circuit, Cy,3 is the total parasitic capacitance of switches/drivers/non-
overlap clock generator, Cpycer is the bucket/flying capacitance and fy, 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 Royr for this model is 1/2Chycret fsw at K=3/2.

In |OUT
o — — o
+ ¢ = +

< 7: ROUT [
'g b =

ViN § _ & S Vour
s o < %) @)
k3 C = =
o} = &
2" o
2 =

Figure 3.17: Model for efficiency calculation (K=3/2)

We can now calculate the I7y, Iour, Iroap and substitute them with V;y and

Vour, and express efficiency n as function of V;x and Voyr.

KViy —Vour _ 3Vin/2 — Vour
- - - 2 CKRE€E sw .
Rour 1/2Cbuckertfsw (3‘/}N VOUT) Obu k tf (3 5)

Tour =
Using KCL:

Ioap = lovr — Vour (Ceus + Csws) fow

Cc + Csw
= |:3‘/[N - (2 + %) VOUT:| Cbuck:etfsw (36)
bucket

2 2
Iy = g‘/]NBCbucketfsw + Kloyr = |:<§ﬁ + 45) Vin — 3VvOUT‘| Cbucketfsw (37)

The overall efficiency can now be expressed as:

Vour |:3‘/IN — (2 + —CC”SJFCSM) VOUT}

Vourlroap Chucket

= 3.8
VinIin Vin [(38 +4.5) Viy — 3Vour] (38)
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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 V,,; approaches V,,.. 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 (Cpyerer: capacitance of
bucket capacitor; Ceyy/2/3: parasitic capacitance of control circuit for Convl/2/3;
Cswi/2/3: parasitic capacitance of switches and driving circuit for Conv1/2/3; feu:

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

Parameter Value Parameter | Value
Vin(V) 3.5~0.5 Vour(V) 1.0
Cbucket(pF) 5.2 Cctl1/2/3(fF) 70.4

Cuowj2y3(fF) | 46.3/204.9/56.8 | fus(MHz) | 2.0

B 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 Convl. The reason is that the leakage of the level shifter is exponential

to Vin, which is also the reason for its relatively lower efficiency.
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Table 3.2: Efficiency model for all six modes

Efficiency
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Vi (2V - etll
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C C
sl )Vin— (24,2 ) Vour +

6x10—14 exp(5.4Vrn)
FswChuycket
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Measurement Results
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The test setup is shown in Fig. 3.19. The on chip variable load resistor ranges

from 150 to 1000K€2. 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, Vpyr 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 Convl. 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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Figure 3.19: MMPT test setup
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Figure 3.20: Measured efficiency vs Viy for V;ny =3.5~0.5V

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 Vyy=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 3.3uA to 6uA, Voyr drops by 87.5mV.

The transient response time is about 30us to an step change in the load.
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(a) Iroap from 1pA to 3uA (b) Iroap from 3uA to 6uA

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 0.48mm? (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

Active |Switching| Input |Output Peak
Tech Load Step
Ref Area Freq. | Voltage |Voltage Efficiency
(nm) Current Up/Down
(mm?)| (MHz) | (V) (V) (%)
[10] | 180 | 1.82 1.5 1.25~2.5 1 0~160uA 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{20pA~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 o6 Down
This
65 | 0.48 2.0 0.5~3.5 1 3.3uA 70.4 |Up&Down
Work




A A
|5 .
s m [5] Sanchez 10 VLSI
g" n + [16] Pique 12 1SSCC
= A [15] Ng "121SSCC
3 o ® [18] Wieckowski *09

HA
® ® This work
0 2 4 6 8
VIN,max/VIN,min

Figure 3.24: Input voltage range comparison with other published designs

o
C
]
=
[
[
=
-
g
=
o
[
5

Figure 3.25: Die micrograph

46



A7
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 0.48mm?. 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 (3.3uA 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

[oT 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 ToT devices lifetime and even make them autonomous [1]. Solar panel,

piezoresistor or RF rectifier are usually used to convert the aforementioned energy
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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 (uW~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 ~bmW. 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. ~5uW).

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 5uW 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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RF Energy
Unit

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 200uH 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 1/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 OV 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



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 krr. So the differential voltage of V.4 and

Virac2 1s proportional to load current I;:

Ava?"ow = RonkRL]L (4]-)

where R,, is the on resistance of the power switch. The resistor ladders ratio
krr are both tunable, which will be further explained in the voltage protection
section.

During ¢y, one power switch is turned on (PMOS for buck converter, NMOS
for boost converter). The current-integration MPPT controller generates a control
voltage Vorp, 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 Vepp, the pulse width is
modulated: D = VeorV,er, where D is the duty cycle, and V.. 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, Vo, 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 ¢,. When I, drops to 0, AV,
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 Voyr, which can be
0~3.5V. To turn on the PMOS for the boost converter, the gate voltage should
be at least Voyr — Vi . This could be a negative voltage when Vo is 0 at the
beginning. In that case, a charge pump is required. The charge pump generates
a voltage of Vopyr — Vi, and the level shifters can shift the clock signal toggling
between 0 and V;y, to the level between Voyr — Viny and Vopyr. Circuit details

will be described later.



57
4.3 Voltage protection

Since the energy stored in a supercap is proportional to V&, 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% (3.5?/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 1/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, CLK Ny toggles between 0 and V;y (1V for example), and CLK Py
between Vour — Viy (2.5V in this case) and Vopr (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 Vg or Vgp less than 1V, and those of 1/O devices are less than

2.5V.

3.5V
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° 1l 2 i
oV 2.5V 3.5V I
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4
L
+
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e

ov 2.5V 2.5V
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oV —| oV —| d2 =

Figure 4.4: Voltage protection for boost converter

4.3.2 Resistor Ladder

Eq. (4.1) shows that, R,, and kgy, are preferred to be large so that the sensitivity
for load current is also higher. R, depends on the transistor size, which is already
fixed. So we can only increase kry. However, when Vi is close to fully charged
(~3.5V), to make sure V4172 to be less than 1V (required by subsequent cir-

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

sensitivity; when Vopr is high, kgy 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.

/%/LU/D
.

Vfr ac

Figure 4.5: Resistor ladder implementation

4.3.3 Zero Current Sensing Comparator

Because of the fact that Vppyr has a wide range and the tunable kg; design,
Viracj2 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.

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 g, cfr = krr X (Gmp + gmmn). As is shown in
the blue line of Fig. 4.8, during the process of charging, Voyr increases from 0
to 3.5V, and ¢y, ¢y increases first and then decreases. As described above, kg, is
set higher when Vo is low to improve sensitivity (gm.efrr). The red line shows
the gmerr for krp=1/2. The overall g,, .rs is shifted from red to blue during the

charging process, and is improved with the tunable kg; design.
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Figure 4.8: Effective g,, 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.
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Figure 4.9: rail-to-rail linear GmC integrator OTA
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4.3.5 Charge Pump

Subsection 4.3.1 mentions that the power train requires a voltage level of Voyr —
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.
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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 5uW, 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 10uW to 3mW at 1000uS. 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.
100
:\C’\ Accumulates 35%
\5 _ extra energy
[ | in
g 1o Fixed MPPT
= P._=3mW xea
T in Adaptive MPPT
L
0 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000
Time(us)

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 (V,qe1/2)
to a current and integrates it onto two capacitors (Cy & Cp) 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 Iy (t), and the charge delivered to the supercap in one

cycle is Qyo, the integrated voltage on C4/p after one cycle is:

Ronk m T Ronk m
Viapa/n = i/ I(t)dt = RLY
0

———— Q4 4.2
Ca/B Cap (4.2)

Since only the voltage difference between C'4 and C'g is critical, any variation
of R,,, krr and g,, are common mode and can be ignored.

Veapa represents the power before perturbation (Qu(n — 1)) and Vi.pp rep-
resents that after perturbation (Quu(n)). If Qui(n — 1) < Qior(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 Vorp 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 Cy,p is large, the
integrated voltage becomes too small to be detected. On the other hand, if the
capacitance is too small, Vqp4,5 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 Vy,,
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
QQ1~3. 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 V.4 and V,,p. 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 )13 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
(@=000) in one cycle. There are 5 phases in each MPPT cycle: power-estimation,
pre-power-measurement, perturbation, post-power-measurement and observation.
®, is the power estimation phase and the current is integrated on C'4. Since input
power is low, no switches are turned on and C'y is retained at its smallest value.
So the blue waveform of V,,,4 does not have the saw-tooth shape as was shown
in Fig.4.13. ®, is the pre-power-measurement phase. However, since no switches
are turned on in ®;, &5 has no difference with ®;, and is skipped in this case.
A perturbation occurs at ®3, when Verp is pulled-up or pulled-down a little (up

in this case). Because of the increase of Voryp, the converter duty cycle increases
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proportionally. More current is extracted from the source, so Viy drops gradu-
ally. After Viy becomes stable, the load current (output power) is measured and
integrated again onto Cp, in ®,, with the same @ from ®; (000 in this case).
By comparing the voltages on the two capacitors, namely during the observation
phase (®5), the direction of the Vopp 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 V,,,4 has the saw-tooth
shape as in ®;. Charge injection of theses switches may cause an offset in the
final voltage, so Cy is reset and integrated again in ®,, with ) and capacitance
inherited from ®;. Its counterpart in Fig. 4.14 is skipped. ®3 to ®5 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 (Voarp). If Vorrp=0, Qior(n) > Qiot(n — 1), then the previous
perturbation direction is correct, so it will be retained (down->down or up->up).
While, if Voyp=1, the perturbation direction will be flipped (down->up or up-
>down). Thus, Vg 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, fyppr ~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 Vyn and a 3.5V Zener diode connected to Vpyr, in order to prevent
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Vin or Voyr exceeds the rated range. If, for some reason, Viy is over 1.2V or
Vour 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.

Figure 4.16: Die photo
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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 (Rg). By changing the trimmer resistance, the available power is
changed (P,, = 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

Vour at P,,=220uW, while Fig. 4.19 shows them versus P,, at Voyr=2V.
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Figure 4.19: Efficiency v.s. P,, QVoyr=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 = Py, imaz/(PavminTirack ). 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

Input |[Output| Input |Track MPPT Peak
Ref | Tech Architecture
Voltage |Voltage| Power | Time Algorithm |Efficiency
0.35um 33uWn~ Buck-Boost | One Cycle
[27] 1~7V | 1~8V 20ms 80%
BCD 10mW PFM FOCV
0.35pm 0.4~ Buck, PI,
[32] T~43V | 15V 350us 94.2%
HV 21.1W PFM Global Search
650uW Boost, AZ-PI,
[33] [0.35um|0.5~2.4V| 3.5V 2.9ms 92.6%
~1W PWM SRE-FOCV
W~ Boost,
[34] 10.25um| 0.5~2V | 0~5V - P&O 87%
10mW PSM
0.25pum 25 W~ Buck,
[35] 5~60V | 2~5V 800ms VS-P&O 88.9%
BCD 1.6mW PFM
This SuWr~ Buck-Boost,
65nm [0.6~1.2V|0~3.5V 584 us CI, P&O 91%
Work 5mW PWM
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1.0E+2
1.0E+1

[6] [11] [12] [16] This Work

Figure 4.20: FOM = Py, maz/(Pav.minTirack) (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 0.15mm?.

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



7
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
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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. 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 (5uW~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

e Introduced an overall power management solution for supercap based RFID

applications

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

the unstable supercap voltage to a stable 1V voltage

e 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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